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«PiBHEHCHKA MeMYHA akaeMis» PiBHEeHCHKOT 001acHOI pau;
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OIIIHKA 3ABPYJJHEHHS MOPCBHKOI BOAU CTINKUMHA OPTAHIYHUMH
MOJIOTAHTAMM NIBHIYHO-3AXIJTHOI YACTHHHA YOPHOT'O MOPS

[Ipubepesicna 30m1a nieHiuno-3axioHoi uacmunu YopHo2o MOpA 3A3HAE 3HAUHO20 BNIUBY PIZHUX 8UOI6 AHMPONOLEHHOI
OiAnbHOCII Ma iHOYCMPIANLHO20 PO3GUMKY, WO BUKTUKAE 3AHENOKOEHHS U000 MONCIUBO20 3a0PYOHEHHS MOPCLKOI 800U.
Y 36’a3ky 3 yum ocobnusoi akmyanvHocmi HaOy8arms OOCIIONCEHHS, CNPAMOBAHI HA BUSHAYEHHA PIBHIG CMILIKUX Opea-
HIYHUX 3a0pYOHI08AYI8, AKI 30amHi mpusanuil yac 30epieamucs y 600i, aKyMymo8amucs 6 OOHHUX GI0K1A0AX | YuUHUmMuU
moxcuyHull 6NAUE HA 800HT ekocucmemu. Memoio ybozo docniodxcenns 6y10 oyinumu pieHi 3a6pyOHeHHs XI0POPaAHIUHU-
My necmuyuoamu, nonixa0posaHumy digeninamu ma ROTIYUKIINHUMU APOMAMUYHUMU 8Y2NIeBOOHAMU Y NPUOEPENHCHUX
600ax m. Odecu winsxom 8i060py npob y mpvox moukax: niaxc Apkadis, muc Manuii @onman ma YopHomopcokuil Axm-
Kkay0. OKpim GU3HAUEHHS. KOHYEHMPAYIl OpeaniuHux 3a0pyoHI08ais, 6yau UMIpsHI KIIOY06I (i3uKo-XIMIYKI napamempi,
maxi ax memnepamypa (°C), pH, cononicms ma émicm po3uunenoeo KUcHio, ujob KOMIIEKCHO OXApaKmepusyeamu sKicmo
600U y yux pationax. OYiHKy NOMEHYIIHO20 eKON0IUHO20 PUSUKY, NO8 A3AH020 3I 6MICIOM CIMIUKUX OP2AHIYHUX 3aODYO-
niogauie (CO3), 30iiicniosanu i3 3acmocysanuim Koegiyicnma 3aopyonenns (K3). Haykosea nosusna pobomu nonseae
¥ KOMNLEKCHOMY NOEOHAHHI 2iOpOXIMIYHO20 aHanizy 3 eusHaueHHAM wuporoeo cnekmpa CO3 y KOHKpemHux OiNAHKAX
V30epedtcatcs, a maKodic y napanenbHoMy 8PAXy8aAHHI (i3UKO-XIMIYHUX XAPAKIMEPUCTUK, W0 00360IUNI0 OmpumMamu 6aza-
moghakmopme yA6j1eHHA NPO CMAH 800HO20 CEPe0BUUA MA B3AEMO38 A3KU MidIC YMOBAMU Cepe0osuwyd i BMICIMoM opea-
HIuHUX nonromanmis. Ompumani oani nokasanu, wo Qizuxo-ximiyni napamempu ma konyewmpayii CO3 y 6inbuiocmi 301
Oy ONUSLKUMU 30 3HAUEHHAMU T 8I0N08I0aNU 000POMY MA 3a008IILHOMY CIAHY 8600H020 cepedosuya. Hezsaxncarouu Ha
ye, pe2ynapHULl MOHIMOpuUHe € HeoOXIOHUM OISl OYIHKU AHMPONO2EHHO020 GNIUBY HA eKOCUCHEMY Md CIY2YE 8aNCTUBUM
iHOUKamopom 3a0pyOHeHHst NPUOEPENHCHUX 600.

Knrouosi cnosa: ciopoxiviunuii ananis, cmitiki opeaniui 3a0pyoHIo0Ul pevosunu, (izuko-ximiuni nokasnuxu, Yopre mope.
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ASSESSMENT OF MARINE WATER CONTAMINATION BY PERSISTENT
ORGANIC POLLUTANTS IN THE NORTHWESTERN PART OF THE BLACK SEA

The coastal zone of the northwestern part of the Black Sea is subject to significant pressure from various types
of anthropogenic activities and industrial development, raising concerns regarding potential marine water contamination.
In this context, studies aimed at determining the levels of persistent organic pollutants (POPs), which can remain in water
for prolonged periods, accumulate in sediments, and exert toxic effects on aquatic ecosystems, are particularly relevant.
The aim of this study was to assess the contamination levels of organochlorine pesticides, polychlorinated biphenyls, and
polycyclic aromatic hydrocarbons in the coastal waters of Odesa by collecting samples at three sites: Arkadia Beach,
Malyi Fontan Cape, and the Black Sea Yacht Club. In addition to determining the concentrations of organic pollutants,
key physicochemical parameters, such as temperature (°C), pH, salinity, and dissolved oxygen content, were measured
to provide a comprehensive assessment of water quality in these areas. The potential ecological risk associated with
the presence of POPs was evaluated using the pollution coefficient (Kp). The scientific novelty of the study lies in the
integrated combination of hydrochemical analysis with the determination of a wide range of POPs in specific coastal
locations, alongside the parallel consideration of physicochemical parameters. This approach enabled a multifaceted
understanding of the aquatic environment and the identification of relationships between environmental conditions and the
concentrations of organic pollutants. The results showed that physicochemical parameters and POP concentrations were
similar across most sites, corresponding to good or satisfactory water quality. Nevertheless, even low levels of persistent
organic pollutants underscore the need for regular monitoring, which serves as a crucial indicator of anthropogenic

impact and enables the timely detection of trends in coastal water quality deterioration.
Keywords: hydrochemical analysis, persistent organic pollutants, physicochemical parameters, Black Sea.

Beryn. HasiBHicTh Ta Oloakymysisiiis 3a0pyi-
HIOBa4iB YOpPHOTO MOpsi CTaHOBHUTH 3arpo3y st
BOJHOTO CEepeIOBHINA Ta 310poB’s MroauHu. CTiiki
opraniuni 3a6pyanroroui peaosunu (CO3), 10 SKUX
HaJekarh xyopopraniui necturmay (XOIT), momix-
noposasi 6idenimm (I1XB), Ta mominukiuHi apoma-
tuuHi ByrieBonHi (ITAB), Bu3HaHi omHiero 3 Haid-
OLIBII TPOOJIEMHHX I'PYH AHTPOIIOTCHHUX XIMIYHUX
PEUYOBHH MPOTATOM OCTAHHIX KUTBKOX JECSATHIIITS.
HesBakaroun Ha Te, 1110 YMCIIEHHI KPaiHU IPOTSTOM
0araTboX POKIB MPHUIMHWINA 3aPEECTPOBAHE BUKO-
puctanns CO3, 111 TeXHOTEHHI XIMIYHI PEYOBHHHU
BCE I1Ie 30epiraroThesi Ha 3HAYHUX PIBHAX Y BCHOMY
cBiTi. Yepe3 cBO1 TOKCHYHI, MyTareHHi Ta KaHIIepo-
TeHHI BJIACTUBOCTI I1i CTIMKI CITOJYKH BBa)KalOThHCS
HeOesneyHnMu  JIsi  010TH  Ta  HABKOJHIITHBOTO
cepenosumia (Chidewe L et al., 2025).

AHaJi3 aiteparypu. [IutaHHSIM OLIHKH SKOCTI
MOPCBHKUX BOJI MiBHIYHO-3aximHOi yacTuHu Yop-
Horo Mmopsi (II3YM) mpucesiueHo Oarato poOiT
(HaykoBUX cTared, MoHorpadiii, 3BITIB TOIIO),
SK1 OpIEHTOBAHI HA aHaJI3 PO3MOALTY TiApPOJIOriy-
HUX Ta T1IPOXIMIYHUX IMOKa3HUKIB SIKOCTI MOp-
cekux Box II3YM 3a OGararopiunmii mepion Ta
OLIIHKY BIUTMBY OEpEroBHX JKepesl 3a0pyIHEHHS
Ha sKicTh Mopcbkux Bop (Titamkin A. C., 2024,
Henbra 0. M., 2020, Oneiinik 1O. B., 2022)

MeTow po6OTH € 3IIHCHEHHS T1APOXiMIYHOT
OIIIHKY TTOBEPXHEBUX BOJ MiBHIYHO-3aX1/IHOT yac-
TuHE YOpHOTO MOpS 32 JDKEepelaMH aHTPOIOTreH-
HOTO BILJTMIBY.

Buxkiaa ocHOBHOTo Marepiajty 10C/IisKeHHsI.
[liBHiyHO-3aximHa dYactuHa  YopHOTO  MOpA
(I13UM) — ue MinkoBogHUMl 1menb(poBUIl paiioH,
T1IPOJIOTO-T1IPOXIMIYHUIN PEXHUM SIKOTO 3HAYHOIO
MIpOI0 BHU3HAYAETHCS PIYKOBUM CTOKOM. Bim piu-
KOBOTO CTOKY 3aJIKUTh PO3IOJILT T1pOJIOTO-T110-
XIMIYHUX XapaKTEPUCTHK IOBEPXHEBUX BOI Ta
TepMoxajiHHa crparudikaiis. I[liBHIUHO-3aX1THUIHA
CeKTop mijyrae ckuaam 3 pidok Jlynaii, [Hinpo
ta [uictep. Piuka [lynaii mocraBisie OIU3BKO
MOJIOBUHH AJIOXTOHHOTO Marepiany ao YopHoro
MOpsi, TOMY 3aXijHa yacTuHa YOpHOTO MOPSI OTpH-
My€ OUIbIIIE TEPUTEHHOTO Marepiaily, HiK CXigHa
(Readman J. W et al., 2002). Okpim piuKoBOTO
CTOKY, 3a0py/JIHEHHSI MOPChKOi akBaropii BinOyBa-
€THCSI Yepe3 TMPOMHUCIIOBI, CLIHCHKOTOCTIOAAPCHKI
Ta MYHIIIUTIATbHI CTIYHI BOJIU, aTMOC(EPHI OIajy,
a TaKOXX MAISJIBHICTH INOPTIB, BUIAOOYTOK 1 TpaH-
CHOPTYBaHHS Ha()TH HA MOPCHKOMY HIETb(]i.

CrilikicTh 3a0pyaHIOBaYiB, 3HAYHOIO MIPOIO
BU3HAYAETHCS IXHBOIO XIMIYHOKO CTPYKTYpOIO.
3okpema 3amimeHHio aroMmiB H y OideninbHux
Kinbisix aromamu Cl Ta mocuneHuM 3B’s3Kam
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C=X, CIIpUYMHEHUM CIIPSDKEHHSM MIX €JEKTpPO-
HaMH OJHIET Mapu Ta PO3BHHEHUMH T-3B’SI3KaMH,
I[IXB myxe CTifiKi A0 KUCIOT, JYTiB Ta OKUCHIO-
BaviB. XiMiuHa cTaOUIBbHICTh OaraThboX IPEICTaB-
HUKIB XJIOpopraHiyHoi rpynu (abo ixHix Oe3mo-
CEpeIHIX 1 YacTO TOKCUYHUX METaOOJIITiB) TaKOX
€ 3HA4YHOI0, OCKIJIBKU IXHI MOJIEKY/JIH TOOYI0BaHi
niepeBaxkHo 3i 3B s13kiB C—C, C—H 1 C—Cl, sxi
3a3BHYail XIMIYHO MaJOAKTHBHI 32 HOPMaJbHUX
ymoB noBkiutst (El Nemr A et al., 2016, Malhat F
et al., 2018). [TAB xapakTepu3yrTbcs CTIHKICTIO
3aBISIKM KOHJICHCOBAaHMUM apOMATUYHUM KUIbIISIM
13 CWIBbHOIO T-KOH toramietro. IlicTHaauaTe mpio-
putetHux BuiB [IAB 3 HU3BKOIO MOJEKYISIPHOIO
Macoro (2-3-xinbieBi [IAB) 3a3Buuaii icHYIOTh K
Y PO3UMHEHOMY, TaK 1 y BUIVISLI TBEPAUX YACTHHOK,
TOAIL SIK Ti, IO MAIOTh BHCOKY MOJIEKYJISIDHY Macy
(4—-6-ximbueBi [IAB), sik mpaBuiio, MalOTh MEHIITY
JIETKICTB 1 aCOpOYIOTHCS HA MMOBEPXHIO YaCTHHOK,
OB’ sI3aHUX 3 OPraHiYHUM BMICTOM TBepaodazHOl
MaTpuIli, 1 MOKYTh OCIZaTH B HIIKHIX OCaQJ0BUX
noponax (Zhang L. et al., 2020).

Ix mpocTopoBHil po3MOAIN 3aleKHUTh Bil OKe-
aHIYHUX TIPOLIECIB, HANPUKIAA, IX TOBEPXHEBI
KOHIIEHTpaIlii MOXKYTh 3MEHIIYBaTHCS Yepe3 KOH-
BEPTEHIIII0 TOBEPXHI Ta OMYyCKaHHS BOTHOI MacH.
Kpim toro, CO3 MOXyTh TpPaHCHOPTYBATUCS [0
MIMOMHHUX IIapiB BoaM 4Yepe3 ¢izuyHi Ta Oiore-
OXIMIYHI TTPOIECH, a TAKOXK IMOBEPTATHCS 3 0CaTy
JI0 BEPXHIX IIapiB yepe3 MpolecHu pecycneHsii Ta
anBeninry (Liu M. et al., 2021).

JlocmipkeHHST TIPOBEICHO HAa OCHOBI METOJIiB
TIPOXIMIYHOTO aHai3y, 3aKOHOMIPHOCTSAX TIPO-
CTOPOBO-YaCOBHX 3MiH SAKICHUX XapaKTEPUCTUK
MOPCBHKUX EKOCHUCTEM, TEOPETHYHOMY Yy3aralb-
HEHHI Ta cucTemaru3aiii iHopmarii mpo BIUIMB
AHTPOIIOTEHHUX JKEPET 3a0pyIHEHHS.

Byno BigiOpano mpobu 3 TPHOX MUISHOK (TLISHK
Apkanis, muc Mammii @ontan Ta YopHOMOPCHKUiA
SIXT-KITy0) 7151 XapaKTEPUCTUKU TXHIX (i3UKO-XIMid-
HUX BIIACTUBOCTEH y paiioHi O1echKoro y30epeioKs.
[mubuna Bimbopy mpo® MOBEPXHEBOTO IIapy CTa-
HoBwia O—1 M. IlpoBeneHo in situ BUMiprOBaHHS
temmneparypu (T), pH Ta conoHocTi y KokHi# TOUII
BimOopy mpoO. Temmeparypy BU3HAYAIM 32 JIOTO-
MOTOK0 CTaHIApPTHOrO TepMoMeTpa 3a lLlenbciem
3 TounicTio *£0,5°C. 3nauenns pH Ta cosoHOCTI
BuMiptoBain pH-merpom (WTW inoLab pH 720)
ta conemipom (I'M-65). Kpim Toro, y nmadoparop-
HUX YMOBaX BU3HAYaJId BMICT PO3UMHEHOTO KHCHIO
Ta OloxiMiuHe criokuBaHHS KUcHIO 3a 5 1i6 (BCKSs)

BIZITIOBI/THO /1O CTaHAaPTHUX aHATI TAYHIX METOJTHK.
[lepcuctenTHi OopraHiuHi 3a0pyIHIOYI PEYOBUHH
3a3BHUYail BH3HAYAIOTH 32 JOTIOMOTOI0 aHATITHYHUX
METO/IiB, 3aTBEP/PKEHUX TAKUMH OpPTaHI3aIlisIMH, K
ArentctBo 3 oxoponu noBkiunist CIIA (USEPA) Ta
MixnHapojHa opraHizamis 3i crangaprusanii (ISO).
Ix BumydenHs i3 mpo6 3ailicHIOBATHM METOIOM
PIIMHHO-PIAMHHOI €KCTPAKIlil TeKCAaHOM Y PEeKUMIi
BHCOKOIIIBH/IKICHOTO BOpTeKcyBaHHs1. [lepex moyar-
KOM €KCTpPaKIIii 10 MpoO BHOCKIJIM BHYTPIIIHI CTaH-
naptu [1XB-29 Ta henantpen-D10.

Konnentposani exkcrpakt XOII i [IXb ana-
Ji3yBaJIM 3a JIOTIOMOTOI0 Ta30BOTO Xpomarorpada
Agilent 7890B (Palo Alto, CA, USA) 3 nerek-
TopoM enektponHoro 3axormieHHs (GC/ECD)
Ta KariJIsIpHOIO KOJIOHKOIO HP-5MS
(30 M x 0,32 MM x 0,25 MkMm). ["a3-HOCI# — remii i3
HOCTIHHOIO HIBUJIKICTIO OTOKY 2 MJI/XB; 1IHXKEKIIIO
npoBoawn B splitless-pexxkumi mipu 250 °C. Tewm-
neparypHy nporpamy KojoHku 3azaBaiu: 70 °C
(1 xB) — 150 °C 3 mBuaxkictio 10 °C/xB — 240 °C
3 mBUAKICTIO 4 °C/XB 13 BUTPUMKOIO 5 XB. Tewm-
neparypa imkekropa cranoBuia 250 °C. O6pooKy
JMaHUX BUKOHYyBaiu 3a jgonomoror ChemStation.
KinbkicHe BU3HAYCHHS 31MCHIOBAIM TOPIBHSH-
HSIM TIJION] MIKiB MPO0 1 CTaHaapTiB, 3 MOOYI0BOIO
KamiopyBanpHUX KpuBHX s aeB’stu XOIT (rek-
caxJyiopOeH3eH, JIiHIaH, TeNTaxjaop, eNApyH, AHI-
IipuH, enpul, p,p’-DDE, p,p’-DDD, p,p’-DDT) Ta
cemu [1Xb (PCB 28, PCB 52, PCB 101, PCB 118,
PCB 138, PCB 152, PCB 180).

KonmnenTpanii nikoBux I[TAB BuszHawaim 3a
JIOTIOMOTOI0 Ta30BOr0 Xpomarorpada 3 KBajapy-
MoJIbHUM ~ Mac-criekrpomerpoM  (GC-MS/MS,
7890A-5975 C, Agilent, CIIIA) 3 KamiIsspHOIO
koJtoHKor0 DB-5MS (30 M x 0,25 MM x 0,25 MKM).
Imkekiiss BUKOHYBajacs B splitless-pexkumi mpu
500 °C, 06’em 3pa3ka — 15 MK, BEHTHJIALIS PO3-
ynHHUKA — | XB. TemneparypHy nporpamy KOJIOHKH
BcranoBoBasn: 60 °C (7 xB) — 200 °C (10 °C/xB,
1 xB) = 310 °C (7 °C/xB, 5 xB), 1m0 3a0e3meuy-
BAJIO TIOBHE CIIIOIOBAaHHS KOMITOHEHTIB. Mac-
neTekTop mpaioBaB y pexkumi SIM (Selective lon
Monitoring) mpu Temmeparypi iOHHOTO JKepesa
230 °C Ta xBagpyno:is 150 °C. KaniGpyBanHs mpo-
BOJIMJIM 31 CTAHJAPTHOIO cyMimo 16 mpiopurer-
Hux [TAB. O0poOKy maHuX 311iHCHIOBAJIH 3a JI0TI0-
mororo ChemStation Ta AMDIS (Agilent, CILIA).

PiBenp 3a0pyqHEHHSI MOPCHKOTO CEpEeIOBHUINA
BU3HaYalM 3a Koedimiearom 3abpynnenns (K3) 3a
bopmyoro:
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ne C; — KOHLEHTpalis i-ro 3a0pyaHIOBaya,
IJIK; — TpaHMYHO JOIyCTHMa KOHLIEHTpAIisl IS
i-T0  KOMMOHEHTY(BianmoBimHo jaupekThBi €C
2013/39/EU (MAC-EQS) Ta nopmarusy (Ilocra-
HoBa KMYVY. Ne 269. [IpaBuia oxopoHU BHYTPIIIHIX
MOPCBHKHUX BOJ] TEPUTOPIAIbHOTO MOPS BiJl 3a0py/I-
HEHHS Ta 3acMiueHHs, 1996), n — KUIbKICTh BU3HA-
YCHUX PEYOBUH

VYei mepeTBOpeHHs Ta aHaNi3W JaHUX Oynu
BHUKOHaHI 3a gormomororo MS Excel 365 ta moBu
crarucTnyHuX obunciens R Studio (Bepcis 4.5.1),
a PUCYHKH OyJM OTpHMaHi 3a JOMOMOTOI0 TTaKeTa
ggplot2. Yci TBepaKeHHS PO CTATUCTUYHY 3HAUY-
IIiCTh BKa3ylOTh Ha p-3HaueHHs <0,05.

'

W [Tk Apkams
Mite Mannii ®oHTaH
YopHOMOPCHKHIT AXTKIVO

m[JIK

Ha puc. 1, puc. 2 npexncrasieHi rpadidHo
(bi13UKO-XIMIYHI XapaKTEPUCTHKU MOPCHKOI BOAM
3 PI3HUX MICIb TPOTATOM JOCIIIHKYBAHOTO Tepi-
oxy (2 micsi).

3adikcoBaHa TeMIieparypa Mae MmoaiOHui mpo-
¢u1b Ha BCIX JIOCHIAKYBaHUX CTaHIIAX 1 KOJIH-
Baethest Big 12,60 °C mo 20,50 °C. 1li Bapiamii
MOB’s13aH1 31 3MIHAMHU TEeMIIepaTypH TOBITPS Ta
KIIMaTHYHUMH YMOBaMH PETiOHY, OCKLIBKH MOp-
ChKE CEpEeIOBUIIIE pearye Ha IMOTO/HI KOJTMBaHHSI.

3nayeHHs pH BimirparoTh BHpIMIAIBHY POJb
y Oararbox J>KMTTEBUX TIpolecax y Mopi. Bonu
TaKOXX MOXYTh BiToOpa’kaTH piBEHb MPOMTYKTHB-
HOCTI Ta 3a0pyIHEHHS BOIHUX EKOCHCTEeM. SIK
nokaszano Ha puc. 1, pH mpotsirom yceoro mepi-
OJly JTOCII/PKEHHS 3aJIMIIaBCs CIIAOKOIYKHUM Ha
BCIX CTaHIlIAX, a MaKCHUMallbHI 3HaueHHs Oyiu

pH Comnonicts S,%o

8.04 16,1
8,10 15,98
8.13 15.44
8,50 18,00

Puc. 1. CepennbomMicauHi rigpoxiMiuni nokasHukM 3 ypaxyBaHHsaM noxuoku (n = 8; P =0,95)

12,00
10,00
8.00
6,00
4.00
2,00
0,00

e

MrQO:

_——

PozuriHeHIi1

bCKs
KIICEHB
B [[ox Apkaais 9,53 1,07
® Miic Mamiit ©osTan 978 1.07
(l(lpHO.\IOpCfl\‘HI"I 9.79 1.07
AXTKITYO
mIJK 4,00 3.00

Puc. 2. CepeanbomicauHi moka3HMKH BMicTy po3uuHeHoro kucHio Ta BCK 3 ypaxyBanHsamM noxuoku
(n=8; P=0,95)
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3apeecTpoBaHi Ha TpeTii cranmii (8,13). Li mokas-
HUKHU J0Ope Y3roJUKYIOThcs 3 TunoBuM pH Mop-
cbKoOi Boau — 6,5-8.5.

IToxa3HUKHU COIOHOCTI HA JOCIJKYBaHUX CTaH-
1isiX BapiroBaiu y Mexax Bix 15,44 %o 10 16,10 %o.
Haitamxkyaa cononicts Oyna 3adikcoana 6ins Yop-
HOMOPCBKOTO SIXTKITyOy, MMOBIpHO, 4Yepe3 BILIHB
MPICHOBOJHOTO MPHUTOKY, TOMI SIK BHILI 3HAYCHHS
B Apkajiii MOXXyTh OyTH OB’ s13aHi 3 OLIBIIIOIO TITH-
OMHOIO Ta CIA0IIMM MTPICHOBOAHUM CTOKOM.

[Ipotsirom mepiomy AOCTIIKEHHS CepenHii
pIBEHb PO3UYMHEHOTO KUCHIO KOJIMBABCS B MEKaXx
Bi19,53 109,79 Mr/mM?, 0 CBiMYUTE PO JOCTATHE
HACUYEHHS BOAM KHCHEM 1 BIIHOCHO CHPUSATIMBI
YMOBH JJIs1 BOMHUX OpraHi3MiB. CepeiHe 3HaUCHHS
BCK; cranosuno 1,07 mr/mv® Ha BCiX CTaHINiAX
CTIIOCTEpE)KEHHsI, 110 BKa3ye HAa HU3BKUU DPiBEHb
OpranigyHoro 3a0pynHeHHsS Ta J00py SKICTb BOAU
(puc. 2).

[Ipu nocnimpkenHi mpubEpeKHUX BOI HA BMICT
imauBinyanbaux I[1XB (puc. 3) Oymo 3adikco-
BaHO HM3BbKUU piBeHb 3a0pymHeHHs. [Ipu mopis-
HSHI JOCII/DKEHUX KOHIICHTpAIlil CTaHIapTHUX
cymimeirt inauBinyansaux I[1Xb Big I1Xb-16 mo
I[MXB-65 (Ar-1254) Ta craHmapTHOI CyMImI Bif
[1Xb-28 no [MXb-73 (Ar-1260) 3 [JIK. I[1Xb 3 >3
aToOMaMH XJIOPY, PO3TallOBaHHMMHU B OPTO-TIOJIO-
xenHi (I1Xb-31), mano HalBUIYy KOHLEHTPAILIIO
y 3pa3kax BOIU. YCi IUJIbOBI KOHTCHEPH y 3pa3Kax
Boay YOpHOTo MOpsi HE MEPEBUIIYBAIU TTOPOTOBI
KpUTEpil OIIHKH BIUIMBY Ha HABKOJIMIIHE CEpel-
osumie (OSPAR, 2019).

Haiinommupenimoro crnonykoro  XOIl  Oyna
cyMa MeTaloMITIB AUXJIOPAUPEHIITPUXIOPMETAH

Hrin

QAT = 3,52 ur/x), 3a HerO HIUTH TeKCaXJIOPLH-
kiorekcad (Y ['XI]I'=0,24 ur/m) tarenraxiuop (0,34
Hr/7) (puc. 4). Inmni XOIT, Taki sk rekcaxyiopOeH30:1
(I'’XF = 0,06 Hr/n) Ta ZHI/IKJIO—,ZIiGHOBi [IECTULIUIN
(anmpzpuH, ninbapuH Ta eHapuH = 0,22 Hr/m), Oynu
BUSIBIIEHI Yy HIKYMX KOHIEHTpauisx. HaliBuia
konnentpaiis [TAB cnocrepiranacs y Hadraniny
(16,29 ur/m), xo4a, HE3BaKAIOUM HA WOTO MOIIHPE-
HICTh y 3pa3kax Boau YopHOro Mops, KOHIEHTpa-
st Oynma Hk4oro 3a Mexy [JIK (puc. 4). Cepen
qoTupHKibleBuX [TAB Oynu BuzHaueHi 6eH3o[b]
¢dryopanren (BbF = 0,24 ur/m) ta 6enzo[k]dmyo-
panren (BkF = 0,12 ur/xn), roxi six ITAB 3 n’sitbma
apOMaTUYHUMH KUTBISIMH, 30KpeMa OeH3o[a]mipeH
(BaP = 0,03 ur/m) ta 6en3o[g,h,ijmipen (BghiP =
0,04 ur/m), Oynu BUSBICHI y MEHIIMX KOHIIEHTpa-
isX, IO CBIAYMTH MPO iX HUKYY PO3MOBCIOIKE-
HICTb y ITOBEPXHEBOMY IIapi MOPCHKOT BOJIH.

Takoxx Oyna MmpoBeJeHa OLIHKa €KOJOTIYHOIo
CTaHy NpUOEPEKHUX BOJHUX MAacCHBIB 3a Koedi-
mientom 3abpynHeHHst g CO3. 3nauenns K3
CBITYHTH PO 33/I0BITLHUI €KOJIOTIYHUI CTaH Ha
cranuisx [k Apkanis Ta YopHOMOPCHKHM SXT-
KITy0, a TakoX IMpo J0Opuil cTaH y paiioHi MUCY
Manuit ®@onrtan. HaiOGuibmuii BKJIag B piBeHb
3a0pyqHEHHS] Y JOCHIDKCHHX paioHax TpuIia-
Jla€ Ha KOHIICHTpAIIii TenTaxyjopy, o BiAMOBiIae
«TOTAaHOMY» €KOJIOT1YHOMY CTaHYy.

BHCHOBKM Ta mNepCHeKTHBM MOAAJBIINX
AOCTiIKeHb. Y IOMY JOCITI/DKEHHI BUBYAIH
KOHIICHTpAIl CTIHKUX OpraHIYHUX 3a0pyJHIO-
tounx pedoBuH (CO3), a Takox (¢i3uKo-XiMivHI
napaMeTpu MOPCHKOI BOIM Ha TPbOX CTAHIISAX
npubepexxHoi 30HM YopHoro mops. Pesymbratu

ml

N Ry

Puc. 3. Ycepeanena 3a tppoma cranuissmu konuenrpauisi IIXb y noBepxHeBomy mapi Boau:
a) 3arajabHa Ta 3a Aroclors (AR-1254: I1Xb-16-65, AR-1260: I1Xb-28-73);
b) oxkpemi konrenepu I1Xb (n = 2)
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Puc. 4. Ycepeanena 3a Tppoma cranuissMu koHuentpauist gesskux XOII ta [TIAB (n = 2)

KOHLIEHTpalii 3a0pyaHioBadiB 1 (Hi3UKO-XiMiY-
HUX TIOKa3HUKIB Oyl BUKOPHCTAHI IS OIIIHKH
€KOJIOTIYHOTO CTaHy BOIM Ta BUSBIICHHS JKEpE
3a0pyqHEHHs] 1 He MaJd BiIXWieHb BiJ HOpMa-
THUBIB sIKOCTi. BcTanoBneno, 1mo (izuko-xiMidHi
rmapaMeTpH, Taki K COJIOHICTh, TEMIIEpATypa, Ipo-
30picTh Ta piBEHb OKCHUI€HAIlll, B1I0OpaxaroTh
3arajbHy SKICTh BOJIU Ta ii MPUIATHICTD IS i1CHY-
BaHHS Tipo0OioHTiB. Oninka koHueHrpauii CO3
JI03BOJISIE BU3HAYNTH OCHOBHI 3a0py/IHIOBaYi Ta iX

BHECOK y (hOpMYyBaHHS CyMapHOTO piBHs 3a0pya-
HeHHsA. He3Bakaioun Ha BiTHOCHO 3aJIOBUIBHHMA
CTaH BOJHOTO CEpENOBHINA, HE BapTO irHOPYBaTH
BIUTMB aHTPOIMOTEHHOI MISTTBHOCTI, 10 MOXKE TIPH-
3BECTH JI0 OCTYIOBOT'O MOTIPIICHHS SKOCTI BOJIU
y CydacHHUX YMOBax. Y IIbOMY acIleKTi PEeTyIsIpHUI
MOHITOPUHT (PI3UKO-XIMIYHUX TMOKa3HUKIB 1 KOH-
neHTpanii CO3 € KIY0OBUM IHCTPYMEHTOM IS
30epeKeHHs] €KOJIOTIYHOI I[UTICHOCTI MOPCHKOTO
OaceifHy Ta 3a0€31eYeHHS CTAJIOr0 PO3BUTKY.
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SPECTROPHOTOMETRIC DETERMINATION
OF 5-HYDROXYMETHYLFURFURAL IN HONEY SAMPLES
OF VARIOUS BOTANICAL ORIGINS

Improper processing, storage conditions, or adulteration of honey promotes the formation of 5-hydroxymethylfurfural
(HMF). HMF is detrimental to human health if the consumption level exceeds the limit established by regulatory bodies.
The Codex Alimentarius Commission and the European Union have set the HMF limit in honey at 40 mg/kg, with a higher
limit of 80 mg/kg for countries or regions with tropical temperatures. The International Honey Commission recommends
three methods for HMF determination: two spectrophotometric methods (the White method and the Winkler method)
and High-Performance Liquid Chromatography (HPLC). However, the regulated Winkler method is predominantly used
for HMF determination in research conducted in Ukraine. In this study, 17 honey samples collected between 2022 and
2025 and having various botanical origins were analyzed using the White method. This method is based on the cleavage
of the HMF chromophore system by the action of sodium metabisulfite. The difference in light absorption at a wavelength
of 284 nm between the honey sample treated with metabisulfite and the untreated sample is proportional to the HMF
concentration. 1o eliminate the effects of light scattering and light absorption by the honey matrix, measurements were
conducted at two wavelengths: 284 nm and 336 nm. Monofloral honey samples (sunflower, linden, acacia, rapeseed,
and amaranth), polyfloral wildflower honey, and blended honey samples were analyzed. The HMF content in almost
all tested honey samples was significantly lower than the recommended limit. The lowest HMF content was found in
monofloral honeys such as linden and sunflower, ranging from 0.63 to 2.8 mg/kg. A slightly higher HMF content was
observed in acacia honey samples, ranging from 10.8 to 14.6 mg/kg. The HMF content in polyfloral wildflower honey and
blended honey samples fell within the same range. Analysis of sunflower, rapeseed, and amaranth honey harvested in 2025
demonstrated that their HMF content was significantly below the normative values.

Keywords: honey quality, 5-hydroxymethylfurfural, spectrophotometry.
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CHEKTPO®OTOMETPUYHE BUSHAYEHHSA S-TTAPOKCUMETUNJ/I®YPDYPOJY
Y 3PABKAX MEJY PI3HOI'O BOTAHIYHOTI'O HOXO1’)KEHHA

Henpasunvhi ymosu 0opobxu, 3depicants abo ganvcudixayis medy cnpusiionv YmeopeHH S-ciopokcumemuigypy-
pony (TM®), axuii wkionuguii 018 300p08 s THOOUHU, AKIO PIBeHb CHOMCUBAHHS NePesUULYE TIMIM, 6CTNAHOBIEHUL pecy-
namoprumu opeanamu. Komicis Codex Alimentarius ma €sponeticoxuii Coroz scmanosunu mexcy I'M®D y medi 40 me/xe,
a ona Kpain abo peziowie 3 mponiunumu memnepamypamu 80 me/xe. Mixcnapoona medosa KoMicisi pekomeHOye mpu
Mmemoou eusHavenns I M®: 0eéa cnekmpopomomempuyni memoou suznavents 3a memooom Yatima ma Binknepa i uco-
Koepexmugry piounny xpomamoepadito. [Ipome 6 docniodcennsix, sKi npogodsimocs 6 Ykpaini, ona euznauenns I M®
6 OCHOGHOM)Y BUKOPUCHOBYIOMb pelamenmoganull memod Binxnepa. B oanomy Oocniocenni 17 3paskie medy 2022—
25 poxie 360py ma piznoeo 6OMAHIUHO20 NOX00NCEHHS OYIU NPOAHANIZ308aH] Memooom Yaiima, AKuil TPYHMYEMbCsl Ha
pytinysanti xpomogoproi cucmemu I'M® dicio memabicynvghimy nampiio. Pisnuys ceimaionocnunanus npu 008i#CUHI
xeuni ceimna 284 wm medy, skuil 0opobrenuti memadicyno@imom, ma de3 06podoku nponopyitina konyenmpayii I M.
Hna ycynenns eghexmis c8imiaoposcitosants ma no2IUHAHHS CEIMAA MAMPUYelo Medy 8UMIPIOBAHHS NPOBOOUTU NPU 080X
0082ICcUHax X6uv. 284 um i 336 um. J{na eusrauenHs 6ynu 63ami MOHOMIOPHI 3pasku Meoy (COHAUWHUKOBUU, TUNOBUL, aAKd-
yiesuil, pinaxkosutl ma amapanmosuii), ROQIOpHULL Med i3 PI3HOMPAG s ma Kynaxicosaui 3pasku medy. Buicm I'M® maii-
Jrce y 8CIX NPOMECMOBAHUX Me0ax 0V 3HAUHO HUNCUUM PeKOMeHO08aHoi Hopmu. Hatimuowcuuti emicm I'M® 6ys y maxux
MOHOPDIOPHUX Medax AK IUNOBULL MA COHAWHUKOBUL | 3Haxoousca 6 mexcax 0,63—2,8 me/ke. [ewo suwuii emicm I'MD
0ye y 3paskax axayieoz2o medy i 3naxoouscs @ medxcax 10,8—14,6 me/ke. B makux snce mexcax snaxoousca emicm I’ MO
¥ nonignopnomy keimxogomy meoi ma y 3paskax Kynaxcosano2o meoy. AHaniz COHAUHUKOBO20, PINAKOBO20 MA AMAPaH-
mosoeo medy 2025 poxy 360py, nokasas, wo emicm I'M®D 0y8 y HUX 3HAUHO HUJICUE HOPMATNUGHUX 3HAYUEHD.

Kntouosi cnosa: sxicmv medy, 5-ciopokcumemungypgypon, cnekmpopomomempis.

Honey is a well-known unique beekeeping  Standard of Ukraine DSTU 4497:2005 («Natural
product characterized by a high content of  Honey.Specifications»),honeyqualityisdetermined
active substances essential for the vital activity by various organoleptic and physicochemical
of the human body. It is distinguished by its parameters. One of the quality indicators for
botanical origin, consistency, color, and method honey is its content of 5-hydroxymethylfurfural
of harvesting. Although the medicinal properties = (HMF). HMF primarily forms during the thermal
of honey are not yet fully understood, numerous  processing of carbohydrate-containing foods
researchers and scientists in various fields confirm  through acid-catalyzed thermal dehydration from
that it is an indispensable consumer product with  fructose, sucrose, and, to a lesser extent, glucose.
incredibly beneficial properties (Samarghandian et The scheme for HMF formation from fructose is
al., 2017; Sharaf et al., 2025). Given its use as a  shown in Figure 1.

medicinal agent, honey must possess the highest The Codex Alimentarius Commission and
quality, a requirement emphasized by the European  the European Union (Directive 2001/110) have
Parliament Directive (Directive 2014/63). established an HMF limit in honey of 40 mg/kg,

As of the end of 2024, Ukraine ranked third  with a higher limit of 80 mg/kg for countries or
globally in honey export volumes, surpassed only  regions with tropical temperatures. The HMF
by China and India. Therefore, systematic quality =~ content and diastase activity (Bhure et al., 2025)
control of Ukrainian honey is crucial for ensuring  are considered key indicators used for honey
consumer trust and is a key factor in increasing the  quality control regarding its freshness and possible
sector’s export potential. According to the State  overheating.
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Fig. 1. Scheme of HMF formation from fructose

The study of HMF properties and the control
of its content in food products began in the
1950s due to its harmful effects on the organism,
including carcinogenic, mutagenic, genotoxic,
and organotoxic effects. The most comprehensive
reviews on the impact of HMF on the body are
presented in the works (Abraham et al., 2011;
Shapla et al., 2018; Greilberger et al., 2025).
However, attributing HMF formation solely
to the thermal processing of honey would be
inaccurate, as several other factors also contribute
to its elevated concentration in honey. High HMF
concentration may indicate improper processing
and storage conditions (Mouhoubi-Tafinine et al.,
2018) or honey adulteration with invert syrup (Abdi
et al., 2024). Furthermore, the botanical origin of
honey (Vijan et al., 2023), pH, the concentration
of divalent cations in the medium (Capuano &
Fogliano, 2011), and the geographical location
of the melliferous plants (Tasic et al., 2024) are
factors that influence the HMF level.

The International Honey  Commission
recommends three methods for HMF determination:
two spectrophotometric methods (the White method
and the Winkler method) and High-Performance
Liquid Chromatography (HPLC). In Ukraine, the
HMF content in honey is determined using the
Winkler method (DSTU 4497:2005). The Winkler
method is based on the absorption at 550 nm of
a colored complex formed by the reaction of
p-toluidine with HMF in a barbituric acid medium.
However, studies (Zappal et al., 2005) have
shown that the Winkler method yields slightly
overestimated results, whereas the White method
and the chromatographic method produce results
within the statistical error margin. Furthermore,
the Winkler method employs p-toluidine, which
possesses toxic and carcinogenic properties.
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The White method, first described in 1979
(White, 1979), is based on the cleavage of the
HMF chromophore system by the action of sodium
metabisulfite. The difference in light absorption
at a wavelength of 284 nm between the honey
sample treated with metabisulfite and the untreated
sample is proportional to the HMF concentration.
The HMF content is calculated using the
tabulated value of the molar absorption coefficient
£2% =16,830 (Zappal et al., 2005). To eliminate the
effects of light scattering and light absorption by
the honey matrix, measurements are performed at
two wavelengths: 284 nm and 336 nm.

We have not found the use or detailed description
of the White method for HMF determination in
honey for quality control of domestic honeys
in Ukrainian scientific publications. Therefore,
the aim of this study was the spectrophotometric
determination of HMF in honey samples of various
botanical origins using the White method and the
assessment of the quality of the studied samples
based on their HMF content.

Seventeen honey samples, differing in botanical
and geographical origin and year of collection,
were selected for the study (Table 1). The samples
were collected between 2022 and 2025. Samples
3, 10, 15-17 were provided by a beekeeper from a
certified apiary in the Cherkasy region, while the
blended samples 12—14 were supplied by a leading
Ukrainian honey trading company. The remaining
samples were purchased at agricultural markets.
HMF determination was performed during
2024-2025. Sample No. 3 was analyzed in 2024
and then re-analyzed a year later in 2025 (listed as
No. 9 in the table).

The following reagents were prepared for the
analysis: Carrez solution 1 K,[Fe(CN)s] 15 %
solution), Carrez solution 2 (Zn(CH;COO),
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30 % solution), and a 0.2 % solution of sodium
metabisulfite (Na,S,0s), which had to be freshly
prepared for use. Absorbance measurements
were performed on a Shimadzu UV2100 PC
spectrophotometer (Shimadzu, Japan) in the range
of 284-336 nm using 10 mm path length quartz
cuvettes.

The determination methodology included the
following procedures: 5 g of the honey sample was
accurately weighed (with a precision of 0.001 g)
into a 50 mL beaker. The sample was dissolved
in approximately 25 mL of distilled water and
quantitatively transferred to a 50 mL volumetric
flask. 0.5 mL of Carrez solution 1 was added and
mixed. Then, 0.5 mL of Carrez solution 2 was
added, and the volume was adjusted to the mark
with water. Any foam present was removed by
adding a drop of ethanol. The solution was filtered
through a paper filter into a clean, dry beaker,
discarding the first 10 mL of the filtrate. Two
5.00 mL aliquots of the filtrate were measured into
two test tubes (18 - 50 mm). To the first tube (test
solution), 5.00 mL of distilled water was added and
mixed. To the second tube (reference solution),
5.00 mL of a 0.2 % sodium metabisulfite solution
was added and mixed. The absorbance of the test
solution relative to the reference solution was
measured at wavelengths of 284 nm and 336 nm in

a 10 mm quartz cuvette no later than one hour after
solution preparation.

The result of the analysis was calculated using
the formula:

(A% — 47%).748,7-DF

w(HMF ), mg/kg =
m

where:
+ A% s the absorbance at 284 nm;
« 4% is the absorbance at 336 nm;
* DF is the dilution factor (if any), otherwise,
it is one;
* mis the mass of the weighed honey sample, g;
e 748.7 is a constant, calculated as:
_126-10-50-1,000-1,000

748,7 = ,
16,830-5-1,000

where:

* 126 is the molar mass of HMF, g/mol;

* 1000 (numerator) is the conversion of mLto L;

* 1000 (numerator) is the conversion of g to mg;

* 1000 (denominator) is the conversion of g of
honey to kg;

» 10 1s the final volume of the test solution, mL;

* 5 is the volume of the honey sample aliquot
taken for analysis, mL;

* 50 is the volume of the honey sample
solution, mL.

Table 1
5-Hydroxymethylfurfural Content in the Studied Honey Samples
Sample Botanical Origin CYﬁar ‘.)f Year o.f Geographical Origin Han(g:/(l)(ngtent’
I ollection | Analysis (P=0.95,n=3)

1 Linden, liquid consistency 2022 2024 Cherkasy region 2.81£0.64

2 Linden, crystallized 2022 2024 Cherkasy region 1.83 £0.63

3 Linden, crystallized 2023 2024 Cherkasy region <0.65"

4 Sunflower, liquid consistency 2024 2024 Dnipropetrovsk region 2.15£0.63

5 Sunflower, liquid consistency 2024 2024 Cherkasy region <0.65

6 Wildflower, liquid consistency 2024 2024 Kyiv region 9.47+0.72

7 Wildflower, liquid consistency 2024 2024 Dnipropetrovsk region 11.74 £ 0.74
8 Wildflower, liquid consistency 2023 2024 Cherkasy region 423+1.1

9 Linden, crystallized 2023 2025 Cherkasy region 1.75 £0.63
10 Acacia, crystallized 2024 2025 Cherkasy region 10.8 £0.73
11 Acacia, liquid 2024 2025 Chernihiv region 14.6 £0.78
12 Blended, crystallized 2024 2025 Ukrainian honey trader company 9.30 £0.72
13 Blended, crystallized 2024 2025 Ukrainian honey trader company 10.3+£0.72
14 Blended, crystallized 2025 2025 Ukrainian honey trader company 11.9+0.75
15 Sunflower, crystallized 2025 2025 Cherkasy region 2.03+0.63
16 Rapeseed, crystallized 2025 2025 Cherkasy region 2.74 £ 0.64
17 Amaranth, liquid 2025 2025 Cherkasy region +0.63

* limit of detection of the method.
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The characteristics of the samples and the results
of the 5-hydroxymethylfurfural determination are
presented in Table 1.

As indicated by the results, the HMF content
in almost all samples was significantly lower than
the acceptable limit of 40 mg/kg. Only one sample,
No. &, purchased from a private entrepreneur, had
a slightly elevated HMF content. This sample may
have undergone thermal processing or even been
adulterated with inverted sugar syrup. The lowest
HMF content was found in monofloral honeys
such as linden and sunflower (samples 1-5, 15),
ranging from 0.65 to 2.8 mg/kg. No correlation
was observed between the honey consistency
(liquid or crystallized) and the HMF content.
Linden honey Sample No. 3 (2023 harvest) with
an HMF content of <0.65 mg/kg was re-analyzed
in 2025 (Sample No. 9): the HMF content slightly
increased to 1.75 mg/kg. This suggests that HMF
content increases only slightly under proper storage
conditions and in the absence of excessive thermal
processing. A slightly higher HMF content among
the monofloral honeys was observed in the acacia
honey samples (samples 10-11), ranging from
10.8 to 14.6 mg/kg. The HMF content in polyfloral
wildflower honey (samples 6—7) and blended
honey samples (12—14) fell within the same range,

specifically 9.3—11.9 mg/kg. Regarding the 2025
harvest, unfavorable weather conditions resulted
in a negligible collection of traditional Ukrainian
honeys such as acacia and wildflower varieties.
However, analysis of sunflower, rapeseed, and
amaranth honey harvested in 2025 showed that
their HMF content was significantly below the
normative values (1.67-2.74 mg/kg).

Thespectrophotometricmethodusedinthisstudy
for the determination of 5-hydroxymethylfurfural
in honey (the White method) is simple to execute,
employs safe reagents, and meets the objective of
the study. Given that honey quality determination
is critically important for Ukraine to ensure
consumer safety and protect the reputation of its
export products, this method can be successfully
utilized in food quality control laboratories. Honey
samples from 2022 to 2025 of various botanical
origins were analyzed using this methodology. The
HMF content in almost all tested honey samples
was significantly lower than the recommended
standard, which may indicate that these samples
have not undergone thermal processing. The lowest
HMF content was found in monofloral honeys
(linden, sunflower, rapeseed, and amaranth), with
a slightly higher content in polyfloral wildflower
honey and blended honey samples.
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BIIJINB JU®EPEHIIMOBAHOTO AHTPOIIOTEHHOI'O HABAHTAKEHHSA
HA KUCJTOTHO-OCHOBHHWM PEKHUM IPYHTIB: IOPIBHSIJIbHUI AHAJII3
30H TPAHCITIOPTHOI'O TA IPOMHUCJIOBOI'O BII/IUBY

Hocnioocenns 6a3ysanocs Ha KOMNJIEKCHOMY XIMIYHOMY aHATI3I IPYHMOBUX 3PA3KIG, I0IOPAHUX HA PI3HIL gi0cmaHi
810 Odicepen anmpono2eHHO20 HABAHMANCEHHA: OLIAHKYU IHMEHCUBHO20 a8momMobiibHo20 pyXy (asmompaca P28) ma C33
npomuciogux nionpuemcma. OCHOBHUMU THOUKAMOPAMU OISl OYIHKU CHIYNeHs 0e2paoayii IpyHmMo8020 NOKpUugy ma Kuc-
JIOMHO-0CHOBHO20 Oyghepy obpanu: akmyaibry ma 0OMiHHY KUCIOMHICMb — AK NOKAZHUKY THMEHCUBHOCHI NIOKUCTIEHHS
6HACNiO0K nakonuyenns oominnux kamionie AI** i HY, a maxoac 2idponimuuny kuciomuicms — K inmezpansiy xapaxme-
PUCTUKY NOMEHYIIHOL (pe3eperol) KUCTOMHOCMI, W0 8U3HAYAc nompedy 8 XiMiynil meriopayii ma pemediayii.

Pezynomamu 0ocniodcenns intocmpyioms Cymmesi GIOMIHHOCME Y XapaKmepi mMeXHO2eHH020 6NIUBY HA KUCTOMHO-
OCHOBHUTI CINAH IPYHMIB Y MEACAX 080X 00CHIOANCY8anux 301. ¥ npuasmomazicmpanvuitl OLIsSHYI 3apikco8ano iHmencugHe
ma KpumuuHe niOKUCIeHHs [pynmis: minimanvie snavenns pH (3,98) euseneno na siocmani 25 m 610 y30iuus, ujo ceio-
Yums NPo 2AUOOKY XiMIuHY 0e2padayito IPYHMo8020 NOIUHANLHO20 KOMIIEKCY Ma GUCOKULL PUBUK PO3BUMKY ANIOMIHIEGOT
IHMOKCUKAYIT — YUHHUKA, HeOe3neyHo20 0 OLILUWOCTI CLIbCbKO2OCNOOAPCHKUX KYIbMYP | POCIUH NPUPOOHUX (imoye-
HO316. 3nauenns eioponimuunoi kuciomuocmi (14,71 mmonv-exe/100 2) niomeepoicyroms HAAGHICHb 3HAUHO2O pe3ep-
8y KUCTOMHOCHI, W0 00IPYHMOBYE HeOOXIOHICb MEPMIHO8020 NPOBEOCHHS XIMIUHOT Meniopayii 3 Memo 6i0HO61eHHs.
poowuocmi ma MiHiMizayii exonoziynux puzuxis. Kpim moeo, niOKuCienHs cnpusie niogUUieHHIO pyXomMoCcmi MoKCUUHUX
BAJICKUX MEMATIB, U0 CIMBOPIOE 3a2PO3Y IXHbO20 BKIIOYEHHS 8 MPOGIuHi 1anyio2u ma 3a6pyOHeHHs NIO3EMHUX 800 Y MelC-
ax npuoOOPONHCHIX eKOMOHIB.

Ha 6iominy 6i0 30H, wo 3a3naoms mpancnopmuozo Hasanmaicents, ipyumu C33 npomuciogoi 30Hu 0emoHcmpy-
10Mb GUPANCEHULL TYIHCHULL epeKm, IMOBIDHO 3YMOGNIEHUL BUKUOAMU NPOMUCTOBUX NIONPUEMCNE HIONPUEMCIE YeMeHIM-
HOL, Memanypeitinoi abo cymiocHoi eanysetl, Wo MiCmsame 3HAYHI KOHYEHMpayii cnoyK kanvyilo ma maeuirn. Lfi cnonyxku
Heumpanizyoms HAOIUWKOBY KUCTOMHICIb, niosuwyiouu pH 1pynmo6o2o po3uumy.

Ompumani pe3yibmamu Maioms NPUKIAOHe 3HAUeHHsL OJisl CUCTEM eKOL02IUHO20 MOHIMOPUHZY, A2POGUPOOHUYMEA MA
npocmopogo2o nianysanis. Bonu obrpynmosyroms doyinsHicms anpogaddicents ougepenyitiosanux nioxooie 0o ynpas-
JUHHSL IDYHIMOGUMU PECYPCAMU: 30KpeMd, CIMBOPEHHS 3aXUCHUX ICOCMYe | peani3ayis npoepam 6antysaHHs 6 30Hax mpan-
CHOPMHO20 NAUGY, A MAKONHC MOHIMOPUHZ JYHCHOCHT Ma NOMEHYILIHOT CONOHYIOBOCTI 8 MENCAX NPOMUCTIOBUX MEPUMO-
pitl. [Ipedcmasneni 0ani mModcyms ciyeysamiu 0CHO80K 01l pO3POOKU 3aX00i6 3 BIOHOBNIEHHS 0eePA0OBAHUX IPYHMIE Md
SHUIICEHHS eKONOTYHO20 HABAHMAdICEHHS NOONU3Y 00 '€KMig iHgpacmpyKmypu.

Knrouogi cnoga: xucnomuicmo rpynmy, agmompancnopmui 6UKUOU, NPOMUCIo8e 3a0pYOHeHHs TPYHMIB, 3aCONeHHs
IPYHMIB OOPOACHIMU PeazeHmamu, OYiHKA eKOI02IUH020 PUBUKY
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THE IMPACT OF DIFFERENTIATED ANTHROPOGENIC LOADING
ON THE ACID-BASE REGIME OF SOILS: COMPARATIVE ANALYSIS
OF TRANSPORT AND INDUSTRIAL IMPACT ZONES

The study was based on a comprehensive chemical analysis of soil samples collected at varying distances from
sources of anthropogenic pressure: areas of intense vehicular traffic (highway R28) and sanitary protection zones (SPZ)
of industrial enterprises. The primary indicators selected to assess the degree of soil cover degradation and acid-base
buffering capacity included: actual and exchangeable acidity — as markers of acidification intensity due to the accumulation
of exchangeable AI**and H' cations, and hydrolytic acidity — as an integral characteristic of potential (reserve) acidity
that determines the need for chemical amelioration and remediation.

The results demonstrate significant differences in the nature of technogenic impact on the acid-base status of soils
within the two studied zones. In the roadside area, intensive and critical acidification was recorded: the minimum pH
value (3.98) was observed at a distance of 25 meters from the road edge, indicating profound chemical degradation
of the soil adsorption complex and a high risk of aluminum toxicity — a factor hazardous to most agricultural crops and
native plant communities. The hydrolytic acidity value (14.71 mmol-eq/100 g) confirms a substantial reserve of acidity,
Justifying the urgent need for chemical amelioration to restore fertility and minimize ecological risks. Furthermore,
acidification enhances the mobility of toxic heavy metals, posing a threat of their entry into food chains and contamination
of groundwater within roadside ecotones.

In contrast to transport-affected zones, soils within the SPZ of the industrial area exhibited a pronounced alkaline
effect, likely caused by emissions from cement, metallurgical, or related industries containing high concentrations
of calcium and magnesium compounds. These compounds neutralize excess acidity, increasing the pH of the soil solution.

The obtained results have practical significance for environmental monitoring systems, agricultural production, and
spatial planning. They support the implementation of differentiated approaches to soil resource management, including the
establishment of protective forest belts and liming programs in transport-affected areas, as well as monitoring alkalinity
and potential solonetzicity within industrial territories. The presented data may serve as a basis for developing measures
to restore degraded soils and reduce environmental pressure near infrastructure facilities.

Keywords: soil acidity, motor vehicle emissions, industrial soil pollution, soil salinisation by road reagents,
environmental risk assessment

Beryn. [pyHTOBUIT TIOKPHB Bifirpae pojib KIKO-  CIPABISAIOTH CYTTEBHH, MpoTe AudepeHiiioBanuii
40BOTO Oy(hepHOTo CepeoBHINA, 31aTHOTO aKyMy-  BIUTMB Ha XIMI4HI BIaCTHBOCTI IpyHTIB (ByTeHKo,
JIOBaTH, TpaHC(HOPMYBATH Ta YAaCTKOBO HedTpami- 2009, c. 17).
3yBaTH aHTPOIOT€HHI 3a0py/IHIOBAIbHI PEYOBUHH. B ymoBax VYkpainu, Ae 3Ha4Ha 4acTUHA TEPH-
Moro KMCIOTHO-OCHOBHMH PEXHM PO3IIAAAETECA  TOpil HPEACTABICHA TPHUPOJHO KHCIHMH IPYH-
SIK OJTMH 13 HAH00’ EKTHBHIIINX 1HAUKATOPIB TEXHO-  TaMHU — 30KpeMa JIEPHOBO-ITII30JIMCTUMH, JIJIS TKAX
TeHHOTO HaBaHTaXeHHs. [HTeHcuikalis aBromo-  XapakrepHe (oHOBe 3HaueHHS pHy = 4,8 (Kiu-
OUTBHOTO PyXY Ta PO3IIMPEHHS MMPOMUCIOBUX 30H  MeHKo, 2025, c¢. 255), momaTkoBe aHTPOIOTCHHE
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MiAKUCICHHS CTBOPIOE KOMOIHOBaHE HaBaHTa-
KCHHSI Ha TPYHTOBY cuctemy. Lle mpu3BomuTh 110
PI3KOTO 3HIKEHHS 010IPOTYKTUBHOTO TMTOTEHITIATY
Ta MOCUJICHHS T€OXIMIYHUX PU3HKIB, 30KpemMa — J10
MMABHIIEHHS MOOILILHOCTI TOKCHYHHUX €JIEMEHTIB,
3JaTHUX BKJIIOYATHUCS B OIOT€OXIMIYHI IUKIM Ta
tpodiuni sanroru (Ilysik, 2012, c. 200)

Busnauenns axkruHoi  (pH, ), 0oOMiHHOI
(pHk () Ta rigpomitaunoi (H,) kuciaoTHOCTI IpyH-
TIB € e(EeKTUBHUM 1 HAyKOBO OOIPYHTOBAaHUM
METOJIOM MOHITOPHHTY HOTOYHOTO CTaHy I'PYHTO-
BOTO PO3YHMHY, a TAKOX OLIHKU CTYICHS BHCHA-
KEHHSI TPYHTOBOTO MOIJIMHAJIHHOTO KOMIUIEKCY
(I'TIK) 1 #ioro Oydepnoi 3parnocTi. OcobnuBy mia-
THOCTUYHY IIHHICTh Ma€ MOKa3HUK OOMiHHOT KHC-
JIOTHOCTI, 110 BU3HAYAETHCS Y COIMBOBIN BUTSIKII,
OCKIJIbKH BiH BiZOOpaka€ KOHIICHTpPAILIO TpPOTO-
HiB Ta PyXOMHX ioHIB amominio (Al**) — xommo-
HEHTIB, SKi YMHATH NPsIMY (DITOTOKCHYHY Mif0 Ha
pocimam (Kimmmenko, 2025, c. 256).

[TuTaHHs SIKOCTI IPYHTIB 1 BIUTUBY aHTPOTIOTCH-
HUX YMHHMKIB Ha iXHIH XiMi4HUI cTaH nepeOyBa-
I0Th Yy LIEHTP1 YBaru MpoBiTHUX HAYKOBUX YCTAHOB
Vkpainu. Exonoriynuii cTaH rpyHTOBOTO ITOKPUBY
PO3MISAIAETHCA SIK OAMH 13 MPIOPUTETHUX HArmps-
MIB CY4YaCHOTO IPyHTO3HABCTBA, arpOCKOJIOTII Ta
CUCTEMH €KOJIOTIYHOTO MOHITOPUHTY (3BIT Mpo
nisutbHiCTh HarionanpHOI akaaemii Hayk YKpaiHu
y 2020 pomi, 2021, c. 112)

AHaniz giteparypu. KucinotrHo-ocHOBHUM
CTaH TPYHTIB, SKUH BH3HAYAETHCSA MOKA3HUKAMHU
pH, € KpUTHYHO BaKJIMBHM EKOJIOTIYHUM TMapa-
METpPOM, IO 3aJICKUTh BiJ BIUIMBY aHTPOIOIEH-
HUX YNHHUKIB, 30KpEMa BUKHUJIIB aBTOTPAHCIIOPTY,
JOPOKHBOTO THJIY Ta TPOMHCIOBOI MiSTIBHOCTI.
VY Mexax TepUTOpiid, 110 3a3HAI0Th TPAHCTIOPTHOTO
HABaHTA)XCHHS BUSBIICHO JBa JOMiHYIOYi, IPOTHU-
JIeKHI 32 HampsMOM MeEXaHi3MHu BIUIMBY Ha pH
I'PYHTOBOTO PO3UMHY — 3aKHUCJICHHS Ta OJTY)KHEHHS.

TpaauuiiHo 3HAYYUIMM YUHHHKOM, IO CIpPHU-
YHHSI€ 3aKUCIICHHS IPYHTIB OOJIN3y aBTOMAricTpa-
neit, Oyma jaisi BUXJIOMHHUX Tra3iB aBTOTPAHCIIOPTY,
sIKi MicTATh okcuan a3oty (NO,) Ta oKcHIu CipKu
(SO,). Y armocdepi 11i ra3u BCTyHaOTh y PEAKIIii0
3 BOJISIHOIO ITapO0, YTBOPIOIOYH CHITbHI MiHEpaJIbHi
KHUCJIOTH. Bunanarouu y BUDISII KUCIOTHUX OIla-
JIiB, BOHU TIPOHHMKAIOTH y IPYHT 1 3MIHIOIOTH HOTO
ximiuyau# cknaz (I[Tonomapenko, 2022, ¢. 19).

HanxomkeHHsT CHIBHUX KHCJIOT A0 IPYHTO-
BOTO PO3YUHY CIPUYHMHSE BUTICHEHHS OCHO-
BHUX KaTioHiB Kajbuito (Ca’") i marniro (Mg?") i3
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IpyHTOBO-norMHaabHOro Komiuekcy (ITIK) ta ix
3amilienHs Ha ioHu oo (HY) i amominiio (ALY,
10 MPU3BOIUTH JIO MiABUIIECHHS OOMIHHOI Ta TiJI-
pomituunoi kucnotHocTi (byrenko, 2009, c. 17).
YHacniIoK BIpPOBaPKEHHS KaTalITHYHUX HEUTpa-
J3aTOPIB Ta MEePexXoay Ha HU3bKOCIPYUCTE MAIUBO,
IHTEHCUBHICTb IIbOTO MEXaHI3My 3aKHUCIICHHS
B Cy4aCHHUX YMOBaX CYTTEBO 3MEHIIWJIACS TIOPIB-
HSHO 3 TIONEePEeIHIMU JIECATHIITTAMHU.

VY cyyacHHX ymMoOBax iHTeHcH]iKaIlil aBTOTpaH-
CIIOPTHOTO HABAHTAXEHHS, €(EeKT OIyKHEHHS
(mipBumenast pH) rpyHTIB 4acTo mepeBa)kae Haj
e(eKTOM 3aKHCIeHHs, 0coOnMMBO B Oe3mocepen-
Hili ONU3BKOCTI BiJl IHTEHCHBHUX TPAHCIIOPTHUX
maricTpaiei. 30KpeMa, OCHOBHUM JKEPEIOM
ONTy’KEHHsI BHUCTYTA€ JOPOXKHIA T, IO OCiJae
3 TMOBITPS 1 € TPOBIAHUM YUHHUKOM ITiIBHICHHS
pH rpynTOBOrO po3unny. Jlo ckinany nuity BXoJIsTh
YaCcTKU 3HOCY JOPOKHBOTO MOKPUTTS (LIEMEHTHI,
OeronHi abo acganbToBi parMeHTH), Ki MalOTh
JTy’)KHY PEaKIlifo, a TaKOK PeareHTH, IO 3aCTO-
COBYIOTBCS JUIsl OOpOTHOM 3 OXKeJenuIero (eai-
CIHT-MaTepianu), 30KpemMa XJIOpUIM HATpilo Ta
KaJbIlit0. 3a3Ha4yeHi COJi MOXYTh Oe3mocepeHbo
MiBUIIYBATH JYXHICTh a00 CIPUYMHSATH BUITY-
TOBYBaHHsI KMCJIOTHHMX 10HIB, 3MILIYIOYH PEAKIIiIO
IPYHTY B OiK HEHTpadbHHX a0 Jy)KHUX 3HAYCHBb
pH (Marosz, 2011, c. 50).

Pesynmprati  OCHIKEHb MICBKHX TIPYHTIB,
pO3TalIOBaHUX TOOIU3Y JKBAaBUX TPAHCIOPTHUX
marictpanei (Bartkowiak, 2024, c. 829), nemoH-
CTpYyIOTh cepenHi 3HaueHHs pH y mexax 7,30-7,76
(pHkc1), IO CBIAYUTH MPO JOMIHYBAaHHS BILUIUBY
JIOPOXKHIX MaTepialliB i cojied Ha XIMIYHHMM CTaH
IPYHTOBOT'O CE€PEOBHUIIIA.

Pi3Hi THIIM TPOMUCITOBUX MIATPUEMCTB MOXKYTh
TeHepyBaTH BUKHUIH 3 MPOTUJICKHUM BIUIMBOM Ha
KHCJIOTHO-OCHOBHUU CTaH TPYHTIB, 3aJIEKHO Bij
TEXHOJIOTIYHOI crenudiku BUpoOHUNTBA. [Ipo-
MUCJIOBI 30HH, SIK TPABHJIO, XapPaKTEPH3YIOThCS
MiABUIICHUMHU 3HaueHHsMU pH (moHax 6,5), mo
CBITYUTH TPO JOMIHYBaHHS BHKHUIIB JIy>KHO3E-
MEJIBHUX eJIeMEHTIB, 30KpeMa YacTOK BallHa,
norneny abo IEeMEHTHOro muity. Taki KOMIIOHEHTH
JUIOTh SIK XIMIYHI MEJIOpaHTH, HEHTpai3yro4u
NPUPOJHY KHUCIOTHICTH 1 MIATPUMYIOYH TPYHTH
B HEWTpambHOMY 200 c1a00Iy’)KHOMY CTaHi.

JlocaikeHHsT yKpaiHChbKUX HAyKOBI[B, INpH-
CBSYCHI aHANI3y NMPHUIOPOXKHIX IpyHTIB (Luczak,
2021, c. 5309), miaTBepAKYIOTh 3arajJbHOCBITOBY
TEHJEHII0 70 migBuineHHss pH (omyXKHEHH:)
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moOnMM3y 1HTEHCUBHUX TPAHCIOPTHHUX apTepil.
VY cydacHOMy IpyHTO3HABCTBI Ioka3Huk pH pos-
IJISTA€THCS K KITFOYOBUH MOAM(IKATOp XIMIYHOTO
CTaHy IPYHTOBOTO cepenoBuia. OyHKIIOHYBaHHS
TPAHCIOPTHUX MaricTpaieid Moke CIIPUUUHSATH SIK
3aKMCJICHHS, TaK 1 OJY)KHEHHs IPYHTIB, 3aJI€)KHO
BiJl ICTOPHYHOTO TIEpiOMy, THITY 3a0pyIHIOBAdYiB,
IHTEHCUBHOCTI PyXYy Ta JIOKaJbHUX YMOB. Y cydac-
HUX ypOaHI30BaHMX 30HAX OJYKEHHsS IepeBa-
’Kae, aje B 30HAX 3 IHTCHCUBHUM HAKOITUYCHHSIM
KHUCJIOTHUX KOMIIOHEHTIB (HallpuKiIaa, MOOIu3y
y3014usi) pU3MK 3aKUCIIEHHS 3aJIMIIAE€THCS BHCO-
kuM. OIy)KHEHHS, CIPHUYUHEHE HAaIXOKCHHIM
TEXHOTEHHUX MaTepiajiB 1 JOpPOXKHBOTO IMHIY,
Ma€ BHpIIIAbHE 3HAYCHHS JJIs 3MiH MOOUTBHOCTI
3a0pyIHIOBAJILHUX PEUOBUH 1 € TPIOPUTETHUM
HaMpsIMOM CyYaCHHUX €KOJIOTTYHHX JIOCIiPKEHb.

[lingumenns pH 1pyHTY CHpUYHMHSE 3MEH-
IICHHS PYXOMOCTI BaXKKHX METalliB, TaKUX SK
Pb, Cd, Zn, Cu, Ta mocuitoe iXHE yTPUMaHHSI
y BEpXHBOMY TOPU30HTI IpyHTOBOTO Tipodiiro. Le,
CBOEIO YEProl0, BIUIMBAE HA OLIHKY €KOJOITYHOI
HEeOE3IeKH, 3HIKYIOUH PU3UK MITparlii TOKCHIHUX
€JIEMEHTIB Y TpO(]iuHi JIAHIIOTH Ta BOJIHI €KOCHUC-
TeMH. Xoua OUTBIICTh HAyKOBUX IMyOITiKaIliid 30ce-
peIkeHi Ha TpobaeMaTulli 3a0pyIHEeHHS BaXKKUMHU
MeTanamu, 3MiHu pH € HeBil €MHOIO CKIJIaZOBOIO
TaKuX JOCIIJDKEHb, OCKUIBKH came el mapameTp
BH3HAYa€ TOAAIBINY TpaHchopMalio 3a0pya-
HIOBauiB y IpyHTOBoMYy cepenoBuili (Denysyk,
2019, c. 134).

MeTor0 JocCaifKeHHsI € KUIbKICHA OIliHKa
Ta TOPIBHSUIBHHUIA aHali3 KHCIOTHO-OCHOBHOTO
PEeKUMY TPYHTIB Y 30HAX, IO 3a3HAIOTH BIUIUBY
JIBOX THIIIB AHTPOIIOTEHHOTO HAaBAHTAKEHHS —
aBTOTPAHCIIOPTHOTIO Ta mpomuciioBoro. Ocobimsa
yBara TPUAUISETECS BUSBICHHIO JOMIHYIOUHX
MeXaHI3MiB XiMi4HOT TpaHcdopmalii TpyHTO-
BOTO CEpEJOBHUIA (3aKHUCICHHS YH OJIY)KHEHH:),
iXHBOMY TPOCTOPOBOMY TIPOSIBY Ta €KOJOTIUHUM
HACIIIKaM.

Y Mexax JOCHIPKeHHS BHMKOHAHO HH3KY
3aBIaHb. BH3HAYEHO TIOKA3HUKU AKTYyaJbHOL
(pPHy o), 0OMiHHOT (pHgc) Ta rigpomiTHYHOL
(H.) KHCIOTHOCTI TPYHTOBHX 3pa3KiB, BimiOpa-
HUX Ha PI3HUX BIJICTAHSAX BiJ KIIOUOBUX JIKEPET
TeXHOoreHHoro 3abpyaHeHHsi (aBrorpaca P28 Ta
ca”iTapHo-3axucHi 30HH (C33) mTPOMHUCIOBUX
mignpueMcTB). [IpoBeIeHO KITbKICHY —OIIIHKY
IHTEHCUBHOCTI IMIJKUCICHHS IPYHTOBOTO ITOKPUBY
32 TIOKa3HUKaMH OOMIHHOI KHCJIOTHOCTI, IIO
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BiZJOOpa)XalOTh HAKOMUYEHHS KHCIOTOYTBOPIOIO-
unx ionis (H', AI*"), a Tako’k BCTaHOBIEHO PiBEHb
3araJibHOi TMOTEHIIHHOI KHCIOTHOCTI 3a IIOKa3-
HUKOM T1IPOJIITUYHOT KMCIIOTHOCTI — IS OLIHKH
OydepHOi EMHOCTI IPYHTIB 1 BU3HAUCHHS MTOTPEOH
y XIMIuHIM Memiopauii.

VY pesynbrari JOCTIKEHHSI BHUSBICHO Ta OXa-
paKTepru30BaHO MPHUHIIMITIOBI BIIMIHHOCTI Y Xapak-
Tepi TEXHOTEHHOT'O BIUTUBY Ha KUCIIOTHO-OCHOBHUIMA
PEXUM TPYHTIB MK 30HaMH aBTOTPAHCIIOPTHOTO
HaBaHTa)KEHHS Ta MPOMHUCIIOBOT JTisSUTBHOCTI. 3MiH-
CHEHO OLIIHKY CTYIEHs XIMI4HOi Aerpasaarii rpyH-
TOBO-TIOTJIMHAIILHOTO KOMILIEKCY B 30H1 aBTOTPACH,
30KpeMa B TOYKaX €KCTPEMaJbHOTO MiJAKUCICHHS,
ne 3a¢iKCOBaHO BHUCOKHH PHU3UK PO3BUTKY allio-
MiHI€BOI TOKCUYHOCTI. BCTaHOBIEHO MOTEHLINHO
HETaTUBHUI BIUIMB I[bOTO YMHHUKA HA CUIBCHKO-
TOCIIOAPCHKI KYJIBTYPH Ta MPHUPOIHi (iTOLEHO3U
B MEKaxX 30H KPUTUYHOTO IiAKHCIICHHSI.

Excniepumentajibna vactuna. OO0’ exkTom
JMOCTIDKCHHS ~ BHUCTYNQJIM  3MIIIaHI  TIPYHTOBI
3pa3kd, BigiOpaHi y JBOX aHTpPONOTr€HHO-HAaBaH-
TaXeHuX 30Hax JKurommpcbkoi obmacti. Ilpumo-
POXKHIA KOpHIOp aBTOMOOUTbHOI Marictpani P28
(c. Bimokominka Ta ¢. BacbkoBHYi) TPOTHO30BaHO
€ 30HOI IMOBIPHOTO 3akucicHHS. Binbip mpod
3IICHIOBABCS 3 ypaXyBaHHSM IPOCTOPOBOTO I'pa-
JEHTA TEXHOTEHHOTO BILUIMBY: O€3M0cepeTHbo 01
y30iuust (0 m; ipoOwu 11 Ta [13) Ta Ha BigcTaHi 25 M
BiZl AOpO’kHBOTO MooTHA (1ipoou [12 tall 4). [pyra
30Ha OXOIUTIOE TEPUTOPIIO MEPEKPUTTS CaHiTapHO-
3aXMCHUX 30H KUTBKOX MPOMHUCIOBHUX MiAIPUEMCTB
pizHoro mpodimo (MeranmoodOpodOka, mepepodka
MOJIMEPIB, IMIKIpsSHE BUPOOHUIITBO, BUTOTOBIICHHS
THYYKOI YITaKOBKH) B Mexax Micta JKuromup. VY 11iit
30H1 (pobu [15-119) mporHo3yeThCcsi MOXKIUBICTH
SK JIOKaJIbHOTO 3aKHCJICHHS, TaK 1 3aJIy)KHEHHS
TPYHTIB 3aJI)KHO BiJl XapakTepy MPOMHUCIOBUX
BUKHUIB. 3MilllaHi TPYHTOBI 3pa3ku BiAOWpaHCS
y BUNAJIKOBO BH3HAYEHHMX TOYKAaX Ha PIi3HINA BiJ-
CTaHi BiJl OCHOBHUX TEPUTOPIl TPOMHUCIIOBHUX ITiJI-
npuemMcTB. Binbip 3miiicHIOBaBCS 3 TBOX TOPH30H-
TiB: ToBepxHeBoro mapy (0—5 cm) Ta 3 mIMOWHU
20 cM, 110 JT03BOJISE OIIHUTH BEPTUKAJIBLHUI PO3-
TMO/ILJT KUCJIOTHO-OCHOBHUX XapaKTepUCTHK. [Ipobu
MO3HAYEHO BiAMOBIMHO M0 Maiman4ukis: 15 — 50
M (maitnanauk Ne 1), I16 — 75 m (matiganauk Ne 2),
I17 — 100 m (maiimaruuk Ne 3), T18 — 125 m (maii-
nmaaank Ne 4), T19 — 150 m (maiimanuuk Ne 5).

Bubip Ttouok BigOopy 3ymMoOBIEHHI HE00-
XIIHICTIO ~ aHaji3y MPOCTOPOBOTO  PO3MOILTY
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3a0pyIHIOBAILHUX PEYOBHH Y MEKaX Pi3HUX THITIB
TEXHOTEHHOTO HaBaHTa)KeHHs. 3pasku, BimiOpani
Oe3mocepenHb0  OLTST  aBTOCTpaaM, BimoOpaka-
I0Th MIEPEBAKHO BIUIMB I'PYOOIUCIIEPCHUX YACTHU-
HOK 1 MPOAYKTIB MEXaHIYHOTO 3HOCY JOPOKHBOTO
MOKPUTTS, TOMAI SIK 3pa3Ku, BigiOpaHi Ha BiJICTaHi
25 M, OUIBIIOK MIPOIO 3a3HAIOTH BILTUBY JAPIOHO-
JIUCTIEPCHUX KHUCJIIOTHUX aepo30JIiB, IO OCIJIal0Th
3 arMocdepu Ha BIIJAICHINIMX JUITHKaX. AHai3
mpo6 rpyHTy i3 C33 MpOMHUCIOBUX MiIIPUEMCTB
HEOOX1THU [T TOPiBHSAHHS KHCIOTHO-OCHOBHOTO
PEKUMY 3 IHITMMU 30HAMH aHTPOTIOTEHHOTO HaBaH-
TaXKEHHA (30KpeMa, aBTOTPAHCHOPTHOIO) Ta JUIA
BU3HAYCHHS XapaKTepy TEXHOTCHHOTO BIUIUBY — YH
CIPUYUHIOIOTH BUKHIY JIOKAJIbHE 3aKUCIICHHS a00
OJTY’)KHEHHS TPYHTOBOTO CEPEIOBHIIA.

Jlns mpoBeAEHHS aHali3y BHKOPUCTOBYBAJIU
CTaH/IapTU30BaHUH JabOpaTOpPHUIA TOCY/ Ta aHa-
JITUYHE 00JIaIHaHHs, 30KpeMa: 10HOMIp, TeXHIYH1
Baru 3 TtounicTio 0 0,01 1, OropeTkn 00’eMOM
25 mui, mineTku Mopa Ha 5 MJI Ta MipHI IHJIiH-
npu. Cepell peakTHBIB 3aCTOCOBYBaJUd | MOIIb-
exB/n pozunam xyopuay kamito (KCI) Ta amnerary
Harpito (CH;COONa), 0,01 Monb-eKB/J PO3YWH
rigpokcuny Harpito (NaOH), a Takok iHIUKaTOp
¢denondranein. (Kuukupyx, 2023, c. 33).

VYei  MOKAa3HUKM  KHUCJIOTHOCTI  BHU3HAYAJIHCS
MOTCHIIOMETPHYHUMU Ta TATPUMETPHIYHUMHU METO-
nmamu BignoBigHo g0 Bumor JCTY ISO 10390:2001
(ep>xaBumii ctanmapt Ykpainu, 2003, c. 6).

* AKTHBHY KHCJIOTHICTb (pHy, o) BU3HAYANH
y BOJHIN CyCIIEH3ii: HABaXXKy MOBITPSIHO-CYyXOT'O
IpyHTY Macoro 6,00 r moMilanm y CKISHKY, 10/1a-
Basn 30 MJI AMCTHIILOBAHOI BOJW (CITIBBiTHO-
LICHHS TPYHT:po3uuH — 1:5), 300BTYBanu mpors-
rom 20 xBuiuH. [licist 4acTKOBOTO BiJICTOIOBaHHS
pH BuMiproBanm 3a gomoMoror ioHomipa (Yop-
Hui, 2018, c. 122).

* OOMiHHY KHCIOTHICTh (pHg(;) BU3Ha4amm
y COJIbOBIM BUTSKI: HaBaXKy IPYHTY Macolo
10,00 T o6pobmsim 25 mur 1 M pozunny KCl
(cmiBBigHOmIEHHA 1:2,5), 300BTYyBaJM MPOTATOM
15 xBunuH. Po3unn KCl BucTymae ekcrpareHTOM,
110 BUTicHsi€ oOMiHHI ioHH H* Ta AI** 3 rpyHTOBO-
MOITMHAIBHOTO KOMIUIEKCY, 3a0e3Meuyroun TOoY-
HINIY OI[IHKY TOTEHI[IITHOT KUCIIOTHOCTI Ta TOKCHY-
HOCTI IPYHTY.

* Tigpomitnuny xucnotHicts (H,) Bu3Ha-
Yalu TUTPUMETPHUYHUM MeTofoM 3a Kammenom
(T'opomniii, 2005, c. 152): HaBa)KKy IPyHTY Macoro
40,00 r 06poGismn 100 M1 1 M po3umHy anerary
HaTpito, 300BTYyBanu npotsarom 30 xBuiuH. OTpH-
MaHui ¢inerpar tutpyBasm 0,01 H po3unHOM
NaOH y npucytHocTti denondraneiny. 3HaueHHs
H, (y MmMomb-exB/100 T IpyHTY) pO3paxoByBau
3a (opmynoro 3 ypaxyBaHHAM 00’€My THTpaHTY
(VNaon) T@ TIapaMeTPiB TUTPYBAHHS.

Pesyabratn Ta ix oOrosopennsi. I[lopis-
HSUIbHUH aHaNi3 IOKa3HUKIB akTHBHOI (pH, ),
o0MiHHOT (pHg(y) Ta TiapOMITUYHOI KUCIOTHOCTI
(H,) mo3Bonsie BUSBUTH XapaKTep TEXHOTCHHOTO
BIUTMBY Ha KHCIOTHO-OCHOBHHMM PEXHM IPYHTIB
y JBOX JOCIIUKYBaHHX 30HAaX — MPHUIOPOXKHINA Ta
npomucioBiii. [lpencraBieni pe3ynbTaru BUMI-
PIOBAaHHS aKTUBHOI Ta OOMIHHOI KHUCIOTHOCTI JUIS
Bcix BimiOpanux npo6 (Tabmurs 2).

AKTUBHA KHUCIIOTHICTH IPYHTY (PHy,0), 11O
BU3HAYAETHCS K HETaTMBHHUMA Jorapu(™ KOH-
neHTpanii ioniB Bogaio (H) y rpyHTOBOMY pO3-
YUHI, € KIIOYOBUM TOKA3HUKOM, SIKUW [TO3BOJISE
00’€KTHBHO OI[IHUTH XIMI4HI YMOBH CEpeIOBHUIIA
JUISE pOCITUH 1 MikpoopraHi3miB. Bona Gesmoce-
pEeIHBO BILTUBAE HA 010JIOTIYHY JOCTYITHICTh €lle-
MEHTIB JKUBJICHHS, a OT)KE — Ha 3arajbHy POJIO-
YiCTh IPYHTY. Y MeXax CaHITapHO-3aXHUCHHUX 30H
nianpueMcTB 3HadeHHs pH y BimiOpanux mpoOax

Tabmmi 1
Onuc BiniOpanux npod rpyHTiB
IIpo6a Micue Binoopy Jlokauist (zkepesio BIJIUBY) Bincranb 1o pxepena, m

11 c. binoxoninka Tpancnopr (Tpaca P28) 0

112 c. binokoninka Tpancnopr (Tpaca P28) 25
113 c. BacbkoBuui Tpancnopr (Tpaca P28) 0

114 c. BacbkoBuui Tpaucnopt (Tpaca P28) 25
I15 M. JXKurtomup C33 mianpuemMcTB 50
16 M. XKuromup C33 mianpueMcTs 75
117 M. JXKuromup C33 nianpueMcTs 100
18 M. JKutomup C33 mianpuemcTB 125
19 M. 2Kutomup C33 nianpueMcTs 150
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BapitoroTh Bij cmabokuciux (I18 — 6,62) no cnabdo-
ayxuaux (I17 —7,16; 119 — 7,05), m1o cBiA4UTH Mpo
HEOJHOPIAHICTh ITPYHTOBUX YMOB Ha JOCIIDKEHIH
tepuropii. 3naueHHs pH y Bcix mpoOax HIKYe
HerTpansHOoro piBHA (pH = 7,0), 1110 CBIAYUTH PO
KHCITy peaKilifo IpyHTOBOTO cepeAoBUIIa. Y 30Hi
aBTOTPAHCIIOPTHOTO HABAaHTAXEHHS (TPHIOPOK-
Hil kopumop Tpacu P28) 3adikcoBano BupakeHe
IiIKACIICHHS IPYHTIB, 0COOJIMBO Ha BiACTaHi 25 M
Bix y30iyus. HaiiBuImumii moka3HUK aKTMBHOI KHC-
notHocTi (IT1 — 6,14) 3adikcoBaHo Ge3nOCEPETHBO
Ol Tpacu, 0 MOKe OyTH HACTIAKOM JOKajb-
HOTO BIUTUBY JIOPOKHIX BHUKH[IB, 30KpeMa KapOo-
HAaTHUX YaCTHHOK, SIKI YaCTKOBO HEHTPaJi3yrOTh
KkuciotHicTh. Haitamk4i 3Havenns (112 — 5,71 Ta
[14 — 5,77) criocTepiraroThcst Ha BiJIcTaHi 25 M BiJl
TpacH, IO MOXE CBIJYUTH MPO MEHIIUHI aHTPOTIO-
TeHHUU BIUTMB a00 HAaKOTIMYEHHS OPraHiYHUX KHUC-
JIOT y TPYHTI.

3aranom, yci 3Ha4eHHsS aKTHBHOI KHCIOTHOCTI
IPYHTOBOTO PO3YMHY 3 MPOO BimgiOpaHUX MOOIU3Y
TpacH, 3HAXOJATHCS B MEXKax BiJ CIa00KUCIIOT 110
KHCJIOT peakiiii, o Moxe: 0OMeXyBaTH IOCTYII-
HICTh MaKkpoesieMeHTiB (0cobnuBo Gocdopy, Kaib-
Iif0, MarHilo); MiJBUIIYBaTH PyXJIUBICTh MOTEH-
uidHo TokcuyHMX MikpoenementiB (Fe, Mn, Al);
BIUTMBAaTH Ha MIKpOOIOTY IPYHTY Ta CTPYKTYypy
¢itouenosy (tabm. 2).

OOMiHHa KHUCIOTHICTh TPYHTY (pHgc)) € Bak-
JIMBUM TIOKa3HUKOM HOro OydepHOi 37aTHOCTI Ta
KaTiOHHO-aHIOHHOTO CKJIaay, IO Oe3MmocepeHbOo
BIUIMBAE Ha arpoxXiMiyHuil CTaH 1 pomodicTb. Bona
BH3HAYAE PIBEHb JOCTYITHOCTI MiHEPAJTHLHHUX TTOKUB-
HUX PEYOBHUH JUTS POCITMHHUX 1 MIKPOOHUX CHUCTEM,
30KpeMa KarioHiB kauito (K*), Harpiro (Na®), a Takox
nitpar (NO3) i pocdar (PO3") aHioHiB.

3a yMOB MiABHIIEHOI KHCIOTHOCTI TPYHTY
CIIOCTEpIraeThCsl 3HMKEHHS JIOCTYHMHOCTI a30T-
1 pochopBmicHHX CrONYK, 1110 0OMEXYE iX 3acBO-
€HHsI pociarHaMu. BopHouac 3pocTae pyXiIHBICTb
MIKpOECIIEMEHTIB, TakuX 5K 3ai1i30 (Fe), Mmapranenp
(Mn) ta amominiit (Al), o 3a MEeBHUX KOHIIEH-
Tpamiii Moke TPHU3BOAUTH 10 (PITOTOKCUYHOCTI.
VY mexax pocnimkenux npod (I11-114) 3nauenus
0OMIHHOT KMCIIOTHOCTI IPYHTY BapilOIOTh y MeXKax
pH 3,98-5,58 (tabm. 2), mo BiAmoBigae KHCIiH
peaxiii TpyHTOBOTO po3uuHy. Takuii piBeHb KHC-
JIOTHOCTI € HIDKYMM 3a ONTHMAaJbHUM Jiana3oH
(pH 6,0-7,5), pexomMeHIOBaHWA IS OLIBIIOCTI
CUIBCBKOTOCTIOIAPCHKHUX KYJIBTYp POCIHUH, i MOXE
CBITYUTH TIPO TIEBHE MOPYIICHHS arpoXiMi4HOTO
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OaJlaHCy TPYHTIB Ha IOCIHIDKCHIH TepuTopii. 3a
TaKUX YMOB MOXKJIMBE 3HIDKCHHS JIOCTYITHOCTI
OCHOBHHX €JIEMEHTIB JKHMBJECHHs (30kpema (oc-
dopy, Kaypliito, MarHio) Ta MiABUIICHHS PyXJIH-
BOCTI IIOTSHIITHO TOKCHYHHUX MIKPOCIEMEHTIB, 1110
norpebye KOPEeKIIHHMX 3aXO0JliB, 30KpeMa BaIlHy-
BaHHA. {070 aHamizy rpyHTOBOTO pO34nHY MpPOO
BiZiOpanux 3 Tepuropii nepexkputta C33 npomuc-
JIOBUX MiJIPUEMCTB, TO 3HAYCHHS OOMIHHOI KHC-
JIOTHOCTI BapitoloTh y Mexax pH 6,68—-7,26, mo
BIJINIOBi/Tae HEHUTpabHIN a00 c1aboMyKHIH peak-
1ii TpyHTOBOTO cepenoBuia. Takuii Aiarna3oH BBa-
YKAETHCS ONTUMAIIBHUM JJIs1 OUTBIIOCTI CLIBCHKO-
TOCMOAPChKUX KYJABTYpP, OCKIJIBKU 3a0e3reduye:
BHCOKY JIOCTYITHICTh MakpoesneMeHTiB ((ochopy,
KaJlito, KaJIbIIiF0, MarHito); CTadlIbHICTh MIKpO0Oi0-
JIOTIYHOT aKTUBHOCTI; MiHIMaJIbHUH PU3UK TOKCHY-
Hoi aii mikpoenemeHTiB (Fe, Mn, Al), axi 3a3Buyaii
AKTHBHI B KHCJIUX YMOBaX.

[Mpoou II5 (pH 7,05), 116 (pH 6,94) ta I19
(pH 6,88) xapakTepu3yroThCsi HEUTPATHHOIO PeaK-
€0, IO € CIPUSTIMBUM MOKa3HUKOM JIJIsl IPYH-
TiB, MOTEHIIHHO MiJIaHUX TCXHOTCHHOMY HaBaH-
Ta)KEHHIO.

[Tpo6a I17 (pH 7,26) mae cnabomyXHY peaxiiito,
10 MOXKe OyTH HACIIJIKOM HAKOTIMYCHHS JY)KHUX
KOMITOHEHTIB, 30KpeMa TIIPOKCHIIIB METaliB a0bo
3QJIMIIKIB BaTHSIKOBUX MaTepiaiiB, XapaKTEPHUX
JUTSE METAI000POOHMX 200 MIKIPSTHIX BUPOOHUIITB.

[Tpo6a I18 (pH 6,68) nemoucTpye crnabokucity
pEeaKIlio, sKa BCe 1€ 3aIUIIAE€THCS B MEXKax JOMyC-
THMHX arpoXiMidHHUX HOPM, OJTHAK MOXKE CBITUNTH
PO JIOKAJIBHE TAKUCIICHHS, IMOBIPHO, BHACIIOK
BIUIMBY OPTaHIYHUX a00 KUCIOTHUX CTOKIB.

3 ypaxyBaHHSM TOTO, IO HpoOH BimiOpaHi
B Mexkax C33 miAnpueMcTs, IO CIeNiaTi3yroThCs
Ha METajso00poOIli, MKIpSHIA MPOMHUCIOBOCTI Ta
BUPOOHUIITBI THYYKHX YIAaKOBOK TOIO, OTPUMaHi
3HAYCHHS OOMIHHOT KMCIIOTHOCTI MOXYTb BiIoOpa-
JKaTl KOMIUICKCHHI BIUTMB TEXHOJIOTIYHHX BUKH-
B, 30KpeMa:

*  MeTtanoobpodka — MOXKIUBE HAIXOKCHHS
TIAPOKCHIIB METAJIIB, IO HEUTPAITi3yIOTh KHCIIOT-
HICTb;

» IlkipsHe BHUPOOHHMUTBO — BHKOPHCTAHHS
JTYXHHUX peareHTiB (HanpuKia, BamHa, cyabQiiB)
Moe miaBumryBaru pH;

* BuUpOOHHMIITBO THYYKHX YHAKOBOK — MEHIII
arpecuBHE XIMiYHE HABAaHTAXKEHHS, OJHAK
MOJKJIMBE JIOKAJTbHE HAKOTMYCHHS OpraHIYHUX
3QJIMIIKIB.
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Tabmuig 2

IMopiBHANBHI pe3yIbTaTH AKTUBHOI TA 00MiIHHOI KHCJOTHOCTI IPYHTIB
il AaHTPONOreHHUM BILJIMBOM

Tpoba pHHZO pHyq, ApH (H,0-KCl) Kmerog;ap:;_pllzg;nﬂocn

111 6,14 5,03 1,11 CepeTHbOKUCITHI

112 5,77 3,98 1,79 CUIBbHOKUCTUI

113 5,91 5,58 0,33 Crnabokucauii

114 5,71 420 1,51 CUIBbHOKUCIUIH

T15 6,97 7,05 -0,08 Heifirpanbuuii / CnabomyxHuit
I16 6,83 6,94 -0,11 Heiitpanphuii / CnabomyxHuit
117 7,16 7,26 -0,10 CrnabomyxHuUI

118 6,62 6,68 -0,06 Heifirpanbhuii

119 7,05 6,88 0,17 Hetitpansuuit

[TopiBHsITEHUH aHaJ3 aKTUBHOI Ta OOMIHHOI
KHCJIOTHOCT1 TPYHTIB MiJl aHTPONOTE€HHUM BILIHU-
BOM CBiT9aTh PO CYTTEB1 BIIMIHHOCTI Mi>K 3HAaU€H-
HSMH aKTHBHOI Ta OOMIHHOI KHUCJIOTHOCTI y TpoO-
0ax, BimiOpaHuX sK y Oe3mocepenHiii OIM3bKOCTI
70 JDKEepell aBTOTPAHCIOPTHOTO HAaBaHTAKEHHS
(0-25 ™), TaK i B MeKax caHITapHO-3aXHUCHUX 30H
nignpuemcts. [Ipo6u I11-114 xapakTepusyroThCs
BHUpakeHUM 3HWKeHHM pH y po3uuni KCl mopis-
HsHo 3 pH y Boanii BuTspkui (ApH = 0,33-1,79),
0 CBIAYUTH PO BHCOKY OOMIHHY KHCIIOTHICTb.
Haiibinpma pi3HUIS MiXK aKTHBHOIO Ta OOMiH-
HOIO KHCJIOTHICTIO 3adikcoBana y mpobi [12
(ApH = 1,79), mo Bka3ye Ha 3Ha4YHy KUIbKICTb
OOMIHHUX 1 TOTEHLIHHO TOKCMYHUX ioHiB H' Ta
Al**, 37aTHUX BUBLIBHATHCS 3 IPYHTOBOTO KOMII-
nekcy. Kareropii kucimoTHocti 3a pHg; BapiroroTh
Bix ciaboxkucinoi (I13) no cunenokucnoi (112, 114),
0 TATBEP/KYE TiAKUCICHHS TPYHTIB Y 30H1 0€3-
MOCEPETHBOTO BIUIMBY aHTPONOTCHHUX YUHHHUKIB
(TpaHCTIOPT, TIPOMUCIIOBI BUKHIM). Taki ymMOBH
MOXYTh 0OMEXKYBaTH AOCTYIHICTh MaKpOEJIEMEH-
TiB (0co0mmBo (hochopy, Kanblliro, MarHito) Ta Ii-
BUIIYBAaTH PHU3UK TOKCHMYHOCTI MIKPOEJIEMEHTIB
(Fe, Mn, Al). ITpo6u I15-119 (C33 mignpuemMcTB)
XapaKTepU3yIOThCs THM, 10 3HaueHHst pHy ¢, epe-
BAXHO TIEPEBUIITYIOTH a00 Omm3bki 10 pHy 4, 110
BiI0Opa)kaeThCsl y HETaTUBHUX a00 MIiHIMAJIBHUX
3HaueHHsx ApH (Bix —0,11 no +0,17). Taka nuna-
MiKa CBITYUTH MPO HHU3bKY OOMIHHY KHUCJIOTHICTb
1 BUCOKy Oy(epHy 37aTHICTh IPYHTIB, IO Xapak-
TEpHO IS HEHTpampHOro abo craboiyKHOTOo
cepenosuma. Kareropii kucnorHocti 3a pHge —
HelTpanbHa a00 caboyXKHa, 10 € ONTUMAITBHIM
arpoxiMiYHUM PEKUMOM JJIs1 OUTBIIOCTI CLITBCHKO-
TOCTO/IaPCHKUX KYIBTYP.
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BincyTHICTS 3HAYHOTO PO3PUBY MiXK aKTHBHOIO
Ta OOMIHHOIO KHCJIOTHICTIO BKa3zy€ Ha CTaOUIb-
HICTh IPYHTOBOTO IOTJIMHAJIFHOTO KOMILJIEKCY Ta
BIJICYTHICTh Ha/JIUIIKY BITbHUX 10HIB HY/AP", mo
€ TUIIOBHUM ISl IPYHTIB 3 MEHIINM TEXHOT€HHHUM
HAaBaHTAKEHHSAM a00 e(EeKTUBHOI TMPUPOTHOIO
CaMOOYHCHOIO 3/1aTHICTIO. TakuM YMHOM MOXHA
pobutn BucHOBKHM, wo ApH (pHy, — pHkc)
€ iH(pOpPMaTUBHUM MMOKa3HUKOM TIOTEHITIITHOI KHC-
JIOTHOCTI: YMM BHIIA PI3HUIL, TUM OUIbIIA Kijlb-
KicTh OOMiHHUX i0HIB H' y TpyHTOBOMY TMTOTIIMHA-
1ouomy Komruiekci. [Ipo6u 3 Bucoxkum ApH (I12,
[14) moTpeOyroTh KOPEKIIHHUX 3aXOJiB, 30KpeMa
BalHyBaHHs, JJIs HEUTpasizalii KUCIOTHOCTI Ta
3HIKEHHS TOKCHMYHOCTI. Ipynatn B Mexax C33
(IT5-119) nemoHcTpyIOTH CTAOLIBHUM KHCIOTHO-
JTYKHUH pEXHUM, IO CBIIYUTH TIPO BITHOCHO
CHPUATIMBHIA €KOJOTIYHMI cTaH abo e(peKTUBHY
Oy(depHy 3MaTHICTh TPYHTIB Y IIUX 30HAX.

['iponiTHyHa KUCIOTHICTD IPYHTY, SIK PI3HOBU/]
IMOTEHIIMHOT KHCIOTHOCTI, € ITOKa3HHUKOM 3/1aT-
HOCT1 I'PYHTOBOTO BOMPHOIO KOMILIEKCY HaKOIH-
qyBaTu NpoToHu BoaHio (H') BHacTinok rigpomizy
MiHEpaJbHUX 1 OPraHIYHUX PEYOBUH. Bu3HaueHHS
ILOTO TIApaMeTpa JO03BOJSE OIHUTH OydepHy
€MHICTb IPYHTY Ta HOro peaxuiiiHy 31aTHICTb 10
HeHTpamizallii KHCIOTHUX KOMITOHCHTIB.

lNaponmiTuyHa KHCIOTHICT Ma€ TMPUKIIATHE
3HAUEHHS y KUTBKOX acCTIeKTax:

* [Iporno3yBanHs NOTpeOH y BaliHyBaHHI — Ha
il OCHOBI PO3PaXOBYETHCS KUTBKICTh HEHTPAITi3yTO-
ynx pedoBHuH (30kpema CaCOj;), HEOOXITHUX IS
KOPEKIii KHCIIOTHO-TYKHOTO OajaHcy.

* [lmanyBaHHS  peKy/NbTHBAIlliHHHX  3aXoO-
JIiB — TOKa3HUK BUKOPHCTOBYETHCS JJIsi OOTpYH-
TyBaHHS 3axXOJiB 3 BIJHOBJICHHS JErPaJOBaHUX
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a00 TEXHOTeHHO MOPYIIEHUX 3eMejb, 30KpeMa
B MEXXaX MPOMHCIOBUX 30H.

TakuM YWHOM, TigPOJITUYHA KHCIOTHICTh
€ IHAMKATOPOM €KOJIOTIYHOI'0 CTaHy I'PYHTIB 1 Bifi-
rpae BOXKJIMBY pOJb Y (OPMYBaHHI arpoxiMigHOl
CTparterii Ha TEPUTOPIAX 13 MIJBUIICHUM TeX-
HOTCHHUM HaBaHTa)XEHHsM. Pesynbrarn Bu3Ha-
YEHHS TiIPOIITUYHOI KUCIIOTHOCTI, IIpe/ICTaBIIeH]
y Tabmuri 3, BKIFOUaI04YM pO3paxyHKOBI 3HAYCHHS
JUIS TPAHCTIOPTHUX MPoO Ha OCHOBI 00’€MiB po3-
yuny TuTpanty NaOH.

OtpuMaHi JaHi JEMOHCTPYIOTh BHpaKEHUI
KOHTPACT Y PIBHSX T1IPOTITUIHOT KUCIOTHOCTI MiXkK
IPYHTaMH, [0 3a3HAIOTh BIUIMBY aBTOTPAHCIIOPT-
HOi 1H(PACTPYKTYypH, Ta IPyHTAMH MPOMHCIOBOL
30HU. 3HaueHHs H, 1u1s rpyHTIB 100IM3y aBTOTpaH-
cnopTHOI Marictpaii (mianason 1,55-14,71 MMois-
exB/100 r) Ha MOPSIIKK TIEPEBUIIYIOTh TTOKa3HUKU
IpyHTIiB TpoMucioBoi 3oHH. Lle migTBepmKye
IIPUHIMIIOBY BIAMIHHICTH y XIMIYHOMY CKJIafi Ta
MeXaHi3MaX KHCIOTHO-OCHOBHOTO HaBaHTAKECHHS
JIBOX THITIB @HTPOIIOTCHHHX JHKEPEIL.

BUHATKOBO BHCOKE 3HAu€HHs TiAPOTITHY-
Hoi kucnotHocti (H, = 14,71 mMmonb-exs/100 T;
npoba [13) cBiquHUTh TIPO HAA3BHYAHHO BUCOKHI
piBeHb pe3epBHOI (Oy(hepHOi) KUCTOTHOCTI IPYHTY.
Takuii HOKa3HUK BKa3ye Ha Te, 110, HE3BAYKAIOYH HA
MOXIIUBE CTPUMYBAHHsI aKTHBHOTO ITiJKUCICHHS
(BimHOCHA cTaOUTBHICTE pHi (), 3yMOBIIEHE Oydep-
HOIO €EMHICTIO TPYHTY (BUCOKHI BMICT OpraHiqHO1
peyoBUHU a00 MEPBHHHUX MiHEPAJiB), 3amac Hew-
TPai3yHOYHX OCHOB € KPUTUYHO BUCHaXKEeHHUM. Lle
CBITYUTH MPO HEOOXITHICTh 3aCTOCYBAaHHS MaKCH-
MaJbHOI PO3PaxyHKOBOI 103U XIMIYHOI MesTiopariii
JUISL BITHOBIICHHSI KHUCJIOTHO-ITYXKHOTO OaJlaHcy.

[HTeHCHBHE 3pOCTAaHHS T1APOIITHYHOI KHCIIOT-
HOCTI y IPyHTax TPAHCIIOPTHOI 30HH € TMPSMHM

HACJIIIKOM XIMIYHOI Jerpajaaiii, CHpUIuHEHOT
JIOMIHYIOUMM KHCIIOTHUM aTMOC(EpHHUM HaBaHTa-
»eHHsIM. OCHOBHUM JDKEpEJIOM TaKoro HaBaHTa-
JKEHHSI € aBTOTPAHCIIOPTHA AisUIbHICTB, 1110 CYIPO-
BOJDKYETBCSI €MICIEF0 OKCHIIB CIPKH Ta a30Ty, SKi
B armocdepi TpaHCPOPMYIOTHCS y CipyaHy Ta
HiTpaTHy Kuciory. Lli crmomyku, MOTparuIsrodu
B TIPYHT, CHOPUYUHSIOTH BUMHUBAaHHS OOMIHHUX
OCHOB Ta 301/IbIIIeHHs KOHIeHTpawii ioniB H 1 AI**
y IPYHTOBOMY PO3YHHI.

VY KOHTEKCTI CyYaCHHMX JOCIIJKEHb IOAaTKO-
BUM (DaKTOPOM TMiJBUIICHHS KHUCJIOTHOCTI TIPyH-
TOBOTO MOKPUBY € BIUTUB 00HOBUX Aiil. 30Kpema,
BUOYXOBl HaBaHTaXEHHS (HANPUKIAA, YIapH
BITJTA) MOXYTh CHPHUSTH YTBOPSHHIO HITPAaTHOI
KHUCJIOTH BHACIIJIOK PeaKIlii aTMOC(hEepHOro a3ory
3 KHCHEM TIpu BUCOKHX Temrieparypax (Khomiak,
2025). Kpim Toro, MexaHigyHa IECTPYKIIisl TPYHTY
AKTHBI3y€ BUBUIbHEHHS TOKCHYHHX 10HIB 3 aTFOMO-
CHJIIKATHUX MIHEpaJIiB, 30KpeMa PyXOMOTO ajoMi-
HiIO, SIKUH y MPOIIeCi T1IPOIi3y J0AaTKOBO ITiJIBH-
IIy€ KOHIICHTPAIIiO 10HIB BOAHIO.

AHai3 onep)kaHUX Pe3yJbTaTiB CBIAYUTH, IO
ABTOTPAHCIIOPTHA MISIIBHICTH € TOMIHYIOUUM JIKe-
pEIOM KHUCIIOTHOTO HAaBAaHTKEHHS, IO IPHU3BO-
JUTH 10 BUCHAYKEHHS 3armacy OOMIHHMX OCHOB Ta
XIMIYHOT Jerpananii mpuIopoKHiX rpyHTiB. Haii-
OB BHUpakKeHE MiJKUCICHHS 3a(iKCOBAaHO Ha
BificTaHi 25 M Bix MOpoKHBOTO MONIOTHA (pHy(y
3,98 1 4,20 B npobax 12 Ta 14 BiamoBimHO), 1e
OCIIaf0Th JPiOHOTUCTICPCHI KUCIOTHI aepo30di.
Harowmicts pH B I11 Ta [13 moxe Oyt THMYacoBoO
BUIIIMM 4Yepe3 MPHUCYTHICTh JTYKHHUX aOpa3sHBHUX
YaCTHHOK (HANpHUKIA, 3 JOPOKHBOTO MOKPHUTTS).

Kputnuni 3nHauensst pHyq y 112 Ta [14 cnpu-
YUHSIOTh BUBUIBHEHHS PYXOMOTO —QJIIOMIHiIO,
o € JIMITYIO49UM (BaKTOpOM ISl YyTIUBUX

Tabmuns 3

Pe3ynbraTn BU3HAYEHHS TiIPOJTiTHYHOI KMCIOTHOCTI IPYHTIB
Ymoeu ananizy: anikBora ¢inbrpary 5 mi, konuenrpauis ayry 0,0111 moab exB/a

ITpo6a VNaoHs MIT (MMOHb-eKBﬂZOO r rpyaTy) Kareropist kuciaorHocTi
111 2,8 1,55 Jyxe cnaboKucIuii
112 8,2 5,55 CepenTHbOKUCITHN
113 16,5 14,71 CUIbHOKUCTUI
114 12,6 6,93 CepeaHboKUCIuit
115 0,5 0,28 Hexucnuii (HeiitpanizoBanuii)
116 0,3 0,17 Hexucnuii (HeiitpanizoBaHuit)
117 0,4 0,22 Cnaboxucnuit (JIokansHa aHOMAITis )
118 0,4 0,22 Hexucnuii (HeiitpanizoBanuit)
119 0,4 0,22 Hexucnuii (HeiitpanizoBanuit)
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CUIBCBKOTOCTIOIAPCHKUX  KYJIBTYp, TaKUX  SIK
SIYMiHb, KYKYpYya3a, COsl, JJIsl SIKHX ONTUMAaJIbHUM
pH cranoButek 6,0—7,5. Kpim Toro, kucie cepen-
opuie (ocobnuBo npu pH < 5,0) 3HauHO TiABU-
nrye pyximBicTh Baxkux MetaniB (Pb, Cd, Ni), mo
301IbIIIyE PU3UK 1X Mirpalii B IPyHTOBI BOAM Ta
HaKOIMYEHHS B POCIUHHIN MPOIYKIIi.

3araiom, BUCOKiI 3HAYCHHSI T1APOJTITHYHOI KHC-
sotHocTi (H, > 6,0 Mmonb-exB/100 1) 0JHO3HAYHO
CBIJT4aTh MPO BUCOKY PE3EPBHY KUCIOTHICTD 1 3HA-
4yHy notpeOy IpyHTy y BanHyBaHHi. [Tokasnuk H,
€ KUTBKICHOIO Mipo1o Oy(epHOi 3AaTHOCTI IPYHTY
npotu 3akucieHHs. 3Hadennst H, = 14,71 mMounb-
exB/100 r nmpo6a I[13) neMoHCTpYE, IO ITPYHT JOCST
MEXI1 CBOET MPUPOTHOT HEHTPAITI3y0U0i 3MaTHOCTI.
Jlia 3abe3nedyeHHs] arpoxiMiuHOI Ta €KOJOTT4HOT
Oe3MeKu Taki IPYHTH MOTPEOYIOTh IHTEHCUBHUX
MeJTiOpaTUBHUX 3aX0/iB, 30KpeMa BHECCHHSI BalTHa
y J103aX, OpIEHTOBaHUX Ha HEUTpai3allito pe3eps-
HO1 KuciaotHocTi — npubausno 1,0-1,5 t/ra CaCOs,
Ha kKokHi 1,0 MMoib-ekB H..

BucHoBku

1. IIpoBenene  MOCHIDKEHHS — IMIATBEPAUIO
HasBHICTb CYTTEBUX BIIMIHHOCTEH y Xapakrepi
AQHTPOIIOTEHHOTO BIUIMBY Ha KHCJIOTHICTh IPYHTIB:
TPAHCIIOPTHI KOPUAOPH BHCTYMAIOTh [KEPEIOM
IHTCHCHBHOTO IMiIKUCICHHS, Toal sk B C33 mpo-
MHCJIOBOI 30HH JIEMOHCTPYEThCS HEHTpai3youuii

(ory>xHUI) eekT, mo Moke OyTH OB’ sI3aHO 3 0CO-
ONMUBOCTSAMM TEXHOJOTIYHUX MPOIECIB Ta XiMiy-
HOTO CKJIaJy BHKH/IIB.

2. MakcumManbHe 3HWKEHHS OOMIHHOI KHCIIOT-
HOCTi 3a(ikCOBaHO Ha BiJcTaHi 25 M BiI Tpacu
P28, ne minimanbHe 3HaueHHS pHgc, CTaHOBHUTH
3,98. Lle cBiquuTh PO MIUOOKY XiMiUHY JIerpaja-
I[iI0 TPYHTOBOTO TMOTIMHAIBLHOTO KOMILIEKCY, IO
CYIIPOBOIKY€THCSI BUCOKUM PU3UKOM ATFOMiHI€BOT
TOKCHUYHOCTi, OCOOJMUBO I UyTJIUBUX CLIBCHKO-
TOCHOAAPCHKHUX KYIBTYP.

3. Pesynbrarty BU3SHAYEHHSA TiAPOIITUYHOT KUC-
JIOTHOCTI CBiq4aTh, IO IPYHTH y 30HI IHTEHCHUB-
HOTO BIUTUBY aBTOTPAHCIIOPTY XapaKTEPH3YIOThCS
BHUCOKHMM piBHEM pe3epBHOi kucinotHocti (H, mo
14,71 mmomnb-exB/100 r), 110 € IHAMKATOPOM KPH-
TUYHOTO BHCHA)XEHHSI HEHUTPaIi3yl0uoro MOTeHIIi-
aiy rpyHTy. Lle oOrpyHTOBY€E HEOOXiTHICTH HEeTal-
HOTO TPOBEJACHHS XiIMIYHOI Meliopallii, 30KkpemMa
BaITHYBaHHS, JJIsl BITHOBIICHHS POJIIOYOCTI Ta 3HU-
JKCHHSI €KOJIOT1YHUX PU3HKIB.

4. Kucne cepenoBuiie IpyHTiB, copMOBaHE
M BIUIMBOM TPAHCHOPTHUX BHKHIIB, CTBOPIOE
YMOBH ISl MIJABHINCHHS PYXJIUBOCTI TOKCHYHHUX
Bakkux MetaiiB (Pb, Cd, Ni), mo mocumiitoe 3arpo3y
3a0pyaHeHHs Tpo(iuHUX JTaHLIOTIB Ta iH(UIBTpa-
11ii 3a0pyHIOBAYiB Yy IMiI36MHI BOIU MPHIOPOIKHIX
TEPUTOPIH.
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JOCIIJI)KEHHA 3MOUYYBAHOCTI I'PA®ITOBOI TOBEPXHI,
MOJAUPIKOBAHOI BIITHOBJEHHSAM JIIA30CO.JII
Y BOAHO-AHETOHITPUJIBHOMY PO3YHNHI

Tpu ompumanui KOMnO3UMHUX Mamepiaiie Ha OCHOBI 2paginy ma ereKmponpoSIOHUX NOLIMEPIB BANCTUBUM € 3a0e3-
neyumu 000py 63aeM00I0 MIdC KOMNOHEHMAMU, uj0 0A€ 3MO2y NOKPAWUmMY 61acmueocmi maxux mamepianis. L{voeo
MOdICHA 0ocsizmu uje Ha emani ni02omogKu CUHMe3y WaAsAXoM Moougixayii epagimosux nosepxons 3 Memoio 3abesneyen-
H3 000p020 IX 3MOUY8AHHS POZUUHAMU SUXIOHUX MOHOMepIs. Memoio pobomu € mooughixayis noeepxui epaghimy MIIT-7
WIAXOM GIOHOBLEHHS 4-ayemaminopenindiazoniti mempagmopdopamy y 600HO-AYEMOHIMPUTLHOMY PO3UUHT Ni0 OI€I0
einoochimy nampiro. Hacmynnum emanom mooughixayii nosepxui € 06podxa it Kuciomoio 3 Memoro 2i0ponizy npueumux
00 NOBEPXHI AYEMAMIHODEHITLHUX 2PYN 3 VIMBOPEHHAM aMIHOeHinbHUX epyn. [locniddiceno 3mouysanicmsb Mooughixosa-
HOI NOBEPXHT PO3YUHAMY AHINIHY @ CONAHIL Kucaiomi. A yb020 6UHAYANU KPAUOBUTL KV 3MOYYBAHHS BUKOPUCHIOBYIOUU
Memoo iexcavoi Kpanii.

Ximiuna mooughixayis nosepxti epagimy winsixom 6iOHO8IEHHA 0IA30HIEBOT CONI CYMMEBD NOKPAUYE 1020 3MOYYEA-
Hicmb 600HUMU po3uuHamy. Hasimv y eunaoky uucmoi 600u cepeone 3HaveHHs KOCUHYCa Kpaogo2o Kyma 3MOyuyeaH-
Hs1 cos 0 = 0,65, nopienano 3 cos 0 = 0,32 0na nemooughixosanoi nosepxui. Pozuunu, sxi micmsame auuie CONsHY KUc-
JIOMY Xapakmepusylonvcs wje Oibumu 3Ha4eHHamu cos 0, modmo 3mouyiomes noepxHio Kpauje nopieHIHO 3 600010,
i Habaeamo Kpawge NopisHAHO 3 HeMOOUpIKosanum epagimom. JJo0aeanns 00 po3uuHy AHiiHYy CNOYAMKY NPU3B00Unts
00 3meHutenns cos 6, nooanvuie 30i1buients KOHYeHMpayii aHininy CynpoBo0AHCYEMbCsL WBUOKUM 30IbILEHHAM KOCUHYCA
Kpatiogo2o Kyma amouy8ansi. Bionosionuti Minimym € naulenubwum 01 pozuurie 3 naumenuioo konyenmpayiero HCI.
Jns 0,1 u anininy 6 0,5 1 HCI 3nauenns cos 0 € natimudicuum 3 yCix 00CTIONCEHUX, alle 3HAUHO GUWUM, HIJC O YUCmoi
600uU. 3i 3011bUIEHHAM KOHYEeHMPayii KUCIOmMU 2IUOUHA MIHIMYMY 3MeHulyemvcs. Taxi pe3yrvmamu 3yMO61eHi HASAGHICIIO
AMIHOGhEHITbHUX 2PYN, 30amMHUX 00 YIMBOPEHHS BOOHEBUX 36 S3KI6 1 NPOMOHYBAHHSA 6 CONAHOKUCIOMY PO3YUHI aHITiHY. AK
Pe3yIbmam cnocmepieaemvcs nioguujeHHs 2iopoinbHocmi nosepxti ma 30i1bueHHs pobomu adeesii.

Hartisuwi 3nauenns cos 0 i, 6i0onogiono, Hatlkpawa 3Mo4y8anicms MOOUDIKOBAHOT NOBEPXHI cnocmepieaiomvcs 01
KoHyenmpayiti conanoi kucromu 1,0-2,0 n ma anininy 1,0-2,0 1. Ompumani pesyrsmamu niomeepoxcyioms epexmus-
Hicmb MoOuikayii epagimosoi nosepxHi Memooom 8iOH0GIEHHA 0IA30CNOYK MA MOXCYMb OYMU BUKOPUCTHAHT NPUL CUH-
me3i eeKmponposiOHUX KOMNO3UMIE.

Knrouogi cnosa: epagim, nosepxnesuil Hamsie, Kpatioguil Kym 3MOYy8aHH s, AHLIH, A02e3is.
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MODIFICATION OF GRAPHITE SURFACE BY REDUCTION
OF DIAZONIUM SALT AND ITS EFFECT ON WETTABILITY

When obtaining composite materials based on graphite and electrically conductive polymers, it is important to ensure good
interaction between the components, which allows improving the properties of such materials. This can be achieved even at
the stage of preparation for synthesis by modifying graphite surfaces in order to ensure their good wetting by solutions of the
starting monomers. The aim of the work is to modify the surface of graphite MPG-7 by reducing 4-acetaminophenyldiazonium
tetrafluoroborate in an aqueous acetonitrile solution under the action of sodium hypophosphite. The next stage of surface
modification is to treat it with acid in order to hydrolyze the acetaminophenyl groups grafted to the surface with the formation
of aminophenyl groups. The wettability of the modified surface by solutions of aniline in hydrochloric acid was studied. For
this, the contact angle of contact was determined using the lying drop method.

Chemical modification of the graphite surface by reducing the diazonium salt significantly improves its wettability by
aqueous solutions. Even in the case of pure water, the average value of the cosine of the contact angle is cos 0 = 0.65,
compared to cos 0 = 0.32 for the unmodified surface. Solutions containing only hydrochloric acid are characterized by
even higher values of cos 0, i.e., they wet the surface better compared to water, and much better compared to unmodified
graphite. The addition of aniline to the solution initially leads to a decrease in cos 0, and a further increase in the aniline
concentration is accompanied by a rapid increase in the cosine of the contact angle. The corresponding minimum is
deepest for solutions with the lowest HCI concentration. For 0.1 N aniline in 0.5 N HCI, the value of cos® is the lowest
of all those studied, but significantly higher than for pure water. With increasing acid concentration, the depth of the
minimum decreases. Such results are due to the presence of aminophenyl groups capable of forming hydrogen bonds
and protonation in the hydrochloric acid solution of aniline. As a result, an increase in the hydrophilicity of the surface
and an increase in the work of adhesion are observed. The highest values of cos© and, accordingly, the best wettability
of the modified surface are observed for concentrations of hydrochloric acid 1.0-2.0 N and aniline 1.0-2.0 N. The results
obtained confirm the effectiveness of graphite surface modification by the method of diazo compound reduction and can
be used in the synthesis of electrically conductive composites.

Keywords: graphite, surface tension, contact angle, aniline, adhesion, surface modification, wettability.

AKTyajabHicTh TpodjemMu. PopMyBaHHS CTa-  €ICKTPONPOBITHICTh, XIMIYHA CTAaOUIBHICTH Ta
O1IbHOTO MikK(pa3zHOTO KOHTAKTy Ta 3a0e3nedeHHs  MexaHiuHa MinHicTh (Dhand et al., 2011).
aaresii Mi>k KOMITOHEHTaMHU € BaKJIMBUMHU BHMO- AHaJi3 oCTaHHIX JOc/iKeHb i myOsikamiii.
rami i 4yac OTpUMaHHs KOMIO3UTHHMX Marepia-  HailOuibmn  yHiBepcanbHOIO (HOpPMOIO  BYIVIELO
JIiB Ha OCHOBI TpadiTy Ta IEKTPONPOBITHNX MMOJTi- € TpadiT, 3aBASIKH BHCOKiH €IEKTPOIPOBITHOCTI,
MepiB. [lokpamieHHs 3MoO4yBaHOCTI TpadiTOBUX  3JaTHICTIO YTBOPIOBATH pizHi Mopdororii. Y cydac-
MOBEPXOHb PO3YMHAMHU COJIEH aHiUIIHYy MPU3BO-  HUX JOCIDKEHHAX TpadiT BUKOPUCTOBYETHCS
JUTH 10 TOKPALCHHS CTPYKTYpH Ta BIACTUBOCTEH B €HEpreTHlll, €JIEeKTPOHII Ta BUTOTOBJICHI eJeK-
TaKUX MaTepiaiB. TPONPOBITHUX KoMIo3uTiB (Murugan et al., 2021).

Tomy Momudikalis MOBEpXHI BYINIELEBUX Po3pobka «expanded graphite» mokazana 3Ha-
€ TIEPCTIEKTUBHUM JUII CTBOPEHHS HOBHX TiOpHI-  YHHMH MOTEHLIAN Ui 3aCTOCYBAaHHS B CyNEpKOH-
HUX MaTepiajiiB, y SKHX HO€IHYIOTbCS BHUCOKa  JeHcaropax, a/Ke IO€AHyE BiIMIHHI (i3UYHI,
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XIMIYHI Ta €JIEKTPUYHI BIACTHBOCTI, & TAKOXK JICTKY
MexaHiuHy OynoBy (Zhang et al., 2022).

CyyacHi [JOCHIIPKEHHS JI€MOHCTPYIOTh, IO
Moaudikarist rpadiTOBUX OBEPXOHb apeH/11a30Hi-
€BHMHU COJISIMH JIO3BOJISIE BBOAMTH HOBI (DYHKIIIO-
HaJbHI TpynH. Taki COMyKH 3HAYHO MTOKPAILYIOTh
3MOYYBaHICTb Ta aJre3it0 Mi’K KOMIIOHEHTaMHU.

Hamnpukinan, nmokaszano, mo Moaudikallis apeH-
JIa30HIEBUMH COJISIMH TIJBUIILYE KyT 3MOYYBaHHS
1 3MIIHIOE TIOJIIMEPHE TOKPUTTA Ha BYIJIEIEBUX
BosiokHax (Sun et al., 2024, p. 6-9).

BinHoBiieHHsT 10HIB apeH/1a30HII0 CyMpPOBO-
JOKYETBCSI YTBOPEHHSIM (DEHUTBHHX PaJIUKaJIiB,
SIK1 XIMIYHO TIPUETHYIOTHCS 10 TIOBEPXHI TpadiTy.
VY npoMy BHITAJKy PUBUTI DEeHLTBHI TpyH OyIyTh
OpIEHTOBaHI IiJl IEBHUM KYTOM JI0 ITOBEPXHI, L0
cnpusie aacopoiii, 30kpema, aniiny. [1ix yac mosi-
Mepu3allii aHuliHy A7 CTBOPEHHS KHCIOTHOTO
CepEeIOBHINA Ta OIYBaHHS MOJIaHUTIHY 3a3BUYai
BUKOPUCTOBYIOTh COJISIHY a00 Cip4aHy KHCIOTY
(Konwer S., Pokhrel B, 2010; Wu X., Qi S., He J.,
Duan G., 2010; Konwer S., Gogoi J., Kalita A.,
Dolui S. 2011).

Buxopucranus nmiazocnonyk 3abesneuye hop-
MYBaHHSI CTaOlIbHUX KOBAJCHTHUX 3B’A3KiB, ILO
CIpus€e MiIBUIICHHIO anare3ii Ta KOHTPOJIIO 3MO-
YyBaHOCTI, BIUIMBAIOYM HAa MOP(HOJIOTiIO0 ToJia-
HIJTIHOBUX TIOKPUTTIB, CHHTE30BAaHUX Ha TaKUX
noBepxHsx (Li et al., 2024, p. 4-7).

I'papir MIII'-7 nanexxuth 10 IpiOHO3EpHHC-
THUX, BHCOKOUIUIBHUX TpadiTiB 1 NpU3HAYCHUH
JUIS pOOOTH i 3HAYHMMH MEXaHIYHUMH Ta Tep-
MIYHUMHU HaBAaHTAKCHHSMH, a TaKOXX B arpecuB-
HUX CepeloBHIaX. BiH BUTOTOBISETHCS METOIOM
XOJIOAHOTO TIPECYBaHHs, IO 3a0e3redye BHCOKY
iasHicTh (~1,8 r/cM®) Ta HM3BKY BiIKpPUTY HOpHC-
TiCTh, pOOJISIYM MaTepiai CTIHKUM 10 TEPMIYHOTO
Ta MEXaHIYHOro pyiHyBaHHs. [piOHuit po3mip

3epeH (He OuIbIe 25 MKM) J03BOJISIE BUTOTOBIISITH
JeTalli 3 TOHKUMU peOpaMu, BUCTYIIaMU Ta CKJIal-
HUMU TOHKOCTIHHUMHU elieMeHTamH (9).

Merta pocaigxennsi. Meroto pobotu Oyio
CUHTe3yBaTH 4-arieramiHo(eHITia30HIN TeTpad-
TopbOpar; mpoBecTH MoaU(IKaIli0 TOBEPXHi Tpa-
¢bity MIII-7 nuisixoM MOMIIEHHSI HOTO Y BOJHO-
AlleTOHITPWIBHUN PO3YMH, B SIKOMY 3/1HCHIOBAIM
IpoIec BIAHOBJICHHSA Aia3zocomi rinodocditom
HATpPit0; 0OPOOHUTH MOBEPXHIO KUCIOTOIO 3 METOIO
TiApOJTi3y TPUBHUTUX JIO MOBEPXHI areraminode-
HUTBHUX TPyN A0 aMiHO(QEHUIbHUX Ta JOCIIIUTH
3MOYYBaHICTh TaKOi MMOBEPXHI PO3YNHAMH aHUTIHY
B COJISTHIH KUCIIOTI.

Buxiaa ocHOBHOTo Marepiajty 10C/1i/IsKeHHsI.
Jlyisi TpUroTyBaHHS PO3YHMHIB BUKOPHCTOBYBAJIH
aHUTIH (X.4.), COJITHY KHUCJIOTY (X.4.), JTUCTHIIBO-
BaHy Bojay. [oTyBanu BUXiIHI PO3YMHHU aHUIIHY
pi3HEX KoHIeHTpanii y 3,0, 2,0, 1,0 ta 0,5 1 HCL.
['yctuHM JOCHiKyBaHUX pPO3YMHIB BHU3HAYAJIM
MIKHOMETPUYHAM METOJOM, a iX MOBEPXHEBHIA
HATAT — CTAJIATMOMETPUYHUM METOJIOM.

Busnauanu kpailoBUi KyT 3MOUYyBaHHSI TBEp-
1101 TOBEPXHI IpadiTy po3uMHAMHU aHUIIHY B COJISI-
HIl KUCIIOTi. B MOCITIIKCHHSIX BUKOPHCTOBYBAIH
MeTOA Jekadoi Kparuti. Ha momepeaHpo Bimmwii-
doBaHy Ta OYMINEHY IMOBEpXHIO TpadiTy HaHO-
CHJIM KpaIluiMHy po3uuHy 06’emom 10 mxut. Ilpo-
BOJIMJIH 5 TIapajeIbHUX BUMIPIOBaHb, TOMILIAI0YH
KparuiiHU PO3YMHY Ha Pi3HI TUISTHKU TMOBEPXHi.
Pesynbrartu mapanenbHUX BUMIPIB yCepeTHIOBAIIH.
[Tpoekuiro KparuiiH Ha TiAKIaa GororpadyoTs.
Bucory Ta mmpuHy Kparii BU3Ha4alTh Oe3mnoce-
penHbo 3a GoTo3HIMKOM (puc. 1).

3Ha4eHHs KOCHHYCa KPaifoBOTO KyTa 3MOYyBaHHS
()2’ -n?
i+ "
d — mMprHA OCHOBM Kparuti, /1 — BUCOTa KParui.

00YHMCITIOIOTH 32 (hopMyIoro: cos0 =

Puc. 1. /lo BU3HAYEHHSI KPAailoBOr0 KyTa 3MO4YBAHHS PO3UYMHAMM
coJieii anisiny rpagiry mapxu MIIT-7
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3nificHiuiin  cuHTe3  4-arneTamiHo(deHiIa30-
Hii TeTpadropOopary, mpoBenun MoaU(IKaLiO
MOBEpXHi rpadiTy NUIIXOM 3aHypeHHs y 50 M
BOJIHOTO PO3YMHY, B SKOMY BiZ0yBajloCh BiJHOB-
neHHs 3,25 T gia3onieBoi comi 1,5 T rimodocdity
HaTpito. [Iyig ounIIeHHs MOBEpXHI BiJ MOOIYHUX
MOYEProBO CTUJIALIETATOM Ta AaICTOHITPUIIOM.
MoaudikoBanuii areraMmiHO()EHITBHUMH TPyIaMHu
rpadit kum’ stwm 30 xB B 10%-Bomy pozumHi
COJITHOI KHCJIOTH 3 METOIO TiJIpOIi3y areTaMiHo-
BHX 3aMICHHKIB JI0 aMiHOBHX.

Pesynbratn momepeaHix JOCHIKEHb 3aJex-
HOCTI MIOBEPXHEBUX HATSTIB PO3UMHIB BiJl KOHIICH-
Tparii aHiTiHy (3MiHIOBanack B Mexkax Bix 0,00 mo
2,00 1) ta consHoi kucioru (Big 0,00 mo 3,00 H)
npezacrasieHo y poooti (Kosamumms, JloBuniipka,
2024). MocaimkeHHsT 3MOYyBaHOCTI HeMoaudiko-
BaHOI IpaiTOBOi OBEPXHI BIAMOBITHUMHU PO3UH-
Hamu npezacTaBieHo B po6oti (Kosamumms, Jlos-
yuipka, 2023).

JUis po34MHIB aHUIIHY 3a JIOCTaTHHOIO Haj-
JIUIIKY COJITHOT KHCJIOTH 31 30UIBIICHHSIM KOH-
LEeHTpalii aHiliHy CHOCTEPIraeThCsi 3MEHIICHHS
MOBEPXHEBOTO HATATY Ta IOKPAIIEHHS 3MOYY-
BaHHS MOBEPXHi rpadiTy, M0 MATBEPIKY€E TEH-
JICHIII1, ONKCaHI y CydacHUX po0OoTax i3 MoBepX-
HeBoi Momudikanii rpadeHOBUX Ta rpadiTOBUX
MmatepianiB (Toledo-Carrillo E, 2024).

Bapro 3a3HauuTH, 110 HaBITh 3a BiACYTHOCTI
aHUTIHY 11 HeMonu(dikoBaHOTO TpadiTy HasB-
HICTh KHCJIOTH B PO34MHI NMPU3BOAUTH 0 TOKpa-
IIEHHS 3MOYYBaHOCTI moBepxHi. [loscHuTH
el QGaxT MOKHA ITHTEPKAJSIIEI0 XJIOPHII-10HIB
y TIOBepXHeBi 11apu rpadity. Bigzomo, mo aHioHwu,
30kpema Cl, 31aTHI MPOHHMKATH B MIKIIAPOBHUI
npoctip TpadiTy, 3MIHIOIOYH HOTO TMOBEPXHEBY
EHeprilo Ta KpaloBUi KyT 3MOYyBaHHs. Taka aHi-
OHHA IHTEPKAJIALIA CyNpPOBOMIKYEThCA Tepelyno-
BOIO €JICKTPOHHOI CTPYKTYpH rpadiTOBOT MOBEPXHI
Ta TIOSIBOIO MOJISIPHUX LIEHTPIB, IO CIIPUSIE IPHUTSI-
ryBaHHI0 Mosieky: Boau (Papaderakis A. A., 2023).
Haii6inpmioro miporo meii eekt BUABISETHCS B 1
H HCI. [Toganpmie 301IbIICHHS] KOHIICHTpAITil Kuc-
JIOTH TIPU3BOIUTH 10 MOTIPIICHHS 3MOYYBAaHOCTI.
OueBuaHO, B IbOMY BHUIAJIKy IOYHUHAIOTH JOMi-
HYBaTH IOBEPXHEBO-IHAKTUBHI BJIACTMBOCTI pO3-
YHMHIB COJITHOI KUCIIOTH, 3YMOBJICHI iX BEIHKHM
MOBEPXHEBUM HATSATOM.

[Ipy fmomaBaHHI aHUTIHY CHOCTEPITraeThCs
3pocTaHHS C€O0sO, MO0 BKasye Ha TOKpPAIIECHHS
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3mMouyBaHHs. Lleil (akT MOsCHIOETBCS 3 OTHOTO
00Ky, TIOBEPXHEBO-aKTUBHUMH BJIACTHBOCTSIMH
PO3UYHUHIB COJSTHOKHCIIOTO aHiJIIHY, TOOTO 1X HHU3b-
KAM TIOBEPXHEBHM HATATOM. 3 IHIIOTO OOKY, Ha
noBepxHi rpadity BigOyBaTUMETbCS ancopOIis
KaTioHa ¢eninamonito. OueBuaHO, MO (eHiTbHA
rpyna Oyzme opieHTOBa B Oik IMOBEPXHi, a IPOTOHO-
BaHa aMiHHa rpymna — B Oik po3uunHy. Haciigkom
Oyzie MosiBa eJIEKTPUYHUX 3apsiB Ha TOBEPXHI, 110
TeX cnpuaTuMe MikdasHii B3aeMofii MK TBep-
JIOK0 Ta PiIKOIO (hazamu.

Momudikariss mnoBepxHi TpadiTy CyTTEBO
nokparmuia ii 3MouyBanns. Ha puc. 2. npencras-
JIEHO 3aJISKHOCTI cos 0 BiJl KOHLIEHTpALl aHUTIHY
B PO3UMHI 32 PI3HUX KOHIIEHTPAIINA COJITHOI KHUC-
notu. Tak, HaBiITh Y BUIIAJKy YACTOT BOIU CEPEIHE
3Ha4eHHs cos 0 = 0,65 (mopiBHAHO 3 cos 0 = 0,32
y BUIMAIKy HeMoauGikoBaHO1 moBepxHi). Po3unnuy,
SIKI MICTSITh JIMILE COJISIHY KUCIIOTY XapakTepHu3y-
FOTHCS II€ OIMBIINMHU 3HAYEHHSIMH cos0, ToOTO
3MOYYIOTh ITOBEPXHIO Kpalle MOPIBHIHO 3 BOAOIO,
1 Ha0Oararo kparie mopiBHAHO 3 HEMOU(HIKOBAaHUM
rpaditom. OTpuMaHi pe3ylbTaTH MOXKHA TIOsIC-
HUTH HAsBHICTIO HAa TIOBEPXHI MPUIIETUICHUX aMi-
HO(EHUTbHUX Tpyl. HasgBHICTH aMIHOTPYIIH CIIpH-
STUME BUHUKHEHHIO 3B’SI3KiB 3 MOJICKYJIAMH BOJIH.
VY BUMNa/IKy pO34HHIB, IO MICTATh COJISTHY KHCIIOTY,
BiZIOyBaTUMEThCsSI IIPOTOHYBAHHS ITOBEPXHEBUX
aMIHOTPYII, IO CYNIPOBODKYETHCS HAOYTTIM HUMH
MO3UTUBHOTO EJIEKTPUYHOTO 3apsiay. HasBHICTBH
CJICKTPUYHHUX 3apsiiB Ha rpadiToBiii TOBEpXHI
me OUTHIIOI MIpOK TOKPAIIUTh B3aEMOJIIIO

1,00
0,96 -
0,92 -
0,88 -
0,84 -

Cos 6

0,80
0,76
0,72

0,68
0,64

T T T T T T T T T T T 1
-02 00 02 04 06 08 10 12 14 16 18 20 22

C M

Puc. 2. 3aesxkHicTh KOCHHYCA KPalioBOro
KYTa 3MOYYBAHHS Bi/l KOHLIEHTpaLiil aHUIiIHY
Ta COJISIHOI KUCJIOTH Y BOIi MoBepxHi rpadiry

MIII'-7 monudikoBaHoro
Y BOAHO-ALETOHITPUIbHOMY PO34YMHI

Aniline’
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3 BOAHMMH pPO3YMHAMH. YTBOpPEHHs 3apsay Ha
MOBEPXHi TpadiTy TaKokK MOXKE MOJIETTIUTH 1HTEp-
Kamsmito aHioHiB ClI” y MDKIIaApOBHEH TPOCTIp
KPUCTAIIYHOI peIIiTKu rpadiry.

JlonaBaHHS 10 PO3YMHY AaHUIIHY KOHIIEHTpa-
miero 0,1 H IPU3BOAUTH JIO 3MEHILICHHS COS 0, TIpH-
4OMY I1€ 3MCHILICHHS € HAUPI3KIIIMM JJIs1 pO34YHHIB
Ha ocHosi 0,5 v HCL. [{ns 0,1 u anininy B 0,5 H
HCI 3naueHHs cos 0 € HAHHWKYIUM 3 yCiX JOCITi-
JDKEHHX, aJie 3HAYHO BHIIMM, HIX JIJISl YUCTOT BOIH.
31 30LIbIIEHHSM KOHIIEHTPAIIIl KUCIIOTH CIIaaHHs
3HaueHb COS 0 3MEHIIYeTbCS 1 sl PO3UMHIB, IO
Mmictate 3 H HCI, BignoBimHUN MIHIMYM € JTyxe
cnmabko BUpaxeHHd. OCKUIBKH TTOBEPXHEBHIA
HaTAT PO3YMHIB Ta poboTa koresii (Tadm. 1) pos-
YHMHIB 3MEHUIYIOThCS 31 301IbIICHHAM KOHLIEHTpA-
1ii aHUIiHY, TO TOTIPIICHHS 3MOYyBaHOCTI 3yMOB-
JieHe 3MiHaMH BIIaCTHBOCTEN moBepxHi. [loscHutn
OTpHUMaHi pe3yJabTaTH MOYKHA THUM, 1110 Ha IIOBEPXHI
OyIdyTh TIO3UTUBHO Ta HETaTUBHO 3apsKEHI LEH-
Tpu. [lo3uTHBHUMH TIeHTpamMu OyayTh MPOTOHO-
BaHi ¢eHINaMiHHI Tpynu. HeraTuBHUMHU — MOJSpHI

IIEHTPHU, YTBOPEHI BHACIIIOK IHTEpKAJIAIi aHi-
oniB CI” B MixKIapoBuit mpocTip rpadiTy B TUX
o0nacTax TMOBEpPXHi, A€ BIICYTHI MPHUIICTIICHI
amiHo¢eninpHi rpynu. IIpu nomaBaHHI aHLTIHY
B pO3YMH BiIOyBaTHMMEThCS acopOIlisi 10HIB
(eHiTaMOHII0 HAa HETaTUBHUX TOJISPHHUX IICH-
tpax. [Ipu 1pomy rigpodobHa (eHiTpHa rpyna
Oyle OpieHTyBaTuch B OiK pO3UMHY, MOTIpIIy-
I0YH 3MOYYBaHICTh ITOBEPXHI.

B o6nacti 3 OUTBIIMMU KOHLEHTPAIIISIMH aHi-
JiHY cos O mBUAKO 3pocTae i B 00JIaCTI KOHIICH-
tpauii 0,5-2,0 H mepeBHIIye MOYATKOBI 3HA-
YeHHs (32 BIJCYTHOCTI aHUTHY). 30UTbIIICHHS
KOHIEHTpalii aHUIHYy MPU3BOAUTH 10 3MEH-
IIEHHST KUIBKOCTI BUILHOI KHMCJIOTH 1, SIK Hacli-
JIOK, 3MCHIIICHHS 4YKCJIa HETaTUBHO 3apsiKe-
HUX TIOJSIPHUX IICHTPIB Ha TOBEpXHI TrpadiTy.
B pesynbrari mporo Ha He3apsIKEHHUX HEMOJIU-
(bikoBaHMX IUISHKAX TOBEPXHI 3MIHUTHCS Opi-
€HTallisl anicopOOBaHUX 10HIB (PEHITAMOHIIO, 5K
1y BUNIAJIKy HEMOIU(IKOBAHOTO TpadiTy 3Mody-
BaHHs1 Oy/Ie MMOKPAIyBaTUCh BHACIIIOK TOTO, 1110

Tabmuig 1

3asie:kHicTh 3HaYeHb POOOTH aJresii Ta Koresii Bil KOHIEHTPaLii aHIJIiHY Ta COJSIHOI KHCI0TH
Y BOAHHMX PO3YMHAX NPH 3MOYyBaHHI Mo (pikoBaHoi noBepxHi rpagiry MIII'-7

Konuenrpauist HCI, 1 KoHueHTpauis aHijxiny, H W sisesivn i/ m? W eesivy Lo/M?
3,0 2,0 0,107 0,111
3,0 1,0 0,113 0,116
3,0 0,5 0,131 0,136
3,0 0,3 0,125 0,135
3,0 0,1 0,131 0,136
3,0 0,05 0,132 0,140
3,0 0,0 0,131 0,138
2,0 2,0 0,126 0,126
2,0 1,0 0,124 0,130
2,0 0,5 0,123 0,127
2,0 0,3 0,121 0,190
2,0 0,1 0,115 0,129
2,0 0,05 0,115 0,129
2,0 0,00 0,127 0,138
1,0 1,0 0,126 0,128
1,0 0,5 0,131 0,136
1,0 0,3 0,137 0,140
1,0 0,1 0,136 0,145
1,0 0,05 0,136 0,149
1,0 0,00 0,133 0,140
0,5 0,5 0,131 0,136
0,5 0,3 0,126 0,136
0,5 0,1 0,117 0,135
0,5 0,05 0,116 0,136
0,5 0,00 0,132 0,142
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BOHH OPI€HTYBAaTUMYThCS B 01K pO3UMHY MTO3UTUBHO
3apsiDKEHUMU ITPOTOHOBAHUMHU aMiHOTPYIIAMHU.

HaiiBumii 3HaueHHs i, BIAMOBIAHO, HaiKpaie
3MOYYBaHHs IOBEPXHI CIIOCTEPIra€ThCsi 3a KOH-
nenTpamnii consHoi kuciotu 1,0-2,0 H Ta aHi-
miny 1,0-2,0 1. [yng po3uuHiB, MO MICTITh 3 H
HCI, 3MiHa KoHIIEHTpalli aHUIiHY CJa0KO BILUIH-
Ba€ Ha 3MOYYBaHICTh TMOBEPXHI, X04Ya 3HAYCHHS
cos 0 € 10BOJII BUCOKMMH 1 TIepeOyBatoTh B ME¥kKax
0,92-0,94.

OTtpumaHi pe3yabTaTH KOPENIOITh 3 PO3pa-
XOBaHMMH 3HAYEHHSMHU poOIT aaresii Ta koresii
(tabm. 1). HaitOinpmmi 3Ha4eHHs poOiT aaresii cro-
crepiratorbest uis 1,0 v Ta 3,0 H po34nHiB COMTHOL
KHCJIOTH.

BucHoBKkH i mNepcHeKTHBM MOJAJIBIIHX
AOCTiIKeHb. Y poOOTi TOCIHIPKEHO 3MOYYBaHHS
noBepxHi rpaditry MII[-7 BogHUMH pO3YMHAMHU
COJICH aHUIiHYy Ta BIUIMB XIMIYHOI Momugikamii
rpadity Ha HOro MOBEPXHEB1 BIACTHBOCTI.

XimiyHa momuikaris rpadity depe3 BiTHOB-
JICHHS J11a30HI€BOI COJI CYTTE€BO IOKpaIye HOro
3MOYYBaHICTh BOIHMMHU po3unHaMu. Ha moBepxHi

3’ IBJISIFOTBCS aMiHO(EHUTBHI TPYTIH, 37aTHI 10 YTBO-
PEHHSI BOIHEBUX 3B’SI3KIB 1 MPOTOHYBaHHS B KHUC-
JIOMY CEpPEeIOBHIIII, 1110 3YMOBIIIOE TTiIBUIIICHHS T'1]1-
podUIBHOCTI Ta 301BIIICHHS POOOTH aare3ii.

HatiBumi 3Hadenss cos 0 1, BiAmoBigHO, Hali-
Kpamia 3MOYYyBaHICTh MOAM(]IKOBAHOI TOBEPXHI
criocTepiraloTbes st constHol kuciotu 1,0-2,0 H
ta a”uniny 1,0-2,0 5. OTpuMmaHi pe3ynbTaTd mij-
TBEPIKYIOTh €(PeKTUBHICTH Momudikamii rpadi-
TOBOI MOBEPXHI METOAOM BiTHOBIEHHS Aia30CIO-
JYK Ta MOXYTb OyTH BHKOPHCTaHI IJIsi PO3POOKH
€JIEKTPOTPOBIAHUX KOMIIO3UTIB 1 TIOPUIHUX BYT-
JICTICBO-TIOJIIMEPHUX MaTepiaiiB i3 MOKPAIIEeHO
Mik(pa3HOIO B3aEMOJIIETO.

IMonsika. [TogaHi y mii cTaTTi pe3ysIbTaTH 10CITi-
JUKEHb OTPUMAaHO 3a (hiHaHCOBOI MiATpUMKH MiHic-
TepcTBa OCBITH 1 Hayku Ykpainu (Ne mepskaBHOT
peectparii aepxoromkernoi Temu: 0123U101857
«®Di3uKo-XiMisl (YHKIIOHAIBHUX HaHOMAaTepiaiB
JUTSE €TICKTPOXIMIYHUX CHCTEM» ).
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EKCTPAKIIMHO-®OTOMETPUYHE BU3HAYEHHSA TOPACEMIY

Memodom excmpakyitino-ghomomempuuHo20 OOCTIONCEHHS Ma KOMN T0OMePHO20 MOOET08AHHS OOKA3ZAHO MONCTU-
sicmb ymeopenHs ionnoi napu mopacemioy (Top) i3 kamionnum peazenmom acmpagaokcur FF (A®) ymeoproe ionny napy
(II1). Pospaxoearo ma noxkazano enepeoedexmuenicmos ymeopenus Il1, ma it ounonvhuti momenm. Pospaxynku 6 cucmemi
Top™ + AD" nposoounu 3 suxopucmarnam nakema «HyperChem 8.0». Buxopucmogysanu pisHOMaHImHI nOYamKosi eapi-
AMMU PO3MAULY8AHHS NPOMUIOHIE 8IOHOCHO 00UH 00HO20 (Mpoyedypa «single pointy). I'eomempuury onmumizayiio ioHig
npoeoouny memooom monexyiaproi mexanixu MM*. Jlocnioxceni I[1 docums 00bpe excmpazylomscs pisHUMY APOMAmMuy-
HUMU 8Y2TIeBOOHAMU | MOANCYMb CIY2Y8AMU e(eKmusHoI0 aHaiMUYHoI0 GopmMoio 0lia eKCmpakyiiuHo-omomempuiHo2o
sUsHaYeHHs mopacemioy. Bemanoeneno onmumanshi ymosu ymeopenns ma excmparyii II1: maxcumanvha excmpaxyis
OP2aHTUHUM POZYUHHUKOM 13 800HOI (hasu cnocmepieaemocs npu pH 5-9; onmumanvnum € emicm peazenmy y 80OHil
¢asi 6 dianasoni (1,5-3,0) - 107~ M. Onmumanvrnum € vac excmpaxyii 5060 c. Cxnao Il 6cmanoeneno kiacuunumu
CneKmpohomomempudHUMY Memooamu. amiuerns pisnogae ma izomonspnux. Iloxaszawno, wo 6 opeaniuny azy oobpe
sunyuaemvcs 111 i3 cnigsionowennam komnowenmis 1:1. Ymosnuti monapruil koeghiyicnm ceimnonoenunans Il ¢ onmu-
manvrux ymosax caeac 1,0 - 10°. [padyiosanshuii 2pagix 3a1ecHoCmi OnmudHoi 2ycmunu ekcmpaxkmie 6i0 Konyenmpayii
Top onucyemocs pisnsnnam npamoi A = 0,011 + 0,052¢,y,,) 6 inmepsani konyenmpayii 0,8-46,8 mxz/em’ Top. Mexca
susenenns Top, pospaxoeana 3a 3s-kpumepiem (n = 5; P = 0,95), cmanosums 0,7 mxz/cm®. Pospobnena memoouxa exc-
MPAKYIHO-POMOMEMPUUHOLO BUSHAUEHHS MOPACEMIOY 8 TIKAPCOKUX Popmax ma OiopiouHax cnopmcemeHie.

Kntouogi cnoea: mopacemio, excmpaxyis, ionna napa, ekcmpaxyiino-gpomomempuine GUHAUEHHS.

Zholt KORMOSH

Candidate of Chemical Sciences, Professor, Professor at the Department of Chemistry and Technology,
Lesya Ukrainka Volyn National University, 13 Voli ave., Lutsk, Volyn region, Ukraine, 43025

ORCID: 0000-0001-6018-8787

Scopus Author ID: 35580134800

Natalia HORBATYUK

Candidate of Pedagogic Sciences, Associate Professor, Head, Associate Professor at the Department of
Chemistry and Ecology, Pavlo Tychyna Uman State Pedagogical University, 2 Sadova str., Uman, Cherkasy
region, Ukraine, 20300

ORCID: 0000-0001-5834-7830

Yulian TARANCHUK
Director, Lutsk Professional College of Recreational Technologies and Law, 2 Promyslova str., Lutsk, Volyn
region, Ukraine, 43023

Vadym TESUNOV

Teacher at the Highest Category, Teacher — Methodologist Cycle Committee on Professional and Practical
Training, Lutsk Professional College of Recreational Technologies and Law, Teacher at the Department of
Educational, Pedagogical Technologies, Academy of Recreational Technologies and Law, 2 Promislova str.,
Lutsk, Volyn region, Ukraine, 43023

ORCID: 0009-0006-5833-3096

Anatolii KROT

Teacher at the Highest Category, Cycle Commission on Basic and Fundamental Training, Lutsk Professional
College of Recreational Technologies and Law, Teacher at the Department of Educational, Pedagogical
Technologies, Academy of Recreational Technologies and Law, 2 Promislova str., Lutsk, Volyn region, Ukraine,
43023

ORCID: 0009-0005-0991-7717

36



ISSN: 2786-4669 (Print), 2786-4677 (Online)

Valentyna KOTSAR

Specialist of the Highest Category, Teacher-Methodologist, Head of the Cyclical Commission of Physics and
Mathematics Disciplines, Lutsk Basic Medical College,

2 Lesi Ukrainky str., Lutsk, Volyn region, Ukraine, 43016

ORCID: 0000-0002-6608-7773

Leonid HNITETSKII

Associate Professor, Candidate of Sciences in Physical Education and Sports, Senior Teacher at the Department
of Educational, Pedagogical Technologies, Academy of Recreational Technologies and Law, 2 Promislova str.,
Lutsk, Volyn region, Ukraine, 43023

ORCID: 0000-0002-5677-457X

Evgeniy ROSPOPOV
Teacher at the Cycle Commission for Basic and Fundamental Training, Lutsk Professional College of
Recreational Technologies and Law, Teacher at the Department of Educational, Pedagogical Technologies,

Academy of Recreational Technologies and Law, 2 Promislova str., Lutsk, Volyn region, Ukraine, 43023
ORCID: 0000-0002-6067-3907

To cite this article: Kormosh, Zh., Horbatyuk, N., Taranchuk, Yu., Tesunov, V., Krot, A., Kotsar, V.,
Hnitetskyi, L., Rospopov, E. (2025). Ekstraktsiino-fotometrychne vyznachennia torasemidu [Extraction-

photometric determination of torasemide]. Problems of Chemistry and Sustainable Development, 4,
38-41, doi: https://doi.org/10.32782/pcsd-2025-4-5

EXTRACTION-PHOTOMETRIC DETERMINATION OF TORASEMIDE

The method of extraction-photometric research and computer modeling has proven the possibility of forming an ion
pair of torasemide (Tor) with the cationic reagent astrafloxin FF (AF) forming an ion pair (IP). The energy efficiency
of IP formation and its dipole moment have been calculated and shown. Calculations in the Tor~ + AF" system were
performed using the HyperChem 8.0 package. Various initial variants of the counterions’ arrangement relative to each
other (the “single point” procedure) were used. Geometric optimization of the ions was performed by the molecular
mechanics method MM*. The studied IPs are quite well extracted by various aromatic hydrocarbons and can serve as
an effective analytical form for the extraction-photometric determination of torasemide. The optimal conditions for the
formation and extraction of IP were established: maximum extraction by an organic solvent from the aqueous phase
is observed at pH 5-9; the optimal reagent content in the aqueous phase is in the range (1.5-3.0) 10~* M. The optimal
extraction time is 50—60 s. The composition of IP was established by classical spectrophotometric methods: equilibrium
shift and isomolar series. It is shown that IP with a component ratio of 1:1 is well extracted into the organic phase.
The conditional molar light absorption coefficient of IP under optimal conditions reaches 1.0 - 10°. The calibration graph
of the dependence of the optical density of extracts on the Tor concentration is described by the equation of the straight
line A=0.011 + 0.052 ¢, in the concentration range of 0.8-46.8 pg/cm’ Tor: The detection limit of Tor, calculated by the
3 s criterion (n=5; P=10.95), is 0.7 ug/cm’. A method for extraction-photometric determination of torasemide in dosage
forms and biofluids of athletes has been developed.

Keywords: torasemide, extraction, ion pair, extraction-photometric determination.

Beryn. Topacemin (Top) (puc. 1), Takoxk Bimo- B 1993 pomi (Fischer, 2006). Bin BxoguTh 110
MU SIK TOPCEMIJI, € CEYOTIHHUM MPETapaToM 3 IMiJI-  CIOUCKYy OCHOBHHX JIIKapChKUX 3aco0iB BceciT-
IpyNH NEeTIbOBUX JIIyPETUKIB, SKUI BUKOPUCTOBY-  HBOI opraHizauii oxoponu 310poB’st (World Health
€TbCS JJIS JIIKYBaHHS IepeBaHTakeHHs pinmmHOoro  Organization, 2021). Bin noctymHuii sk reHe-
yepe3 ceplLeBy HEIOCTaTHICTb, 3aXBOPIOBaHHS  puyHUM (3aranbHuid) mpenapat (British national
Hupok 1 meuinku (Topacemin (Torasemidum)).  formulary, 2018).

e menm OaxaHWii METOA JIKYBaHHS BHUCOKOTO Topacemin, sK CEYOTiHHUUN THpenapar, BUKO-
KPOB’SHOTO THCKY. MOro mpHiiMaroTh BCEPEMHY,  PHCTOBYETHCS HE TUTBKH B MEIMIIMHI aje # iHIIIX
BHYTPILIHBO M’5130BO 200 IUISIXOM 1H €KIIl Y BEHy  Trally3sX, 30Kpema, y cropti. Bigomi Bumaaxw,
(Torsemide Monograph). Bin OyB 3armaTeHTOBaHMIA  KOJIH CIIOPTCMEHH 3 METOI0 ITOKpAIICHHS IaH-
y 1974 pouii Ta yBIHIIIOB y MEIMYHE BUKOPUCTAHHS ~ CiB Ha mepemMory BxkuBajiu Top sl IPUCKOPEHHS
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BHUBEJICHHS aHAOOJIYHUX CTEPOIdiB, ICHXOTPOI-
HUX TpenapatiB abo iHIMX 3a00pOHEHUX Tperna-
pariB, y 3B 53Ky 3 IUM JIIypETUKU OyJIM BKIFOUCHI
JI0 CHUCKY 3a00pOHEHHMX pedyoBHMH BcecBiTHBOT
AHTHJIOTIHIOBOI areHIlii. ICHye ynmao BUMAJIKiB,
KOJIM CTIIOPTCMEHIB, 30KpeMa 1 YKpaiHChKUX, JTUC-
KBaTi(hiKyBaau uYepe3 BUKOPUCTAHHS JiypETHKIB
(Wrpirom, 2016; IlaBnosa, 2011; Cadwallader,
2010; Mewnis; Ventura, 1996).

o H H
\\/N N CH3
N RTT
| 0 o Hs
Z “NH
CH,

Puc. 1. I'padiuna ¢popmysia Topaceminy

VY 3B’s3Ky 3 HIMPOKHM 3aCTOCYBaHHS TOpace-
MiJly € BeJIMKA HEOOXiHICTh Y HaJIINHUX METO/AaxX
HOT0 BU3HAYECHHS.

Jia BusHauenHss Top Oyno 3ampornoHOBaHO
METOJI BHCOKOC(EKTHBHOI pITUHHOI XpOMaTo-
rpadii (BEPX) i3 enexkTpoXiMiYHUM JETEKTyBaH-
oM (Begona Barroso, 2001). Mertox Bumarae
MOTIEPE/IHIO OYMIICHHS 3pa3Ka METOIOM TBEP/O-
(ha3HO1 eKCTpaKIlii B KUCIUX PO3YMHAX 3 HACTYII-
HOIO xpoMmatorpadiero. Po3aineHns: npoBoasTh 3a
noromororo konoHku Bondapack C18. Bukopwuc-
TOBYETbCS BOJIHO-allETOHITPHIbHA pyXxoma (asa
(80:20, 06./06., pH 3) [leTexTyBaHHS MPOBOISTH
aMIEPOMETPUYHO 3a JIONIOMOTOI0 CKJIOBYTJIEIE-
Boro enekrpoxy mpu +1300 mB mporu Ag—AgCl
enekrpona. Inmmii meron (BEPX) i3 ymerpadio-
neToBUM JerektyBaHHsM (Adelaida, 2011). IIpo-
Leaypa BU3HAYCHHSI BUMarae e(hpeKTuBHY TBEpPIO-
(dasHy excTpakiiro. BukoprctoByBamm MoOTHHHIMA
¢dazu pocdarauii Oydep/aneToHITPHUI 3 KOTOHKOIO
C18 1 ymbprpadioneToOBUM JACTEKTyBAaHHIM MPH
288 uM. Binomuii ciekTpohoTOMETpUUHUN METO/,
SIKWI 3aCHOBAaHUH Ha YTBOPEHHI CIIOJIYKH CHHBOTO
konbopy (Krishna, 2008). 3abapBieHHs BHHH-
Kae KOJIM Tpenapar pearye 3 peaktuBoM Domina-
Yokansrey y dyxHOMY cepenosuili. KonbopoBuit
CIIOJTyKa Ma€ MaKCUMYM MOTTIMHAHHS TIpu 760 HM.

Sk BUIHO BiJIOMi METOAM BU3HAYCHHS TOpace-
Miy BUMararTh IOTIEPEIHBOT TIPOOOTTIATOTOBKH.

Meta po0d0oTH — pO3pOOUTH METOIUKY BU3HA-
4eHHsT Top Ta MPOBECTH ampoOaIlifo B peaslbHUX
00’ eKTax.
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Marepianu Ta metoau aocjigkenHs. [Tloyar-
koBwmii 0,01 M Buxigauii pozunH Top mpuroTyBamu
PETEILHUM PO3YMHEHHSIM TMPEIU3iHHOT KUTBKOCTI
KoMepiiitHoro npemnapary 0,1 M po3uuni HaTpiii
rigpokcumy. Po6oui 1 - 107*-1 - 10 M posuunu
MPUTOTOBYBAJIM  TMOCTIIOBHUM  PO30aBICHHIM
MOYAaTKOBOTO B JICHb NPOBEICHHS JOCIHIHKESHHS.
Bonno-crimprosuii 1 - 10~ M posuns acTpadiok-
cuny FF (Jiacheng-Chem Enterprises Ltd., China)
MPUTOTOBYBAJIA PO30ABICHHSM MPEIU3IHHOT KiJTb-
KOCTI IperapaTry B BOIHO-€TAHOJIBLHOMY PO3UYHHI.
pH cepenoBuima perymatoBaid JOAaBaHHSAM YHi-
BepcaIbHOTO Oy(epHOro po3umHYy, Cyib(arHOi
KHUCTIOTH (4.1.a.) Ta PO3YMHY HATPil TIAPOKCHUITY
(ua.n.a.). lonny cuiy KoHTpotoBanu 2 M po3uu-
HOM Hartpiii cynbdarom (4.m1.a).

Amaparypa. CnexTpoOTOMETpUYHI BHMipIO-
BaHHS MpoBoauin cnekrpodoromerpom CD-2000
(JIOMO, Pocis) B xBap1ioBux KroBetax. pH po3uu-
HIB KOHTPOJIFOBAJIU MOTEHI[IOMETPHYHO 10HOMipOM
Al 123 (MLsoft Instruments, YkpaiHa) 3i CKITHUM
€JIEKTPOJIOM.

MeTtonuka ekcnepuMeHTy. [oHHI Tapu TOpa-
ceminy 3 actpadnokcuny FF (AD) Burydanu mpu
kiMHaTHIN Temnepatypi (18-20 °C) y mpobipkax
13 mpuTepTUMHU Kopkamu. JlJig 1bOoro B IpoOipKu
BBOJWIN JIOCHIDKYBAaHUH PO3YMH, IO MIiCTHTh
0-300 mxr Top, noaasanu 0,5 cm® GypepHOro pos-
uyuny pH 8,5; 0,8 cm® 1 - 10 M posunny AD,
2 cM® 2 M po3uuny Hatpiii cysbdary i po36asisiu
BOZHY (asy 10 5 cM’ JHCTUIBOBAHOK BOMIOIO.
Beomwiu 5 cM® TolnyeHy Ta BMIIyYaau IIPOTSAIOM
1 xB. [lapanenbHO MPOBOAMIN XOJOCTHI JOCIHIT.
[Ticns monimy a3 eKCTpakTH BiIOKPEMITIOBAIIH,
HEHTPU(YTYBaIM Ta BUMIPIOBAJIU ONTHUYHY TyC-
TUHY CIIEKTPO(POTOMETPOM B KBapPIIOBHX KIOBETaX
(I=10,5 cm) ipu MOBXKUHI XBUJI1 546 HM.

Pe3ynbratu Ta ix o6ropopenHHs. Marema-
TH4YHe MojaeaoBaHHdA yTBopeHHs III. Metonom
MareMaTUYHUX PO3PAXyHKIB JOKAa3aHO EHEpro-
edekruBHicTh (opmyBanus II1. Monekynspae
mozentoBanHs cucteM «Top™ + AD™» Ta moB’si3aHi
3 HAM PO3PAXyHKH MPOBOIWIN 3 BUKOPHCTAHHIM
naketa «HyperChem 8.0» st pizHOMaHITHUX
MOYAaTKOBUX BapiaHTIB pO3TAllyBaHHS IPOTH-
10HIB BIJIHOCHO OJIMH OAHOTO (Tpoueaypa «single
pointy). ['eoMeTpuUHy ONTHMI3aIliI0 10HIB MPOBO-
JIWITA METOIOM MOJIEKYIISIpHOi MexaHiku MM+

Teroty ytBopeHHs (AH,) ioHIB Ta 10HHOI
napu “Top™ + AD*” BU3HAYa M HAIBEMITIPHYHUM
meTonoMm PM3. TTapameTpu 1Iux METOIB MiAiOpaHi
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TaKUM YWHOM, 00 BOHHM JO3BOJSUIM HaWKpa-
UM YHUHOM BIiJITBOPIOBAaTH EKCIIEPUMEHTAJIbHI
3Ha4eHH AH|, OpraHiuHUX CIONYK. SIK TpuKiIag
y Ta0n. 1 HaBeleHI eHepreTUYHI XapaKTePUCTUKH
B3aemonii «Top™ + AD™» Ta TUMOIBHI MOMEHTH.

Taomms 1

EnepreruyHi xapakTepucTuku B3aEMoii
Top™ + A®' Ta TUNOJbLHI MOMEHTH

YacTnnka E, x/{l:x/moab M
AD* 24 187,0 1,17
Top~ 18 994,5 10,81
> (Top™ + AD*) 43271,7
Top~ AD* 433734 67,91
Y(Top™ + AD*) — Top  AD* 101,7

SIx BUAHO, PI3HUILIA B €HEPTil yTBOPEHHS 10HHOT
napv Ta CyMHU €HEprii yTBOpPEHHsI HOro KOMIIO-
HeHTiB gopiBHIOE 101,7 kJ[x/Momb. OTxe, mporiec
yrBopenHs II1 € Tepmoaunamiuno BurignuM. [pu
yrBopeHHi I pi3ko 3pocTae TUNOTBHUI MOMEHT
MOPIBHSHO 3 KOMITOHEHTAMH.

OntumanbHi ymoBM aisi exkcrpakuii. Top
€ cnabkoro NH-kucnororo (pK = 5,9). Anionna
¢dopma mepeBakae Bume pH 8. B 3amexHocTi
Bl pH cepenoBumia AD Moxe iICHYBaTH y TPhOX
dbopmax — omHO3apsIHOI 10HHOI (R"), MpoTOHOBA-
Hoi (RH?*") Ta «rigponizosanoi» (ROH). Biano-
BiJIHI KOHCTaHTH NMPOTOHYBaHHSI AD CKIIagaroTh:
pK, = —1,18 (crana nporonyBanss) ta pK, = 13,6
(crama rigpomizy) (Bazel, 2002). Pearear AD
y HMpOKOMY iHTepBasli pH y BOIHUX po3umMHAx
MepeBakae y BUIVISI OHO3APSAHOI I0HHOT (hopMHU,
sKa XapaKTepPHU3YEThCSl IHTEHCUBHUM 3a0apBIICH-
HSIM: MOJISIpHHIA KoeilieHT ekcTHHCIT mpu 540 HM
cxnazgae 1,1 - 10°,

Pesynbratm  eKCIiepUMEHTaIBHOTO  JOCIHi-
JOKCHHS BIUTUBY KHUCJIOTHOCTI BOJHOT (ha3u Ha eKc-
tpakiito tomyosiom IIT Top 3 A®D, mokazaino, mo
pH makcumansHoi ekcrpaxuii IIT cranoButs 8—10.

BuBueHo BIIMB KOHIEHTpallii OapBHHKAa Ha
ONTHUYHY TYCTHHY TOJYOJIbHUX EKCTPAKTIB 10H-
aux map Top 3 A®D. Ekcrpakimis Top mocsrae
MaKCHUMaJIBHOTO 3HaYeHHs Mpu KOoHIeHTparii AD
(1,5-3,0) - 10™* M, micns 4oro onTHYHA IycTHHA
€KCTPAKTIB MPAKTHUYHO HE 3MIHIOETHCS (HAATUIIOK
peareHTy 3aiMInaeTbes y BonHil (asi). PiBHOBara
BUJIy4YEHHs cTaHOBUTH 50—-60 c.

loHHi mapu JOCHTH J00Ope EKCTparyrThCs
pI3HUMH apOMaTHYHUMH BYIJIEBOIHSIMH. Bpaxo-
BYIOUM 3HAYHY TOKCHYHICTH 1 KaHIICPOTECHHICThH
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OeH3eHy, KpallMM{ CTall O-KCWJIEH Ta TOJYyeH.
Hapmani BUKOPHCTOBYBaJM TOJYEH, TOMY IO MPH
[[bOMY CBITJIONIOINIMHAHHS EKCTPAKTy XOJIOCTOTO
JOCITITy € MIHIMAQJIbHUM.

Crexiomertpito IIT Top 3 AD nokazaHo cieKTpo-
(OTOMETPUUHUMH METOJaMM 130MOJIIPHUX Cepii
Ta 3MIIICHHS PIBHOBArW; CIiBBIJHOIICHHS KOMIIO-
HEHTIB ckiajae 1:1.

YMOBHUH MOJSIpHUH KOe(IIiEHT eKCTHHCIT
IT cranosuts 1,0 - 10°. KaniGpysansuuii rpadix
3aJIe)KHOCTI ONTHYHOTO TOITMHAHHS EKCTPAaKTiB
BiJ BMicTy Top MO)XKHA BUpa3UTH PIBHSAHHAM Ipsi-
Moi 4 = 0,012 + 0,051 ¢ B Mexax KOHIICHTpAIIii
0,7-43,5 mxr/cm® Top. Mesxa BusiBnenss Top,
po3paxoBaHa 3a 3s-kputepieM (n = 5; P = 0,95),
cknagae 0,7 mMkr/cm®. Pospobnena MeToquka exc-
TPaKIiHHO-()OTOMETPUYHOTO  BH3HaUeHHS Top
B JIIKAPCHKUX (opMax Ta cedi.

Pesynbrarn BuzHaueHns Top HaBeieHO B TaOIH-
msx 2, 3.

Tabmuis 2

Pe3yabTaTu BU3HAYEHHS TOpaceMiny
B JiKapchKuX opmax

Bwmicr 3rigno

IIpemapar .
penap cneunikauii, Mmr

3uaiineHo, Mmr

Topacemin canmo3 100 99 +2

Topacemin qapHHULS 20 20£1

Topacemiz TeBa 10 10+£1
Tabmurs 3

Pe3yabTaTu BU3HAYEHHS TOpaceMiny
y cedi CIIOPTCMEHIB

IIpoda Beeneno, mr 3uaiineHo, Mr

1 50 50+£2

2 40 40+ 1

3 100 98+ 2

4 45 45+1

5 75 75+ 1
BucnoBkn. JlokazaHo, 110 TOpacemin

3 iaHiHOBUM peareHToM actpadiokcun FF (AD)
yTBOpro€ cTiiiky ioHHy mapy (IIT). Mertomamu
MaTeMaTUYHUX PO3PAXYHKIB JIOKa3aHO EHep-
roegektuBHicTh cTBOpeHHs III. MakcumanbHe
BuiydeHHs [I1 3 BomHOI ¢a3u mocsAraeTbecs npH
pH 8-10. JlocmigkeHo BIUIMB KOHIIEHTpAIlii
peareHTy Ha ONTHYHY I'yCTUHY TOJYEHHHUX €KC-
TpakTiB ioHHMX nap Top 3 A®D. Ekcrpakmis II1
J0CSITa€ MaKCUMaJIbHOTO 3HAYEHHS MPU KOHIIEH-
Tpauii pearenty (1,5-3,0) - 10™* M. PiBHoBara
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BuirydeHHs csarae 50-60 c. Crexiomerpiro IIT Top
3 A® noka3zaHo CreKTPO(HOTOMETPUYHUMHU METO-
JaMU 130MOJIAPHUX Cepiii Ta 3MIIICHHS PiBHO-
Baru; CIiBBIJHOIICHHS KOMIIOHEHTIB cKkjajgae 1:1.
3anpornoHOBaHO CXeMY YTBOPEHHS Ta BUIIYYCHHS
IT1. YmMoBHMI MOISIpHUI KO(]III€HT MOTIMHAHHS
IIT cranosuts 1,0 - 10°. Kanibpysansuuii rpa-
¢hix 3a7eKHOCTI ONTUYHOI T'YCTUHU EKCTPaKTiB

B KoHIeHTpalii Top MOXHa omwcaru piBHSIH-
HsM nipsimoi 4 = 0,012 + 0,051 ¢ B mexax BMiCTy
0,7-43,5 mkr/cm® Top. Mesxa Businenus Top,
po3paxoBaHa 3a 3s-kputepiem (n = 5; P = 0,95),
ckianae 0,7 MKr/cm®. 3anponoHoBaHa HOBa METO-
JIUKa eKCTPaKIiHHO-(POTOMETPUYHOTO BH3HA-
YeHHs TopaceMinay B JIiKapchbkux (opmax Ta cedi
CIIOPTCMEHIB.
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I'anuna PI3AK
Kanouoam gapmayesmudnux Hayx, paoHux oupekmopa Pondy na epomadcokux sacaoax, brazooitinuii hono

NIOMPUMKU OCEIMU, HAYKU, HAYKOBO-MEXHIYHOT ma IHHOBAYIHOIL disibHoCcmi, M. Yoiccopod, Ykpaina
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Bioaiorpagiunmnii omumc crarri: Pizak, [. (2025). Buxopucranns SAMP-crnekrpockomii mist
nociipkeHHs 2,4-nmiokco- Ta 4-iMiHO-2-0kco-3-(eHin-5-R-6-R'-tieno[2,3-dnipumigunis. Ilpoodaemu
Ximii ma cmanoeo possumky, 4, 42-50, doi: https://doi.org/10.32782/pcsd-2025-4-6

BUKOPUCTAHHA AMP-CIIEKTPOCKOMII JJI JOCJIIIKEHHS
2,4-TITOKCO- TA 4-IMIHO-2-OKCO-3-®EHIJI-5-R-6-R*-TIEHO[2,3-d| ITITPUMI/IUHIB

[loxioni mieno[2,3-d[nipumiouny € nepcnekmueHuM Kiacom 2emepoyukiiuHux CROIYK i3 WUPOKUM CReKmpom 6iono-
2TUHOI aKMUBHOCTIE, WO 3YMOBTIOE HEOOXIOHICIb PO3POONEHHA HAJIUHUX Memodig ix cmpykmypHoi i0enmudikayii. Hau-
Oinvu ingopmamugHuM IHCMPYMenmom 0Jia 6CIAaHo8NeH s no0Y008u yux cnonyk € AMP-cnexmpockonis, o0Hak cucme-
Mamu3ayis CRekmpanbHux 0anux 0as 2,4-0iokco- ma 4-imino-2-oKkco-noxionux 3anumacmscsa HedoCmamHsolo.

Mema pobomu nonseac 6 cucmemamuzayii ma KpUMUYHOMY AHANI3I CYHACHUX OOCACHEHb Y 3ACMOCYBANHT Memo-
0i8 510epH020 MACHIMHO20 PE30HAHCY O 6CHAHOGLEHHs cmpykmypu 2,4-0iokco- ma 4-imino-2-okco-3-genin-5-R-6-R-
mieno[2,3-d]nipumiounis, eusieienHi 3aKOHOMIPHOCIEN MIdHC XIMIYHUMU 3CY8AMU CUCHAIE MA CMPYKMYPHUMU 0COOU-
B80CHAMU QOCTIONCYBAHUX CNOTYK.

Memoou docniddcenns BKII0YAIOMb AHALI3 HAYKOBUX NYOLIKAYIU, NPUCEAUEHUX BUKOPUCTIAHHIO 0OHO- Md 0808UMIPHOT
'H ma 3C AMP-cnexmpockonii ons idenmudpixayii ma cmpykmyproi xapaxmepucmuxu noxionux miero/2,3-dnipumi-
ouny, cucmemamu3ayiio CNeKmpaIbHuX OaHUX 3A1eHCHO 8I0 NPUPOOU 3AMICHUKIG Y nonodxcenusx 2, 3, 4, 5 ma 6 nipu-
MIOUH06020 | MIEHOB020 YUKIB, Y3A2ANbHEHHS THOOPMAYIi Wooo Kopersyit Midie CReKMpPAaTbHUMU Napamempamu ma
nPoOCmMoposor 6Y008010 MOIEKYIL.

Hayxoea nosusna pobomu noifeae 6 KOMnIeKCHOMY i0X00i 00 y3aeaibHeHHA CHeKMPAIbHUX XAPAKMEPUCTIUK UUPO-
K020 pady 2,4-0iokco- ma 4-imiHo-2-okco-noxionux mieno[2,3-dnipumiouny, eusgienns cheyu@iunux ocodiugocmetl
AMP-cnexmpis 3a1exCHO 6i0 e1eKMpPOHHUX eqheKmie 3aMiCHUKIB, YCAHOBLeH L 0IAeHOCTIUYHUX KpUmepiie 0id 00OHO-
3HayHol idenmughixayii cmpykmypu ma KoHghicypayii 00C1ioxHcy8aHux 2emepoyuKiiuHux CUCTHEM.

Bucnosxu. [Iposedenuil ananiz naykosux oanux cgiouums, wo AMP-cnexmpockonis € naubinouw ingopmamuenum
memooom yemanogienus cmpykmypu 2,4-0iokco- ma 4-imino-2-oxco-3-¢henin-5-R-6-R-micno[2, 3-d]nipumiounis, wo
00360/151€ MOYHO GUZHAYUMU NOLONCEHHS 3AMICHUKIB, niomeepOumu 6y008y eemepoyuKIiyHol cucmemy ma 6CmaHo8umu
npocmopogy konghicypayiro monexyr. Cucmemamu3zayis CneKmpaibHux XapaKmepucmux Cmeoploe 0CHOBY 05l RPOCHO3Y-
BAHHS XIMIYHUX 3CY8I8 HOBUX NOXIOHUX A ONMUMIZAYLL Memoois ix curnmesy U i0eHmu@ikayii.

Kntouosi cnosa: cnexmpanvhutl aHanis, XiMiuki 3¢yéu, cmpykmypHa i0enmuikayis, eemepoyuxiiumti CnoayKu, 080-
BUMIDHI Memoou.
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USE OF NMR SPECTROSCOPY FOR THE STUDY OF 2,4-DIOXO-
AND 4-IMINO-2-OXO-3-PHENYL-5-R-6-R’-THIENO|2,3-d|PYRIMIDINES

Thieno[2,3-d]pyrimidine derivatives represent a promising class of heterocyclic compounds with a broad spectrum
of biological activity, which necessitates the development of reliable methods for their structural identification. Nuclear
magnetic resonance (NMR) spectroscopy remains the most informative tool for elucidating the structure of such compounds,
however, the systematization of spectral data for 2,4-dioxo- and 4-imino-2-oxo- derivatives is still insufficiently developed.

The aim of this study is to systematize and critically analyze current advances in the application of nuclear magnetic
resonance methods for determining the structures of 2,4-dioxo- and 4-imino-2-oxo-3-phenyl-5-R-6-R'-thieno/2,3-d]
pyrimidines and to identify correlations between the chemical shifts of signals and the structural features of the investigated
compounds.

The research methods include the analysis of scientific publications devoted to the use of one- and two-dimensional '"H
and "C NMR spectroscopy for the identification and structural characterization of thieno[2,3-d]pyrimidine derivatives,
the systematization of spectral data depending on the nature of substituents at positions 2, 3, 4, 5, and 6 of the pyrimidine
and thieno rings, and the generalization of information concerning correlations between spectral parameters and the
spatial structures of the molecules.

The scientific novelty of this study lies in the comprehensive generalization of the spectral characteristics of a wide
range of 2,4-dioxo- and 4-imino-2-oxo-thieno[2,3-d|pyrimidine derivatives, the identification of specific features of their
NMR spectra depending on the electronic effects of substituents, and the establishment of diagnostic criteria for the
unambiguous identification of the structure and configuration of the studied heterocyclic systems.

Conclusions. The analysis of the available scientific data indicates that NMR spectroscopy is the most informative
method for determining the structure of 2,4-dioxo- and 4-imino-2-oxo-3-phenyl-5-R-6-R'-thieno[2,3-d]pyrimidines.
1t allows for precise identification of substituent positions, confirmation of the heterocyclic system’s framework, and
determination of the spatial configuration of the molecules. The systematization of spectral characteristics provides a
foundation for predicting the chemical shifts of new derivatives and for optimizing the methods of their synthesis and
identification.

Keywords: spectral analysis, chemical shifts, structural identification, heterocyclic compounds, two-dimensional
methods.

AkTyaabHicTh npodiaemu. CyyacHa opraniuna  CucreMaTHusalisi CeKTpaIbHUX JAHUX JUIS PI3HUX
XiMist TOTpedy€e IHHOBAaLIHHUX METOMAIB CTPYKTYp-  THIIB 3aMICHHMKIB Y MOJEKYJl Ti€HOMIPUMITUHY
HOI iAeHTU(iIKalii HOBUX MOXIAHMX Ti€HO[2,3-d]  Ho3BOisiE CTBOPUTH OaHK JaHUX XapaKTepHUX
nipuMmiguny. SIMP-cniekTpockomist Bu3HaueHa sk ximiuHux 3cyBiB (Pizak, 2016, c. 45-67).
HaWOimbI 1HGOPMATUBHUNW METOJl WIOJAO BCTa- Onrumizarii BUKOPUCTAHHSA SIMP-
HOBJICHHSI TOOY/IOBH OPraHiYHUX CIIONYK, NMPOT€  CIEKTPOCKOMil /Ui JOCHipKeHHS 2,4-T10KCOo- Ta
pisui i Bapiantu ('H, *C, "N, nsoBumipni ekc-  4-imiHO-2-0Kkc0-3-(penin-5-R-6-R-tieno[2,3-d]

MEPUMEHTH) XapaKTePU3YIOThCS PI3HUMH MOXIU-  MIPUMITUHIB TPUAUISETHCS HEAOCTaTHHO YBarw,
BOCTSIMU CTPYKTYypHOI ifeHTHU(ikamii (CTpukak, 10 NOB’A3aHE 3 MEPEBAKHOIO XaPAKTEPUCTUKOIO
2022, c. 55). JUIIIe OKPEMHX CHHTE30BaHUX CIOIYK 0e3 y3a-

Po3pobnenns HoBux mnoximHux TieHo[2,3-d]  ranbHeHHsa crnekTpainbHuX AaHux (Rizak, 2023,
MPUMIIMHY 3 TOCKOHAIMMHU OlonoridanMu Biac-  2025). AHami3 CIeKTpadbHUX MapaMeTpiB, 3aCHO-
TUBOCTSIMH (IIPOTUIYXJIMHHOIO, IPOTUBIPYCHOIO Ta ~ BaHU Ha BUSBJICHHI 3aKOHOMIPHOCTEH BIUIUBY
MPOTHU3ANAIFHOI0 AKTUBHICTIO) MOTpedye MBUAKOI  CTPYKTYpHHX (DAaKTOPIiB Ha XiMiuHI 3CyBH CHTHa-
Ta HaJIMHOI CTPYKTYPHOI XapaKTEPUCTUKU CHUHTE-  JiB, € €(EKTUBHUM MiIX0I0M J0 CTBOPEHHS Ha1i-
3oBanuX cronyk (Nadar et al., 2025). [lns mintBep-  HUX METOMIB iMeHTH}IKaIi HOBUX IMOXITHUX Ti€-
JUKEHHS CTPYKTYPHU TaKUX CIIONYK MEPEBaXKHO BUKO-  HOMIPUMIJAMHY.

puctoByetbest 'H i PC SIMP-criekTpockortis, oqHak AHaJIi3 OCTaHHIX J0CHiuKeHb i myOsikamii.
CIIOCTEPIraeThCsl HEAOCTATHSA cUcTeMaru3allis ciek- ~ DyHaaMeHTalbHl poOOTH, IPUCBSIYEHI CHHTE3Y
tpanbHux nanux (Farag et al., 2024, c. €2400125). Ta BJIACTUBOCTAM 2,4-7M10KCO- Ta 4-iMiHO-2-OKCO-

BaxnuBum € BcTaHOBIEHHsS Kopensmii MK — 3-¢enun-5-R-6-R’-tieno[2,3-d|nipuminunis, y3a-
CTPYKTYpOIO Ta CHEKTPAJIbHUMHU NapaMeTpamu, o  raapHeHo Pizak (2016, c. 78—89), ska BuU3HauMIa
BHU3HAYa€ MOJAJbIII HANPSIMHU AOCHKEHb: mpo-  SAMP-cnekTpockomito gk HaWOUIbLI HaIHHMIA
THO3YBaHHS CIIEKTPAILHUX XapaKTEPUCTHUK HOBUX  METOJ MiATBEP/DKCHHS CTPYKTYPH CHHTE30BaHUX
MOX1AHUX, ONTUMI3aI[I0 METO/IB CHHTE3y Ta CKO-  CIHOJYK Ta BCTAHOBJEHHS PEaKIiiHOI 31aTHOCTI
pOYCHHST dYacy Ha CTPYKTYpHY IiHeHTH]IKAI0.  PI3HUX MOJOKEHb TeTEPOIMKIIYHOI CHCTEMH.
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Hocmimkennss Ahmed et al. (2022, c. 3082)
MIPUCBSIYEHO BUBYEHHIO AHTUMIKPOOHOI aKTHB-
HOCTI HOBHMX MOXIAHHX Ti€HO[2,3-d]mipumiauHy.
ABTOpPH BCTAHOBWJIM XapakTepHI CIEKTpabHi
napaMeTpH Ui Pi3HUX THITIB 3aMICHHKIB Y TTOJIO-
JKEHHAX 5 1 6 TIEHOBOro KIJBI, IOKA3aBIIH, IO
BBEJICHHS €JIEKTPOHOAOHOPHUX TPy MPU3BOIUTH
JI0 3MIIIEHHS CUTHAJIIB MPOTOHIB Y CHJIbHE TIOJIE.

VY poboti Vlasova et al. (2025) mocmimxeHo
cuHTEe3 HOBUX 2,4-miokco-Tieno[2,3-d]mipumi-
IMHIB 3 AaHTHOKCHJAHTHUMHU BJIACTUBOCTSMH.
ABTOpamMH BHM3HAYEHO BAKJIMBICTH TBOBHUMIPHUX
excnepumenTiB HSQC ta HMBC nmnst BcraHOB-
JICHHS 3B’SI3HOCTI aTOMIB y CKJIAJJHUX T€TepOIH-
kimiganx cucreMax (Vlasova et al., 2025, c. 48).
CriekTpalbHi JaHi AJisl pI3HUX TUIIIB KOHIEHCOBA-
HUX MpUMIAUHIB cucTeMarn3yBain Rashad et al.
(2025), BU3HAYMBIIM, 110 BUKOPUCTAHHS PO3YMH-
HUKIB PI3HOT MOJIIPHOCTI CYTTEBO BILTUBAE HA 3HA-
YeHHs XIMIYHHX 3cyBiB. Manna et al. (2025) ycra-
HOBWIM JIarHOCTHYHI CUTHAJIU JIJISl IMIHHOT TPpyIH
(6 8,5-9,2 M.4.) Ta BU3HAYWIIH, II0 CUTHAJI IIPO-
TOHY IMIHOTPYITH 3MIIILy€THCS B CIIA0KE ITOJIE B pasi
BBEJICHHS €JICKTPOHOAKIIETITOPHUX 3aMiCHHKIB.

Caoetro ueproro Alsfouk et al. (2025) Bukopuc-
TaJIM KBaHTOBO-XIMiYHi po3paxyHku MmeTogom DFT
1 BCTAHOBHJIM CYTTEBY KOPEJIAIII0 MiX pO3paxyH-
KOBHUMH Ta EKCICPUMCHTAIBHUMHU 3HAYCHHSIMHU
XIMIYHHUX 3CYyBIiB, IO JO3BOJISIE TPOTHO3YBAaTH
CHEKTpalibHI XapaKTePUCTUKH HOBHX TOXITHUX
no ix cuHTe3dy. [IpoBemeHuit aHaii3 JiTepaTypu
BUSIBUB IHTCHCUBHHIA PO3BUTOK METOJIiB BUBUCHHSI
TIEHOMIPUMIIMHIB, MPOTE CHCTEMaTH3allisl CIICK-
TpaJdbHUX JIAHUX came JUIs 2,4-1110Kco- Ta 4-iMiHO-
2-0kco-3-¢enin-5-R-6-R’-tieno[2,3-d |mipumigu-
HIB 3aJIMIIA€THCS HEJOCTATHBOIO.

Bupisiennsi He BHUpilleHMX paHille YacTHH
3arajibHOI npodJjemu. HaykoBuii ananmi3 mnoka-
3aB, 0 y (axoBiii JiTepaTypi OpaKye CUCTEMHOTO
MiAXOMy 0 y3arajdbHEHHs CIEKTPaJbHUX Xapak-
TEPUCTHUK 2,4-110KCO- Ta 4-iMiHO-2-0KCc0-3-(heHi-
5-R-6-R’-tieno[2,3-d]mipumiaunis.  [lepeBakna
OUTBIIICTH JOCIIPKEHb 30CEPEIKYEThCS Ha OTIHCI
CIEKTPAIbHUX JAHUX OKPEMHUX CHHTE30BaHHX CII0-
JyK 0e3 TIIMOOKOTO aHai3y BIUTMBY 3aMiCHHKIB Ha
napametrpu SIMP-criektpiB. YV HasBHUX myOJiKka-
IisSX BIJICYTHI y3araJbHEHI TaOJUIll XapaKTEepPHUX
XIMIYHHX 3CyBIB 1 KOHCTAHT CIIH-CIIIHOBOI B3a€EMO-
T IS pi3HUX THIIB 3aMICHUKIB, IO YCKIIATHIOE
MPOBEJICHHS MOPIBHAIBHUX IOCIIIKEHb 1 CHUCTe-
MaTH3alilo OTPUMAHHX JTaHHX.

44

HenoctatHpO BHMBYEHI TaKOX AaCHEKTH BHKO-
puctanua nBoBuMipHOi SAMP-cnexTpockomii st
BCTAHOBJICHHS MPOCTOPOBOi TOOymoBH 3-(heHis-
noxijHux TieHo[2,3-dmipumiguny. @aKTUYHO BifI-
cytHi gani moao NOE-edekTiB Mik MpoTOHAMH
(beHUTbHOTO 3aMiCHHKA Ta MPOTOHAMHU TIEHOBOTO
UK.

He nmocuTh  [MOCHIIKEHUM  3aJUIIAETHCS
NUTAHHS BIUIMBY PO3YMHHUKIB Ha CIIEKTpPajbHI
XapaKTEPUCTUKU 2,4-10KCcO- Ta 4-iMiHO-2-0KCO-
noxiiHux. CucTeMaTHYHUI MMOPIBHUIBHUN aHai3
CIIEKTPIB OIHAKOBUX CIOJIYK Y PI3HUX PO3UMHHU-
Kax He MpoBoAMuBCs. HEMOBHOIO MipOIO BHCBITIEHO
acniekT BukopuctaHas N SIMP-cnekrpockormii
JUI BHUBYEHHS TayTOMEPHUX pPIBHOBAr i mpoTo-
HYBaHHS aTOMIB HITPOT€HY B MipPUMIiINHOBOMY
K. Takoxk 3aMano BUKOPHCTOBYIOTHCS MOMKITH-
BOCTI KBAaHTOBO-XIMIYHMX PO3pPaxyHKIB AJIs MpPO-
rHo3yBaHHs SIMP-criekTpis.

AKTyallbHUMH € KOMIUJIEKCHI JTOCIIIKeHHS,
CIpsIMOBaHI Ha CHUCTEMaTH3allil0 HAasSBHUX CIIEK-
TpPaJbHUX JIaHUX, BUSBJICHHS 3arajJbHUX 3aKo-
HOMIPHOCTEW BIUIMBY CTPYKTYpPHHX (DaKkTopiB
Ha mapameTrpu AMP-cnekTpiB Ta po3poOrIeHHS
MPAKTHYHUX PEKOMEHIAIN moa0 igeHTudikamii
2,4-niokco- Ta 4-iMiHO-2-0Kc0-3-(heHin-5-R-6-R’-
TieHo[2,3-d JmipuMinuHiB.

®opMy1I0BaHHA Lijeil cTarTi (I0CTAaHOBKA
3aBAaHHA). MeToro JOCHTIHKEHHS € CHCTeMaTH3a-
il Ta KPUTHYHUHN aHai3 3aCTOCYBaHHS METOJIB
SMP-criekTpocKomii JUIs BCTAHOBJICHHS CTPYK-
TypH 2,4-110KcO- Ta 4-iMiHO-2-0Kc0-3-(eHin-5-R-
6-R’-Tieno[2,3-d|mipuMianHIB 1 BHUSBICHHS 3aKO-
HOMIpPHOCTEH MDK XIMIYHHUMM 3CyBaMU CHTHAJIIB
1 CTPYKTYPHHMH OCOOJIMBOCTSIMH JTOCJTIKYBaHUX
CIIOJTYK.

Jn1st moCSTHEHHSI TOCTABICHOT METH BU3HAYEHO
TaKi 3aBIaHHS:

1) mpoaHamizyBaTu CydYacHi JiTepaTypHi TaHi
1o/10 BuKkoprcTanus ogHosumipaux (H, 13C, °N)
ta qeoBuMipHuX (COSY, HSQC, HMBC, NOESY)
MetoaiB SIMP-criekTpockomii Al TOCHiKSHHS
MOX1THUX TieHO[2,3-d|mipuminuny;

2) cucteMaTH3yBaTH CIEKTPalbHI XapaKTepuc-
TUKHA (XIMI9HI 3CyBH, KOHCTaHTH CITIH-CITIHOBOT
B3a€MOJlii, MYJIBTUIUIETHICTh CHUTHaMIB) 2,4-1i0-
KCO- Ta 4-IMiHO-2-OKCO-TIOXITHUX 3aJ€KHO BIJ
npupoau 3amicHuKiB R Ta R y monmoxkennsix 5 ta
6 TI€EHOBOTO LIUKJIY; BUSBUTH BIUIUB €JIEKTPOHHUX
edexTiB QeHinpHOrO 3aMicHUKa TIpu aromi N-3 Ha
napametpu SIMP-criekTpiB;
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3) y3aranpHUTH iH(OpMAIliIO IIOI0 BIUIMBY
PO3YMHHHKIB Ha CIEKTPaJlbHI XapaKTePUCTUKH
JOCTIKYBAaHUX CIOJIYK; MPOAHANi3yBaTH MOXKIIU-
BOCTI BUKOPHCTAHHS JIBOBUMIpHHUX MeToiB SIMP-
CIEKTPOCKOIi JUIsi BCTAHOBJECHHS MPOCTOPOBOI
OynoBHU Ta KOH(GOpPMAIIITHUX TIepeBar MOJICKYJ;

4) po3poOUTH IarHOCTUYHI KpHTEpil s
OHO3HAYHOI iAeHTU(iKamii crpykrypu 2,4-mio-
KCO- Ta 4-imMiHO-2-0KC0-3-(eHin-5-R-6-R-
TieHo[2,3-d|mipuminuHiB Ha OCHOBI nanux SIMP-
CHEKTPOCKOITIi.

Buxkiaa ocCHOBHOro marepiaJry J0c/IiIKeHHsI
3 IOBHUM OOIPYHTYBAHHSAM 3100y TUX HAYKOBHX
pe3yabrariB. IMP € notyxHUM MeTOIOM AOCITI-
JDKEHHSI CTPYKTYPH OPTaHIYHUX CIIONYK y PO3YHMHI,
SIKUI 0a3y€eThCsl HAa 31aTHOCTI AJIEp ESIKUX aTOMIB
MOTIMHATH  EJIEKTPOMArHiTHE BUIPOMIHIOBAaHHS
paioyacTOTHOTO Jiana3oHy B pa3i PO3MILIECHHS
3pa3ka B CHJIBHOMY MarHiTHOMy moii. Yactora
PE30HAHCHOTO MOTIMHAHHS 3aJIS)KHUTD BiJl €JICKTPO-
HHOTO OTOYEHHS A1pa, IO JO3BOJIIE OTPUMYBATH
iH(pOpMaIlito Ipo XiMigyHy MOOYIOBY MOJIEKYIIH.

J1J1s TeTepOIMKITIYHHX CITOTYK HaWOUTBII iH(Op-
martuHuME € 'H ta *C SIMP-cnexrpu. ITpoTon-
HUI MarHiTHUH pe30HAHC J03BOJSIE BCTAHOBUTH
KUTBKICTB 1 THITH MIPOTOHIB y MOJIEKYJI1, X B3a€MHe
pO3TallyBaHHS Ta €JIEKTPOHHE OTOYeHHs. Byrie-
neBa SIMP-criekTpockomis Hagae iHGpOpMaIIito mpo
CKeNIeT MOJICKYJIM, TOJIOKEeHHS (DyHKIIOHATbHUX
TpyI Ta Xapakrep ribpuansaiii aToMmiB KapOoHY.

OcHoBauMu  mapamerpamu  SIMP-cniekTpiB
€ XiMi4Hi 3cyBH (0), KOHCTAHTH CITiH-CITIHOBOT B3a-
emomii (J) Ta iHTerpajgbHa IHTEHCHUBHICTh CHTHA-
niB. XiIMIUHUI 3CYyB BUMIPIOETHCS B MIJTBbHOHHUX
YacTKaxX BiZIHOCHO CTaHJApTHOI PEYOBUHH (TETpa-
METWICHJIaH) Ta XapaKTepHU3ye E€JIEKTPOHHE OTO-
4yeHHsI sapa. KOHCTaHTH CHiH-CITIHOBOI B3a€MOJIT
B1I0OpaKarOTh B3aEMHUH BIUIMB MAar”iTHUX SACp
4epes XiMivHi 3B’ SI3KH.

Y 'H SAIMP-cnekrpax 2,4-miokco-3-¢enin-5-R-
6-R-Tieno[2,3-d|mipumiguHiB - HAHOLIBIT — Xapax-
TEPHUMH € CUTHAJIU MPOTOHIB apOMAaTUYHOTO
(eHUTEHOTO 3aMiCHUKA TIpU atoMi N-3 Ta MPOTOHIB
3amicHUKIB R 1 R y nonoxenHsx 5 ta 6 TieHOBOTo
mukity. [Ipororn GeHUTBHOT TpyIH 3a3BHYaidl pe3o-
HYIOTb y Alana3oHi o 7,2—7,8 M.4., HhopMyroun MyIib-
THIUIETH XapakTepHOi (OPMH 3aJeXKHO BiJ THITY
3amimieHHs 6eH3eHoBoro Kb (Pizak, 2016, c. 52).

3a HasSBHOCTI aJKIIbHUX 3aMICHHKIB y TIOJIO-
KEHHSX 5 Ta 6 TIEHOBOTO LIUKITY CIIOCTEPIraroThCst
XapakTepHi CUTHAIU MeTWIbHHX (O 1,8-2,5 M.4.),
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MeTwieHoBuX (6 2,5-3,2 M.4.) a0 METHHOBHUX
(0 3,5-4,2 m.4.) npoToHiB. XiMIYHI 3CyBH LIUX CHUT-
HAJIIB 3aJICKaTh BiJl €IEKTPOHHUX €(EKTIB CyCi-
HIX TPy 1 cTepuyHUX (HaKTOPIB.

BamBor0 1IarHOCTUYHOIO 03HAKOIO € BiJCYT-
HICTh cUTHaNIB NpoToHIB NH-rpym y cnekrpax,
3apeectpoBaHux y DMSO-d,, uepe3 mBUAKUN
oOMiH 3 feirepiem po3unnHuka. [1ix gyac peecrpa-
uii ciektpiB y CDCls curnan NH-nporony 3a N-1
3a3BUYAil CIIOCTEPIra€ThCs Y BUIVISAL PO3IIHpe-
HOTO CUHIJIETY B fdiama3oHi 6 11,5-12,5 m.u4.

Hdnsa  3-denin-5,6-nimernn-tieno[2,3-d |mipumi-
JMH-2,4-TI0HIB XapaKTepHi JBa CUHIJICTH METHJIb-
HUX I'pyn y AianasoHi o 2,1-2,4 m.4. Pi3nunsg ximiu-
HUX 3CYBIB MK ITAMH CUTHaJIaMK cTaHOBUTH 0,1-0,3
M.4. 1 3yMOBJICHA Pi3HUM €JICKTPOHHUM OTOYCHHSIM
METHJIBHUX TPy y TIOJIOKEHHSX 5 Ta 6.

Tonosroro BigminmicTio 'H  SIMP-cnekrpis
4-imMiHO-2-0KC0-3-deHin-5-R-6-R’'-tieno[2,3-d]
MIPUMIUHIB BiJl CHEKTPIB BIANOBIAHUX 2,4-110-
KCO-TIOXIJTHUX € HasBHICTh XapaKTePHOTIO CUTHAITY
NPOTOHY IMIHOTPYIH, SKHH 3a3BUYail pPE30HYE
y BHUIJSIAI PO3IIMPEHOTO CHHIVIETY B Jliana3oHi
0 8,5-9,5 m.u. (Pizak, 2024).

XimiuHuit 3cyB curnany nporony C=NH rpymu
CYTTEBO 3aJIKHUTHh BIJ EJIEKTPOHHUX e(]eKTiB
3aMICHHKIB y (DeHITbHOMY KiIbI mpu atomi N-3.
EnexkrpoHoakuenTopHi 3aMiCHUKH MPU3BOISATH 110
3MiIlIeHHS CUTHAITY B citaOke mode (6 9,0-9,5 m.4.),
TOJI SIK €JEKTPOHOAOHOPHI TPYNU CHPUYUHSIOTH
3MileHHS B cliTbHE moe (O 8,5-8,8 m.4.).

VY cnekrpax, 3apeectpoBaHux y DMSO-ds,
curian NH-nporony mpu N-1 crocrepiraerbes
y BHUIJISIAI PO3IIMPEHOTO CHHIVIETY B Jiana3oHi
6 11,0-12,0 m.u. VY pasi nomaBanus D,O mo pos-
YUHY 3pa3ka curHaiau 06ox NH-mpoToHiB 3HuKa-
I0Th YHACHIIOK IIBUAKOTO BOJHEBOTO OOMIHY.

Tabmus 1
XapakTepHi aiana3zoHu XiMiuHUX 3CyBiB
y '"H AMP-cnekTpax moxixHux
Ti€eHo|[2,3-d|mipuminnny

CrpykrypHuii | 2,4-niokco-noxinHi 4-iMiHO-2-0KcO-
dparmenT (0, M.u.) noxiaHi (6, M.4.)
NH(N-1)y OO0wmiH 3

DMSO-dg PO3YMHHHUKOM 11,0-12,0
NH(N-Dy
CDCl4 11,5-12,5 11,5-12,5
C=NH - 8,5-9,5
Denin (N-3) 7,2-7,8 7,2-7,8
CHs (C-5, C-6) 1,8-2,5 1,8-2,5
CH: (C-5, C-6) 2,5-3,2 2,5-3,2
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BC SIMP-cnekrpockomnisi Hajae LiHHY iH(Op-
MAIIif0 PO CTPYKTYPY BYIVICLIEBOTO CKEJIETY MOJIe-
Kya1 Tiemomipumimuuis. Y 13C  SIMP-cnekrtpax
2,4-niokco-3-penin-5-R-6-R"-tieno[2,3-d|mipumi-
JIMHIB HAHOIIbIII XapaKTEPHUMH € CUTHAJIM aTOMiB
KapOOHY KapOOHUIBHUX TPYI Y MOJIOKEHHAX 2 Ta 4.

Curnan aroma kapbony C-4 3a3Buuaii peso-
Hye B miana3zoni O 160—165 m.4., Toai K cUTrHANI
C-2 cnocrepiraeTscsi 3a JEMI0 MEHIIMX 3HAYCHb
ximMigHOTO 3CYBY (O 150-155 M.4.). Taka pizHHUI
3yMOBJICHA PI3HUM E€JIEKTPOHHHM OTOYEHHSIM LIUX
aromiB kapOoHy: C-4 3HAXOIUTHCS B OL-TTOJIOKEHHI
JI0 aToMa CipKH TIEHOBOTO IIUKITY.

Atomu kapOony TieHoBoro 1ukiy (C-5, C-6,
C-3a, C-7a) pe3onytoTh y miana3oni o 110—140 m.4.
HaiiGinp cunbHONOMBHUM € curHai atoma C-5
(0 110-120 M. 4.), IKHi 3HAXOTUTHCSI B O-TIOJIOKEHHI
JI0 aToMa CIpKU Ta Hece aJIKUIbHUN a00 apuIoBUil
3amicHuK R (Garcia-Baez et al., 2022).

Jnst 4-iMiHO-2-0KCO-TIOXIIHMX ~ XapaKTepHa
HasBHICTh CHUTHAJy aroMa KapOOHYy IMIHOTPYIH
C-4 y nianazoni 6 155-160 M.4., 1110 € TPOMIKHUM
3HAYCHHSM MDK XIMIYHUMHU 3CyBaMH KapOOHLIb-
HUX TPYIl Ta apOMAaTUYHHUX aTOMiB KapOoHy. Bax-
JIMBOIO METO/IMKOIO IHTEPIIPETallii € BAKOPHUCTAHHS
texHiku DEPT, sika m03Boisie BU3HAYUTH Kpart-
HicTh aroMiB kapoony (CH;, CH,, CH, C).

JBoBumipHi  meronu  SIMP-cnekrpockormii
€ TOTY)XHUM IHCTPYMEHTOM Ui BCTAHOBJICHHS
CTPYKTYPH CKJIaJHUX OpraHiYHMX MoJeKyid. Jlms
nociimkenas 2,4-miokco- Ta 4-iMiHO-2-OKCOo-3-
¢denin-5-R-6-R*-tieno[2,3-d|mipuminnHiB ~ Hali-
oie kopucauMH € ekcriepumentu COSY, HSQC,
HMBC ta NOESY.

COSY (Correlation Spectroscopy) BuUsB-
Jsi€ 3B’SI3KM MK MPOTOHAMHU 4epe3 2—4 XiMivHi
3B’S3KM 1 JI03BOJISIE BCTAHOBHTH, SIKI IMPOTOHH
B MOJIEKYJi € cycigHiMu. JJis Ti€eHOMipUMIiIMHIB
COSY-cnexkTpu 0coOIMBO BaXKJIHMBI JJIT BCTAHOB-
JICHHSI TUITY 3aMilleHHs (eHIUTBHOTO KiTbIIA.

HSQC (Heteronuclear Single Quantum
Coherence) BCTaHOBIIOE 3B’SI3KH MK TPOTOHAMH
Ta Oe3nocepenHbO MPUEAHAHHUMU JO HHUX aTo-
mamu °C i 103BOIIsIE€ OHO3HAYHO BiJHECTU KOXKEH
CUTHAJ y MPOTOHHOMY CHEKTpPi O BiJIIOBIJIHOTO
aroMa KapOoHY.

HMBC (Heteronuclear Multiple Bond
Correlation) € KIIOYOBUM IS BCTAHOBJICHHS
CTPYKTYPHOI 3B’A3HOCTI (pparMeHTIB MOJICKYJIH
yepes IeKiNbKa 3B’ s13KiB (3a3Buuaii 2—4). HMBC-
eKCIIEPUMEHTH  MIATBEPIKYIOTh  IOJIOKEHHS
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3aMICHUKIB Ta CTPYKTYpy KOHIEHCOBAaHOI CHC-
TEMHU.

NOESY  (Nuclear  Overhauser  Effect
Spectroscopy) BHSBIIIE TPOCTOPOBI B3a€EMOIIi
MDK TpPOTOHAMH, IO 3HAXONATHCS HA BiJICTaHi
10 5 A omun Bix ommoro. s 3-deHin-moxigaux
tieHo[2,3-dnipuminuay NOESY-cnekTpu 103B0-
JSI0Th YCTAaHOBUTH B3a€MHY Opi€HTAIlil0 (PEeHLTb-
HOTO 3aMiCHHKA Ta TIEHOBOTO IIUKITY.

Bubip pozumnHuka pns peecrpamii  AMP-
CIEKTPiB CYTTEBO BIUIMBAE HA 3HAYCHHS XIMIYHUX
3cyBiB Ta ¢opmy curHainiB. s TieHOmipuMiIu-
HIB HaifuacTime BUKOPUCTOBYIOThCS DMSO-ds,
CDCl;, CD;OD Ta aneron-dg.

DMSO-d, € HaitO11bIII YHIBEPCATBHUM PO3YHH-
HUKOM JUIsl TIOJIIPHUX TETEPOLUKIIYHUX CIIONYK,
Ma€ BHUCOKY PO3YMHHY 3/aTHICTb 1 JJO3BOJISIE Pee-
CTpYBaTH CIEKTPU B HIMPOKOMY Jiara3oHi TeMIie-
paryp. Ogaak DMSO-d, € akTHBHHM aKIEITOPOM
BOJIHEBHX 3B’SI3KIB, 1[0 TIPU3BOJMUTH JIO IIBUIKOTO
0o0Miny NH-tipoToHiB.

CDCl; € MeHII MONIpHUM PO3ZYMHHUKOM, SIKUI
He BUKIIMKae oOMiHy NH-mpoToHiB. ¥V crnekrpax,
3apeectpoBanux y CDCl;, 3a3Buyaii nobpe crmo-
CTEpIraroThCsl CUTHAIN BCIX NPOTOHIB, OTHAK PO3-
YUHHICTh JI€SKUX TMOJISIPHUX TI€HOMIPUMIINHIB
MOXe OyTH HEJOCTAaTHBOIO.

[TopiBHAHHS CTIEKTPIB OTHAKOBUX CIIOJIYK Y Pi3-
HUX PO3YMHHUKAX CBIMYUTH, MO XIMIYHI 3CYBH
MPOTOHIB AapPOMATUYHUX CHCTEM 3MIHIOKOTHCA
He3HauHo (0,05-0,15 m.4.), Toxi K CUTHAJIHM TPO-
TOHIB, 3[aTHUX /0 YTBOPEHHS BOJHEBHX 3B S3KIB
(NH, OH), moxxyTb 3minryBarucs Ha 0,5-2,0 M.4.

CyuacHi METOIM KOMII FOTepHO XiMii 103BOJIS-
I0Th MIPOBOAMTH TEOPETUYHI PO3PAXYHKH IMapame-
TpiB SIMP-cniektpiB i3 Bucokoro TouHicTio. Haii-
OUTBII TMOIIMPEHHM IiXOAOM € BUKOPHCTAHHS
MeToniB Teopii QyHkuionany ryctuHu (DFT)
3 0a3uCHUMHU HaOOpaMH CEPeIHBOTO Ta BEIUKOTO
po3Mipy.

s po3paxyHKy XIMIYHHUX 3CyBIB Hal4vac-
Tille BUKOPUCTOBYETbCs (QyHKIioHan B3LYP
y noeHaHHi 3 6a3ucHumMu Habopamu 6-311G(d,p),
6-311++G(d,p) abo Oinpmmmu. [lyis BpaxyBaHHS
e(eKTiB PpPO3UMHHHMKA BUKOPHCTOBYIOTHCS KOH-
TUHyaJIbHI MOJEIl pO3YMHHHKA, sK-0T PCM
(Polarizable Continuum Model).

[TopiBHSIHHS pPO3PaXyHKOBHX Ta EKCICPUMEH-
TaJbHUX XIMIYHHX 3CYBIB CBIJYUTH NPO BHUCOKY
xopenaniro (R? > 0,95) 11 IPOTOHHUX CHEKTPIB Ta
3aJ10BiIBHY Kopensauio (R? > 0,90) s Byrienesux
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cnekrpiB. CepenHs abcomoTHa TMOXHOKa poO3-
paxyHKiB 3a3Buyail craHoBuTh 0,2-0,4 M.u. a1
'H SIMP ta 2-5 m.u. ana *C SIMP (Alsfouk et al.,
2025, p. 1418).

Oco0aMBO KOPUCHUMH € PO3PAaXyHKH IJISl BCTaA-
HOBJICHHSI CTPYKTYpPH 130MEpiB i CTepeoi3oMepiB,
KOJM EKCIEpUMEHTAIbHI CHEKTPU € CKIaJHUMH
Juis iHTeprperartii. [TopiBHIHHS ekcriepuMeHTalb-
HUX CIIEKTPIB 3 PO3PAXOBAHUMH JISI PI3ZHUX MOXK-
JUBHUX CTPYKTYp JO3BOJIIE OIHO3HAYHO BCTaHO-
BUTH MIPAaBUIIbHY OYyI0BY MOJIEKYIIH.

Ha ocHoBi mpoBeeHoro anaiizy MoxkHa chop-
MYJIFOBAaTH MPAKTHYHI PEKOMEHIAIT JUIsl JTOCIiI-
HUKIB (puc. 1).

Jlis TepBUHHOI XapaKTEPUCTUKU CHHTE30-
BaHUX CHOJYK JOCHTb peecTpallii OIHOBUMIp-
nux 'H ta *C IMP-cnektpiB y DMSO-d,. Lleit
PO3UMHHUK 3a0e3nedye XOpoUly PpO3YMHHICTD

OULTBIIOCTI TOXIMHUX Ta JO3BOJISIE OTPHMATH
SIKICHI CTICKTPH.

Jlsi OMHO3HAYHOTO BCTAHOBJIECHHS CTPYKTYpHU
CKJIaJTHUX TIOXiTHUX PEKOMEHIYEThCSI BHKOPHUC-
TOBYBaTH NMpPHHANUMHI OJUH JBOBUMIPHHUH EKcIie-
pument — HSQC a6o HMBC. Li meroau m03Bo-
JISIFOTh YCTAHOBUTH 3B’ SI3HICTH aTOMIB Y MOJICKYJI1
Ta MATBEPIUTH TOJIOKCHHS 3aMicHHKIB. [lix dac
IHTEepIIpeTaii CreKTpiB HEOOXiHO BpaxOBYyBaTH
MOXJIUBICTh IIBHJAKOro o0MiHy NH-nporoHis
y TOJSIPHUX PO3YMHHUKAX. [ miATBepIKEeHHS
npucyTHocTi NH-rpyn pekoMeH0BaHO MPOBECTH
eKCIIepuMeHT 13 nomaBaHHsM D,O 1o po3uuHy
3pazka B DMSO-dg Ta mopiBHATH CHEKTPH 10 Ta
IICIIS TOJTaBaHHSI.

J171 BCTaHOBJIGHHS ITPOCTOPOBOI OYI0OBH MOJIE-
Kya gouiabHO € peectpamis NOESY-cnektpis.
Oco6muBo kopucHa iHdopmarist mpo NOE-edexTn

CHHTE3
HOBOI

CITOJIYKH

MEPBHHHA
J {BE0 D) XAPAKTEPHCTHKA
. BCTAHOBJIEHHS
CKJIAJIHA _— TAK ———»  HSQCHMBC  —m s T
CTPYKTYPA?
HI
MPUCYTHICTb NH? ——  EKCIIEPUMEHT
3D,0
HI
MTPOCTOPOBA ; TAK NOESY KOH®OPMALIIHHIA

BY/IOBA?

HI

MIATBEP/KEHHA
CTPYKTYPH

AHAJII3

Puc. 1. Cxema crparerii BukopuctanHs pisnux meronis IMP-cnexkTpockomii
JUIS1 CTPYKTYPHOI ineHTHiKanil moxiaHux tieno[2,3-d]nipumiauny
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MDXK IPOTOHAMH (PEHUIBHOTO 3aMiCHUKA Ta TPOTO-
HaMH TIEHOBOTO ITUKITY JJO3BOJISIE BCTAHOBUTH KOH-
(dopMartiitHi mepeBaru MOJICKyI.

[TopiBHIOIOUM CIIEKTpasibHI J1aHi 3 JiTeparyp-
HUMH JDKEpelIaMH, HeOOXiTHO BPaxOBYBaTH MOXK-
JIMB1 BIIMIHHOCTI B XIMIYHHX 3CyBax, 3yMOBIICHI
BUKOPHCTAaHHIM PI3HUX PO3UYMHHHKIB, TeMIepa-
TYpU peecTparii CIeKTpiB Ta poOOYoi YacTOTH
cnekrpomerpa. KoHcTaHTH CHiH-CIIIHOBOT B3a€MO-
Ji1 € MEHII Yy TJIMBUMHU JI0 IIUX (PaKTOPIB 1 MOXKYTh
BUKOPUCTOBYBATUCS SIK HAIIHHINIANA KpHUTEpiit
MOPIBHAHHSL.

BucnoBku. SIMP-cniekTpockorisi € HaiOLIbII
iH(pOpMAaTUBHUM Ta HAJIMHUM METOJOM yCTaHOB-
JICHHS CTPYKTYypU TOXimHUX TieHO[2,3-d]mipumi-
JIHY, 110 JI03BOJISIE TOYHO BH3HAYHUTH MOJIOKEHHSI
3aMIiCHHUKIB, IMiITBEPIUTH OYIOBY TeTCPOIMKIIiY-
HOI CHCTEMH Ta BCTAHOBHTHU MPOCTOPOBY KOH(i-
rypamiro Mosekysl. KomOiHOBaHEe BHKOpPHCTaHHS
OJTHOBHMIpPHUX Ta IBOBUMIPHHUX METO/IB 3a0e3re-
4ye€ TIOBHY CTPYKTYPHY XapaKTEPUCTHKY CHHTE30-
BaHUX CIIOJYK.

BcraHoBIIeHO XapaKTepHi Miana3oHu XIMIdHHX
3CYBIB [UIsl KJIFOUOBUX CTPYKTYpHUX (PparMeHTiB
JOCITipKyBaHUX cronyk. s 2,4-1i0Kco-1moxi-
HUX XapaKTepHi CUTHAIM KapOOHIIBHUX AaTOMIiB
kapOoHny B oOmacti & 150-165 m.4., mpoTOHIB
(heHUTbHOTO 3aMicHUKA 3a O 7,2—7,8 M.4., METHJIb-
HuX Tpyn 3a & 1.8-2,5 m.u. Jlnsa 4-iMiHO-2-0KCO-
TMTOX1THUX JIIarHOCTUYHOIO O3HAKOIO € CUTHAI ITPO-
TOHY iMiHOTpymH 32 O 8,5-9,5 M.4.

BusiBneHo 3aKoOHOMIPHOCTI BIUIMBY €JIEKTPO-
HHUX e(eKTiB 3aMiCHUKIB Ha mapamerpu SIMP-
cnekTpiB. ENeKTpOHOMOHOPHI Tpynu BUKIMKAIOTh
3MIIlIEHHS CUTHAJIIB IMPOTOHIB Y CHJIbHE TIOJIE, TOI
SIK €JIeKTPOHOAKIIETITOPHI 3aMICHUKHU MPHU3BOISATH
710 3MimieHHs B ciabke noje. i epexrn MoxyTh
BUKOPHCTOBYBATHCS Ui TPOTHO3YBaHHS CIICK-
TPaJbHUX XapaKTEePUCTUK HOBUX MOX1THUX.

[Tokazano BaXJTMBICTh BUOOPY PO3YMHHMKA JIJIS
peectparnii AMP-cnextpiB. DMSO-d, € HaliGnbm
YHIBEPCAJIBHIUM PO3YMHHUKOM Ui  TOJISIPHUX

TIEHOMIPUMIIMHIB, OJJHAK BiH BUKIJIUKAE IIBUIKUI
oomin NH-mporonis. CDCl; no3Bossie crocrepi-
raTéd CHTHAJU BCiX MPOTOHIB, aje Ma€ OOMEXEHY
PO3YMHHY 3aTHICTh JJIS ICIKUX MOX1THUX.

JBoBumipHi  meromu  SIMP-crekrpockorii
(COSY, HSQC, HMBC, NOESY) e neoOxia-
HUMH JJIS1 OJHO3HAUHOTO BiJHECEHHS CHUTHAJIIB
y CKJIQJIHUX CIIEKTPax 1 BCTAHOBJICHHS MPOCTOPO-
Boi OynoBu Mmonekyin. HMBC-ekcniepumeHnT oco-
ONMMBO KOPHUCHI JUIsl MiATBEP/DKEHHS CTPYKTYpH
KOH/ICHCOBAHOI TeTePOLUKIIYHOI CUCTEMH, TOAI 5K
NOESY-cnekTpu [103BOJSAIOTH YCTAHOBUTU KOH-
dbopmartiitHi nmepesary.

KBaHTOBO-XiMiUHI pO3paxyHKH MapaMeTpiB
SAMP-cniektpiB Mmetogamu DFT 103BONISIFOTH TIpO-
THO3YBaTH CIIEKTPaJbHI XapaKTEPUCTHKH HOBUX
MOX1THUX 13 BUCOKOIO TOYHICTIO Ta MOXKYTh BHKO-
PHCTOBYBATHCS JUIsl TIATBEPIDKEHHS CTPYKTYPH
CHHTE30BaHUX CIOIYK.

Cucremaru3ailiss CHEKTPAJIBbHUX XapaKTepHC-
TUK 2,4-m1i0KCco- Ta 4-iMiHO-2-0KcO-3-(heHin-5-R-
6-R’-Tieno[2,3-d|mipuMianHIB CTBOPIOE HAIiNHY
OCHOBY ISl ieHTH(]IKaIlii HOBUX TOXiTHUX Ta
ONMTHUMI3aIlii METOIIB iX cuHTe3y. Po3pobieHni mia-
THOCTHYHI KpUTEPil TO3BOJIAIOTH IIBUIKO Ta OJHO-
3HAYHO BCTAHOBIIIOBATU CTPYKTYPY CHHTE30BaHUX
CIIOJIYK Ha OCHOBI KOMILJICKCHOTO aHaiizy SIMP-
CIEKTPAJIbHUX JIaHUX.

Ilepcnexmusu nodanvuiux 00CHiONHCEHb BKITIO-
YalOTh PO3LIMPCHHS 0a3W JaHUX CHEKTPaJIbHUX
XapaKTePUCTUK [UIA TOXIAHUX 3 HOBUMH THUIIAMH
3aMICHHKIB, [I€TaJbHE BHUBYCHHS TayTOMEPHUX
pisHOBar mMetomoM N SIMP-cnekTpockorii, po3-
poOJIeHHS METOJIB aBTOMAaTHM30BaHOI 1HTEpIpe-
Talii CIEKTPIB 13 BHKOPHUCTAHHSIM MAalIHHHOTO
HABYAHHS Ta CTBOPCHHS OHJIAMH-0a3 JaHUX CIICK-
TpaJIbHOT iH(OPMAIIii IS TIEHOIPUMIIHHIB.
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XPOMATOTI'PA®IYHE BUSHAYEHHS ITAPAITIETAMOJIY TA IBYITPO®EHY
Y DPAPMAINEBTUYHUX ITPEITAPATAX

[apayemamon ma idynpoper € Haudinviu nowupenumu bespeyenmypHumi 1iKapcoKUMU 3acobamu, o 3acmocosy-
10MbCs ON1A YCYHEHHs 6016068020 CUHOPOMY, SHUMICEHHS meMnepamypu mina ma 3MeHWeHHs 3anaibHux npoyecis. Buco-
Ka yacmoma ix UKOPUCMAHHSA, HASABHICIb 8EIUKOI KITbKOCTI 2eHePUUHUX (opm i camocmiliHe 3acmoCcy8aHHsa NayieH-
mamu 3yMO6I0I0Mb HeoOXIOHICIb CYBOPO20 KOHMPONIO AKOCHI Ma 00CMOGIPHO20 8U3HAUEHHS 6MicnTy OTIOUUX PedOBUH
i OoMiwoK y nikapcokux ghopmax. Y cmammi nposedeHo ananiz Qisuxo-XiMiuHux éiacmusocmeti napayemamony ma
ibynpopeny, pozensnymo ix gapmaxonociuni xapakmepucmuxu, memaoonizm i mexanizm 0ii. Oxpemy yeazy npuodiiero
CYYACHUM AHATTMUYHUM NIOX00am 00 idenmuikayii ma KitbKiCHO20 6U3HAYEHHS YUX npenapamis y gapmayesmu-
Hux i Oionociunux 06 'ckmax. Pozensanymo xpomamoepaiuni memoou (BEPX, HPLC-MS/MS, eazosa xpomamoepaghis),
Y@-cnexmpogomomempiro, mumpumempiio, erekmpoximiuni memoou ananizy. Illpoananizoeano ix uymuueicms, cenex-
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MUBHICb, MEXNCT BUABTIEHHS, WBUOKICMb GUKOHAHHSL A NPUOAMHIcMb 00 pymunHo2o konmpono. [lopiensnus memodis
NOKA3an0, Wo XpoMamozpapiuni Memoou 3a0e3neuyioms Hausuuyy mouHicme i 6I0MeOPIOGAHICIb Pe3YIbIMamie, mooi
SAK CNeKMPOPOMOMempuyHi Memoou 3a1uuaomspcs RPOCMUMU 1 OOCHYnHUMU Oi eKcnpec-ananizy. Pesynemamu docni-
0dICeH s NIOKPecaIomy 8aANCIUBICINb BUKOPUCTAHHS 8AI008AHUX MenO0di8 KOHMPONio AKocmi 015 3abe3nedenns Oes-
NneyHo2o ma epexmugHoeo 3acmocy8ants napayemamony i ioynpogeny, wo mac 3Havenns o1a gapmayesmuynoi ma
TMOKCUKONO2TYHOT NPAKMUKU.

Knrouosi cnosa: napayemamon, ioynpogen, ananimuuni memoou, BEPX (HPLC), Y®-cnexmpogomomempis, eazoea
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CHROMATOGRAPHIC DETERMINATION OF PARACETAMOL
AND IBUPROFEN IN PHARMACEUTICAL PREPARATION

Paracetamol and ibuprofen are among the most widely used over-the-counter drugs for pain relief, fever reduction, and
inflammation control. The high frequency of their use, the availability of numerous generic formulations, and the growing
trend of self-medication highlight the importance of strict quality control and reliable determination of active ingredients
and impurities in pharmaceutical preparations. This article presents an analysis of the physicochemical properties
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of paracetamol and ibuprofen, their pharmacological characteristics, metabolism, and mechanisms of action. Special
attention is devoted to modern analytical approaches for their identification and quantification in pharmaceutical and
biological samples. Chromatographic methods (HPLC, HPLC-MS/MS, gas chromatography), UV spectrophotometry,
titrimetry, and electrochemical analysis techniques are reviewed. Their sensitivity, selectivity, detection limits,
operational simplicity, and suitability for routine quality control are evaluated. The comparative analysis demonstrates
that chromatographic methods provide the highest accuracy and reproducibility, while spectrophotometric techniques
remain rapid and cost-effective for routine use. The findings emphasize the importance of validated analytical procedures
to ensure the safety and efficacy of paracetamol and ibuprofen, contributing to pharmaceutical quality assurance and

toxicological monitoring.

Keywords: paracetamol, ibuprofen, analytical methods, HPLC, UV spectrophotometry, gas chromatography, titrimetry,

quality control, pharmaceutical analysis, toxicology.

AKTyanbHicTe npodjemu. Ilapaneramon Ta
10ynpodeH € HaWOUTBII YXHBAaHHUMH Oe3peren-
TYPHUMHU JIIKapCBKUMH 3ac00aMU y CBITI 3aB/ISKU
iXHIH JOCTYMHOCTI, €PEKTHBHOCTI Ta IIMPOKOMY
cnekrpy tepaneBruyHoi nii (Skoog D., 2017;
Kopanenko C. M., 2018). Lli mpemaparu yacto
3aCTOCOBYIOThCS JUIsl JIIKYBaHHsI OOJIIO, Tapsyk,
3aMayieHHs] Ta 1HIIMX CHUMIITOMIB SIK Y JOPOCIHX,
Tak 1 B jiTei. [Ipore ix Oe3neuyHe BUKOPUCTaHHSA
HampsiMy 3aJIeKHTh BiJl TOYHOTO JO3yBaHHS,
JOTPUMaHHS CTaHJAPTIB SIKOCTI Ta KOHTPOJIIO 3a
HasBHICTIO MOXKMBHX noMmimiok (Boyka G., 2012;
Zambakjian, C., 2020).

B ymoBax m100anbHOTO 3pOCTaHHS BHPOOHU-
LITBAa TeHEPUYHUX IIPEapaTiB, 30UIbIIEHHS YaCTOTH
CaMOCTIHHOTO JIKYBaHHSI, a TAKOXK BUMAJKIB (asb-
cudikamii Jikapcbkux 3aco0iB, 0COOIMBOTO 3Ha-
YeHHs HaOyBae 3a0e3MeueHHs JJOCTOBIPHOTO SIKiC-
HOTO Ta KUIbKICHOTO KOHTPOIIIO TIapaleTamolly Ta
10ynpodeHy B pi3HHX Jikapchkux (opmax (Moffat
A.C., 2011; Pekcan, G., 2025). Kpim Toro, y pasi
nepeI03yBaHHs Il PEYOBHHU MOXYTh CIPHUYHHSATH
TSDKKI TOKCHYHI YPa)K€HHS — 30KpeMa TrenaToTOK-
CHYHICTH (TapareraMmoi) Ta ractpo- abo Hedpo-
TOKCHYHICTh (i10yrpodeH), 10 BHMAarae€ TOYHOTO
71a00paTOPHOTO MOHITOPUHTY Y OIOJIOTIYHUX Cepei-
osumiax (Nayan Pawar, 2023; Ky3smin B. 1., 2020).

CyyacHa aHamiTUYHA XiMisl TPOTOHYE LIMPO-
KUH CIIEKTp METOMAIB I BHU3HAYCHHS BMICTY
UX aKTUBHUX PEYOBUH, MPOTE BUOIp ONTHUMAIIb-
HOTO METOAY 3aJIe)KUTh BiJI MaTpull, Iiiel aHa-
i3y, HeoOXiqHOT Yy TMBOCTI Ta TouHOCTI (British
Pharmacopoeia, 2023; Snyder L. R., 2010). Tomy
po3poOKa, onTUMI3allisl Ta Badigaris eGpeKTHBHIX
METOAMK aHadi3y mapareramony Ta i0ympodeny
€ BOKJIMBHM HayKOBHUM Ta MPAKTUYHUM 3aBIAHHIM
¢dapmarii, ximii Ta menunmau (Koanenko C. M.,
2018; Boyka G., 2012; Zambakjian, C., 2020;
Moffat A. C., 2011.

Mera npociimkeHHss. MeTor0 ITaHOro HOCIHII-
JOKEHHS € aHai3 (i3UKO-XIMIYHUX BIACTUBOCTEH
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napareraMmoiny Ta 10ynmpodeHy, IOpiBHSHHS
iXHBOTO (hapMaKOJOTIYHOTO TPOQIITI0, a TaKOK
OOTpyHTYBaHHS 1 OIlIHKA CyYaCHUX aHAJITHUYHUX
METO/IB iX KUIbKICHOTO Ta SIKICHOTO BH3HAUCHHS
y dapManeBTHUHUX TMpernaparax i Ol0JOTTYHHUX
CepeIoBUINAX 3 METOI0 3a0e3NeueHHs] KOHTPOIIO
AKOCTI, Oe3MeKH Ta e(EeKTUBHOCTI 3aCTOCYBaHHS
3a3Ha4YeHUX JIKapChbKUX 3aco0iB. Okpema yBara
OPUIUIAETECA MPOBEIEHHIO XpoMarorpagdiqHoro
aHaJizy 3 METOI0 BH3HAYEHHS BMICTYy Mapaiera-
Moy Ta 10ynpodeHy B TKapchbKUX GopMax.
AHaJIi3 0OCHOBHMX MeTOAIiB BH3HA4YeHHs. [[1s1
BU3HAYCHHS Tapareramony ta ioynpodeny B dap-
MAIleBTHYHKX TIperaparax, Oil0JIOTIYHUX PpiIrHAX
Ta IHIIMX MATPHISIX BUKOPUCTOBYETHCS IIHPO-
KAH CIIEKTp aHATITUYHUX MeETofiB. Bubip Mertomy
3aJIeKUTh BIJ IIJIeH aHaii3y (SKICHE YM KiIbKICHE
BU3HAYCHHS, HASIBHICTH JIOMIIIOK), Yy TJINBOCTI, TOY-
HOCTI, CKJIQTHOCTI MaTpHIIi, @ TAKOXK BiJ HAsIBHOTO
o0/IagHaHHs Ta €KOHOMIYHOI moniibHOCTi. OCHO-
BHI METOAM BW3HAYECHHS IMX IperapaTiB MOXKHA
3TPYINyBaTH HACTYMHUM YWHOM (7AuB. Ta0m. 1)
(Hoang, V. D., 2014; Suresh Reddy Yelampalli,
2023; Orapuh, C. J., 2025; B. S. Hoffman, 2022;
United States Pharmacopeia and National Formulary,
2020; British Pharmacopoeia, 2024; European
Pharmacopoeia, 2023; Basavaiah K., 2007).
[Tpoanami3oBaHi aHATITHYHI METOIU BUSB-
JeHHS JEeMOHCTPYIOTh PI3HMH pIBeHb YYyTIH-
BOCTi, CEJIEKTUBHOCTI Ta TMPAKTUYHOI NpUAAT-
HOCTI 3aJIe)KHO BiJl YMOB 3aCTOCYBaHHs. 30Kpema:
YO-cnekTpopOTOMETpist € MPOCTUM 1 JOCTYITHUM
METOJIOM Uil PYTHHHOTO KOHTPOJIIO, TPOTE Ma€
0OMeXEHHsI Yepe3 HHU3bKy CeleKTHBHICTh, BEPX
(HPLC) 3aGesmedye BHCOKY TOYHICTH 1 JI03BO-
Jsi€ OMHOYACHO BHM3HAYATH KiTbKa KOMITOHEHTIB
y cxiaaaux marpuiix; HPLC-MS/MS Ta razosa
xpomMarorpadist IeMOHCTPYIOTh BUHSATKOBY UyTIIU-
BICTh 1 MIAXOMATH JIJISi TOKCUKOJIOTIYHOTO aHaJi3y
Ta (apMaKOKIHETHYHUX JIOCITIDKeHb, THUTpuUMe-
Tpist Ta TIIX 3anumaroTbes aKkTyalbHUMH JUIS
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IIBUJIKOTO CKPUHIHTY 200 KOHTPOJTIO SIKOCTI B yMO-
Bax OOMEKEHHUX PECypCiB.

ExcnepuMenTaabHa yacTuHa. YuctoTy mpe-
naparis i0ynpodeny Ta mapaeTamMmory nepeBipsIn
METOZIOM Ta30Boi Xxpomatorpadii. [TopiBHAILHMI
aHaJi3 yMOB TPOBEACHHSA Ta3oxpomatorpadiy-
HOTO JOCII/DKEHHS TI0Ka3aB, mo Juist i0yrnpodeny
Ta TMapaneTamolly BHUKOPHCTOBYBAJM OHAKOBE
oomamHanas  (Shimadzu  2010Plus, komoHka
HP-5MS) Ta ogHakoBuil pexuM BBEACHHS MPOOH
(aBrocammuiep AOC-20i+s, split 20:1) i3 3acTto-
CYBaHHSM IIOJIyM’ sIHO-10HI3alifHOTO JeTeKTopa.
OCHOBHI BIJIMIHHOCTI CTOCYIOTBCS TTapaMeTpiB
TEMIIEPaTYPHOI MPOTrpaMu Ta TMOTOKY Ta3y-HOCis:
s 10ynpodeHy ONTUMaTbHUM BUSBUBCS HIK-
YUl modaTKoBUN Temmepatypauii pexxum (85 °C)
13 moctymoBuM HarpiBanHsaMm 10 300 °C, Tomi sk
JUIsL TIapalieTaMolly MovyaTkoBa TeMIieparypa Oyia
Bumoro (180 °C) i3 KiHIIEBUM HArpiBOM JIMIIE 10
250 °C. Kpim Toro, mist i0ynpodeHy MIBHAKICTH
MOTOKY reiro ctaHoBuiaa 0,7 MII/XB, TOAI SIK IS
napaneramony — 1,0 mu/xB. Taki BiIMIHHOCTI
y TmapameTpax MiATBEPUKYIOTh HEOOXITHICTh

IHAMBIAYaJIBHOTO TiIOOpPY YMOB Xpomarorpady-
BaHHS JJIs1 KOXKHOT PEUOBHHU 3 METOIO JIOCSTHEHHS
YiTKOI TKOBOT PO3AUILHOCTI Ta TOYHOCTI KiJIbKiC-
HOTO BU3HA4YEHHS (1B Tabi. 2 Ta Tadim. 3)

Pesynbratu Ta ix oOroBopennsi. BuszHa-
YeHHsI KUIbKICHOTO BMicTy 10ympodeny y tadner-
Kax pI3HUX BUPOOHMKIB IOKAa3aJ0 BiIMIHHOCTI
3a5IexKHO Bif cepii. Y mpenapari i0ynpoden Hap-
a1 (200 MT) BMICT ZTi090i PEYOBHHU CTAHOBHB
y cepenHbomy Omm3pko 58—59 %, 1m0 € HUKHIM
3HAUYEHHSIM cepel] TOCIiKeHUX 3paskiB. [is npe-
napary i0ynpoden Jlekxim (200 Mr) KiTbKiCHHIA
BMICT cTaHOBUB ~77 %, Tomi sk ans i0ympoden
AT «Bitamiam» (200 mMr) — HalBUIIMIA piBEHB,
o6mm3bko 83 %. Ilpenapar i6ynpoden BXDB (200
MT') TIPOJIEMOHCTPYBAB 3HAYEHHA Ha piBHI ~64 %,
a i0ymnpoden «3mopoB’s» (200 Mr) — OIU3BKO
81 %. Takum 4yMHOM, yci 3pa3Ku MICTHIN 10Uy
PEUOBHHY B MeXaX, ONM3bKUX JI0 3asBJICHOI 103U
(=200 wMr), ane crocrepiraroThCs KOJUBAHHS BiJl
58 % no 83 %, mo CBITYHUTH MPO BIAMIHHOCTI
y BUPOOHMYHMX CEpisiX Ta BaXKIUBICTH KOHTPOIIO
SKOCTI (7UB. Ta0I. 4)

Tabmmis 2
YMoBU npoBeieHHs T0C/Ii/IsKeHHsI MeTOI0M ra3oBoi xpomarorpadii (idynpodgen)
I'azoBuii xpomatorpad Shimadzu 2010Plus
Kononka HP-5MS
JIOBXKHHA, J{iaMeTp, TOBIINHA TOKPUTTS 30 M x 0,25 MM x 0,25 MKkM
Ta3-nociit Temniit

IMotix ra3zy-Hocis:

0,7 Ma/xB (MOCTIHHUH MOTIK)

TemmeparypHa mporpama TepMocTara T, = 85 °C (Tpumaru 1 xB), narpis 20 °C/xs 10 T,;,, = 300°C (tpumatu 5 XB)

Pexxum BBORY IpoGu:

Asrocammiep AOC-20i+s

TToxin notoky

Split 20:1

Jlerexkrop nonym’ stHo-ioHi3aniiHui gerexktop APC(Det3ch)
Temmneparypa aeTekropa 310°C
Temneparypa iHxeKTopa 250 °C
Tabmua 3
YMoBH npoBeieHHS T0CTi/IXKeHHs] MeTOI0M ra3oBoi xpomartorpadgii (mapameramo.n)
I'azoBmii xpomarorpadg Shimadzu 2010Plus
Kononxka HP-5MS
JIOBXHHA, J[IaMeTp, TOBIIMHA TOKPUTTS 30 M x 0,25 MM x 0,25 MKM
I'a3-HoCiH Teniii

[Morik razy-Hocis:

1,00 mi1/xB (TIOCTIHHUI MOTIK)

TemneparypHa nporpama tepmocrara | 7,

wou. = 180 °C (Tpumaru 0,5 xB), Harpis 15 °C/xB no T,

=250 °C (tpumaru 1 xB)

THY.

PexxuM BBOZY IpOOH:

Agrocammuiep AOC-20i+s

Ioxin moToky

Split 20:1

Jerexrop noryM’stHo-1oHi3auiiHui nerexrop APC(Det3ch)
Temmeparypa gerekropa 300 °C
Temmneparypa iHxekTopa 300 °C
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Tabmus 4
Pe3yabTaTu BuszHaueHHnda tadiaerok [oynpodeny
Cepensi maca Maczf HABAKKH Pe3yabTaru nociigxeHHst
Toprosa mapka | o~ ercn, | AOCHAKyBaHOI Macosa Kinpxicuuii | Maca iynpogeny,
PCe10BHHM, I KOHIIEHTPAaLisi, MI/MJI BMicT ©, % Mr
0,01380 1,61752 58,61 199,54
ﬂza(l)ﬁ’oﬂfﬁ" 0,34046 0,02591 3,04454 58,75 200,02
0,01413 1,65202 58,44 198,96
. 0,01097 1,68513 76,81 198,45
ggg’;l‘; 0,25837 0,01405 2,16100 76,89 198,66
0,01105 1,69545 76,73 198,25
- 0,01028 1,70869 83,12 203,23
AT “2%13;“;‘““” 0,24356 0,01029 1,71700 83,44 202,45
0,01277 2,12695 83,31 202,91
0,01295 1,66014 64,12 201,48
fgfﬁi 031578 0.01440 1,84120 63.95 201,94
0,02346 3,01877 64,33 203,14
’ 0,01491 2,41886 81,12 199,58
“3%8‘;‘;"” 0,24603 0,01898 3,09087 81,44 200,37
0,00985 1,60274 81,35 200,15
Tabmug 5
Pe3ynbrartu BU3HAYEHHS apaleTaMoJLy
Cepeans maca Maczf HABAKKH Pe3yabTarn nociigxeHHst
Toprosa mapka TAGIeTKH, T AOCATKYBAHOL | MacoBa KOHLEHTPaList Ki.II-LKiCHI/Ii/‘I Maca Ioynpodeny
Ppe1OBUHM, T C, Mr/mJ BMicT ©, % m, Mr
, 0,00581 0,91209 78,44 324,59
3@‘32‘;‘;’1 0,41381 0,00462 0,72517 78,55 325,05
0,00705 1,10727 78,49 324,80
0,00548 0,87693 79,99 325,16
Hy_%‘?ﬁiw 0,40650 0,00659 1,05467 79,96 325,04
0,00464 0,74116 79,81 324,43
‘ 0,00581 0,90106 77,61 498,91
‘g‘g‘owh‘;; 0,64284 0,00388 0,60180 77,64 499,10
0,00454 0,70594 77,83 500,32
. 0,00434 0,74809 86,12 499,50
Jggg";;‘r‘ 0,58001 0,00472 0,81260 86,03 498,98
0,00497 0,85541 86,09 49933
0,00736 1,13313 77,01 499,07
Hsaé’(;“;ﬂ” 0,64806 0,00470 0,72603 77,23 500,50
0,00511 0,78976 77,31 501,02

3a pesyabraTamMu JOCIHIKEHHS TaOIeTOBaHMX
(dhopM mapareramoIry pi3HUX BUPOOHHKIB BCTAaHOB-
JICHO, 1110 BMICT Jif0401 PEYOBHHH Y BCIiX 3pa3kax
nepeldyBae B MeXax JOMyCTUMUX HOpM. Jliis mpe-
napatiB mapaneramon 310pos’s (325 mr) Ta napa-
neramon Jlyouudapm (325 Mr) KigbKiCHUN BMICT
craHoBUB 01m36K0 7880 %, 110 BIAIMIOBIgAE 3asB-
neHiit no3i. [ns mpemapariB mapameramorn Axicur
(500 mr) ta mapaneramon Jlapaurst (500 mr) BmicT
CTaHOBMB y Mexax 77-78 %, Tofi 5K y npenapari
napameramon Jlekxim (500 MT) BHSIBICHO ICIIO
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BUIIMIA BiJICOTOK — Onm3pko 86 %. Orpumani
pe3yiapTaTH CBIYaTh MpPO 3aJ0BUIBHY TOUHICTb
1 BIATBOPIOBAHICTh METOMY Ta MiATBEPIKYIOThH
BIJIOBITHICTh JOCIIPKYBAaHUX JIIKAPCHKUX 3aco-
0iB BUMoram (uB. Ta0II. 5)

Jns xpomarorpagiuHOro BU3HA4YEHHs Iapa-
1eTamMoiy Ta i0ympodeHy ycix TOPrOBHX MapokK
BUKOPHUCTOBYBaJIM 00’€M pO3UMHHMKA — 5 MI,
a 00’eM J0CTiKyBaHOT TpooH — 1Mit.

BucnoBku. Ilapaneramon Ta i0Oympoden,
K OOHI 3 HaWNOMIMPEeHIMMX Oe3pernenTypHuX
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npernapariB, BiIirparoTh BAXJIMBY pOJb y Cydac-  MPOAYKTaX € KPUTHYHO BKIMBUMH JJIsI OE3MEKU
Hi MEIUYHIN MPaKTHUII 3aBJSKA CBOIM 3HEOOJIO-  TAIliEHTIB.

BAJIBHUM 1 >KapO3HMKYBAJIbHUM BIIACTHUBOCTSIM. TakuMm uYmHOM, BHOIp METONY BH3HAYEHHS
He3sBaxaroun Ha CXOXKICTh y IIOKA3aHHSX JI0 3aCTO- ~ NOBHHEH 0a3yBaTuCs Ha MeTI JOCIIKEHHS,
CYBaHHS, Ili PEYOBHMHHM MalOTh NMPHHIIMIIOBO Pi3HI  XapakTepi 3pa3ka, HeoOXiTHOMY PiBHI Uy TIMBOCTI
MeXaHi3MHU Jii, 0 00yMOBIIIOE PI3HMIIIO y Tepa- Ta JOCTYIHOCTI JabopaTopHOro oOJIaaHAHHS.
MIEBTUYHOMY 3aCTOCYBaHHI, e()eKTUBHOCTI Ta po-  [lomanpie BIOCKOHAJICHHS aHAIITHYHUX TEXHO-
¢ini nmobiyanx edexriB. KoHTposib sIKOCTI, TOYHE  JIOTiH CIIpUSATHME OLIbII HAAIITHOMY MOHITOPUHTY
JI03yBaHHS Ta CBOEYACHE BUSBJICHHS HABITh HE3HA-  SKOCTI Ta O€3MEKH BXKMBAHMX JIKaPChKHX 3aC00iB,
YHUX KOHLIEHTpAIllil apameraMoiny i i0ynpodeny  BKIIOYAIOYH KOHTPOJb 32 MOXKIMBUMH (panbcudi-
B OiosoriyHUX 3pa3kax abo (apManeBTUYHHUX  KallisIMH
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PEHTITEHO®JIYOPECIHEHTHE JOCJ/IAXXKEHHSA CIIJIABIB,
O MICTATDH 30J10TO TA CPIBJIO

Y pobomi npeocmasneni pesynomamu 00CHiONCEHHS XIMIUHO20 CKIAOY CNAABIE, WO MICMAMb 301010 Ma cpiono,
@ MaKodC iHWI MEMAanu, i3 3acmocy8anHHAM CyUaACHO20 HEPYUHIBHO20 Memody peHmeeHogyopecyenmuozo ananizy (PPA).
AxmyanvHicms 00CTI0NHCEHHA 3YMOGLeHa HeOOXIOHICIMIO KOHMPOII AKOCHI 00PO2OYIHHUX MEMANi8 Ha PUHKY H0BETIPHUX
8Up00I6, Oe yacmo 3ycmpiuaromvcsa 8i0XULeHHs 6i0 3aA61eHux cmandapmis. Memoro pobomu Oy10 8uAGNIEHHA Ma AHANI3
Ghaxmuuno2o ckaady 8enipHUX 8Upobi8, Medaell ma MOHen Pi3HO20 iICMOPUYHO20 Nepiody Ma NOXOOHCEHHS.

I 0ocnioocenns Oyno euxopucmano cnekmpomemp ElvaX 3 npoepamnum 3abe3neueHHsm, 3a 00ONOMO20I0 KO0
NPOBEOeHO KINbKICHUU ma AKICHUU aHaniz cniagig. ¥ xo00i 00CIIOHCeHHs 106eNipHUX 8UPOODIE i3 30]10Mma 6CTNAHOBIEHO,
wo npoba dinbUoCmi NPOAHANI306aHUX 3DA3KI6 He 8I0N08I0ac Kieumy8anHio. 30kpema, y cyyachux eupobax 585 npobu
emicm 3010ma Koaueascs 8 mevicax 58.14-58.55 %, wo ons 0esxux 6upodie € HUMICHUM 3a MIHIMATLHO OONYCIUMULL CIMAH-
oapm. Busigneno, wo 015 30eutegnenns cniagie cpiono 6 nieanypi 4acmo 3aMiHIOIOMb YUHKOM, SIKULL € 3HAYHO OeUleGUILM.
Taxooic 8 00HOMY 31 3pA3KI6 BUAGLEHT HEOANCAHT OOMIWKYU HIKEIO, KU € ROMEHYIUHUM alepeeHOM. AHAni3 cPIOHUX 8UPO-
018 MAKoOIHC NPOOEMOHCIPYBAE SHAUHI GIOXUTEHHA: 6MICT CPIONA Yy 0esKux 3paskax 0ye Hudcuum 3a 3aaeneny 925 npooy,
MOOI AK 8 THUIUX 3HAYHO NEPesULyy8as i.

Hocnioocenns 3o1omux ma cpioHux meoaneil ma MoHem niOmeepouso iCmopuyHi 0coonusocmi ix supoOHUYmMaa.
Hanpuxnao, 3onoma monema uacie Muxonu Il matisce ideanvro sionosioac 3aseneniti 900 npobi, a cpioui nonmuHHuKU
suxapbysani @ 20-x p.p. Mumyio2o cmonimms mMaioms 3asuwenuti emicm cpiona. Ananis cyuacnux monem €6pocoiosy,
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Ykpainu ma Honvwi niomeepous sUKOPUCMAaHHA CReyYianiz3oeanux cniasie, makux Ax Heusunvoep ma Nordic Gold, wo
8I0N0BIOAE GIOOMUM MEXHON02IAM Kapoysanns. Ompumani pe3yibmamu niomeepoxcyions, ujo memoo PPA € naditinum
IHCIPYMEHMOoM 01 WBUOKO20 MA e(heKMUBHO20 KOHMPONIO CKAAJY MeMmanesux eupoodis, 0036015104U GUABTANU Hegi0-
nogionocmi ma ganvcughixayii, wo 0coonUE0 BaANCIUBO K Ol eKCHEPMHUX YCMAHO8, MAK 1 01 CROJMCUBAI8. 3a2anom,
NPOBeOeHUll AHANI3 OEMOHCMPYE BUCOKY ehexmusHicmb POA 015 ekcnepmuo2o 00CaiOHNCeHHS.

Knrwuosi cnosa: penmeenoghnyopecyenmuuii ananis, cniasu 3010ma, CHiadu cpiona, mMemaniuHi cniagu, r6emipHi
8UPOOU, MOHEMU.
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X-RAY FLUORESCENCE STUDY OF ALLOYS CONTAINING GOLD AND SILVER

This paper presents the results of a comprehensive study of the chemical composition of alloys containing gold and
silver, as well as other metals, using the modern non-destructive X-ray fluorescence (XRF) analysis method. The relevance
of the research is determined by the need for quality control of precious metals in the jewellery market, where deviations
from declared standards are often encountered. The aim of the work was to identify and analyze the actual composition
of jewellery, medals, and coins from various historical periods and origins.

For the study, an ElvaX spectrometer was used to perform quantitative and qualitative analysis of the alloys. During
the analysis of gold jewellery, it was found that the fineness of most of the analyzed samples did not correspond to the
hallmark. Specifically, in modern 585-fineness items, the gold content ranged from 58.14-58.55 %, which for some items
is below the minimum permissible standard. It was discovered that to cheapen the alloys, silver in the ligature is often
replaced with zinc, which is significantly cheaper. Additionally, an undesirable impurity of nickel, a potential allergen,
was found in one of the samples. The analysis of silver items also showed significant deviations: the silver content in some
samples was lower than the declared 925 fineness, while in others it significantly exceeded it.

The study of gold and silver medals and coins confirmed the historical features of their production. For example,
a gold coin from the time of Nicholas Il (sample 12) almost perfectly matches the declared 900 fineness, while silver
«poltinniksy (samples 14, 15) have an inflated silver content. The analysis of modern coins from the European Union,
Ukraine, and Poland confirmed the use of specialized alloys such as Neusilber and Nordic Gold, which is consistent with
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known minting technologies. The results confirm that the XRF method is a reliable tool for quick and effective control of
the composition of metal products, allowing for the detection of inconsistencies and falsifications, which is particularly
important for both expert institutions and consumers. Overall, the conducted analysis demonstrates the high effectiveness

of XRF for expert examination.

Keywords: X-ray fluorescence analysis, gold alloys, silver alloys, jewellery, coins.

Gold and silver items, traditionally used as
jewellery, remain popular due to their aesthetic
qualities and corrosion resistance. However, pure
gold is a soft metal, meaning jewellery made from
it quickly deforms. To enhance wear resistance,
reduce cost, and expand the colour palette, other
metals are added to gold, forming alloys.

The mass content of the precious metal in an
alloy is called the fineness and is marked with a
digital hallmark. In Ukraine, as in many other
countries, the metric fineness system is used,
which indicates the number of grams of pure metal
per one kilogram of the alloy (Instruction, 1999).

The colour of a gold alloy depends on the
composition of the ligature (alloying elements). For
example, yellow gold is achieved with a balanced
content of zinc, copper, and silver. The intensity of
red gold is determined by the proportion of copper,
while white gold requires the addition of platinum,
palladium, silver, or, in some cases, nickel. Notably,
the use of nickel in jewellery manufacturing in
Europe has been banned since 2011 due to its
allergenic properties (Tkachuk, 2023).

Unfortunately, counterfeits are often found in
the jewellery market, which makes controlling the
composition of these items essential. One of the
most effective methods for this purpose is X-ray
Fluorescence Analysis (XRF), which allows for
the rapid and non-destructive determination of
the qualitative and quantitative composition of the
material. XRF is actively used in forensic science
and the jewellery industry, particularly for checking
fineness conformity (Tkachuk & Navrotska, 2022).

The aim of this work is to investigate the
chemical composition of gold and silver alloys, as
well as other metal items, using the XRF method,
and to compare the obtained results with the
declared characteristics of the items.

The study employed the ElvaX X-ray
fluorescence spectrometer (Beckhoff, 2007). The
analysis was conducted on the following sample
groups:

— gold jewellery: three modern, yellow gold
items with 585 fineness of Ukrainian manufacture
(Samples 1, 2, 3); red gold earrings with
585 fineness, dating from the 1990s (Sample 4);

Table 1

Qualitative and quantitative composition of gold jewelry

Sample Number | Element Acquisition Time, s Line Series Intensity Content, %
Au L - 58.191 £ 0.146
1 Cu 121 K - 30.722 £ 0.121
Zn K - 8.845+0.113
Ag K - 2.242 +0.033
Au L - 58.144 £ 0.131
Cu K - 30.503 £0.112
2 Zn 120 K - 7.497 £ 0.100
Ag K - 3.274 £ 0.034
Ni K - 0.583 £ 0,031
Au L - 58.546 £ 0.128
3 Cu 121 K - 26.849 £0.108
Ag K — 7.807 £ 0.049
Zn K - 6.797 £ 0.095
Au L 936,912 39.800 £ 0.079
4 Ag 121 K 320,000 39.133 £0.093
Cu K 616,841 21.067 £0.056
Au L 550,127 74.546 £ 0.092
5 Ag 141 K 182,283 15.511 £0.070
Cu K 78,821 9.943 £0.074
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yellow gold ring with 750 fineness, produced in the
USSR during the 1960s (Sample 5);

— silver jewellery: a ring with 925 fineness
from Greece (Sample 6); a bracelet from Sri Lanka
(Sample 7); a necklace from Ukraine, 19th—20th
centuries (Sample 8); a brooch with 925 fineness,
dating from the beginning of the second half of the
20th century (Sample 9);

— gold and silver coins and medals: gold medals
from 1958 and 1987 (Samples 10, 11); a gold coin
from the time of Nicholas II (late 19th — early 20th
century) (Sample 12); a silver commemorative
coin, «Princess Olga,» 1999 (Sample 13); silver
«poltinnik» coins from the USSR, 1924 and 1925
(Samples 14, 15);

— items made from other alloys: an ornament
made of a copper and silver alloy (Sample 16); a

brass ornament (Sample 17); USSR 1 ruble coins
(Samples 18, 19); European Union coins with
denominations of 2€, 1€, 50¢, 1¢ (Samples 20, 21,
22, 23); a Polish coin with 1 grosz denomination
(Sample 24); a Ukrainian coin with 2 UAH
denomination (Sample 25).

Spectra and  quantitative  characteristics
were obtained using the ElvaX software, which
also determined the fineness of the items. The
analysis time for each sample is specified in the
corresponding tables.

The results of the gold jewellery analysis are
presented in Table 1 and Figure 1. The analysis
duration, typically 120-141 seconds, was chosen
to ensure high statistical reliability with an error
margin of £0.079-0.146 %. The analysis utilized
the L-series lines (around 9.7 keV) for gold, and

(3]

Fig. 1. XRF spectrum of gold jewelry
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Table 2
Qualitative and quantitative composition of silver jewelry
Sample Number | Element Acquisition Time, s Line Series Intensity Content, %
6 Ag 31 K 1,579,772 92.246 + 0.066
Cu K 62,168 7.754 £0.075
Ag K 57,131 97.970 + 0.294
7 Cu 41 K 2,734 1.886 + 0.082
Au L 266 0.144 £0.028
3 Ag 3 K 1,541,077 96.535 +0.053
Cu K 25,822 3.465 +0.057
9 Ag 3 K 554,818 95.278 £ 0.082
Cu K 12,427 4.722 +£0.094
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Fig. 2. XRF spectrum of silver jewelry
Table 3

Qualitative and quantitative composition of gold medals and gold and silver coins

Sample Number | Element | Acquisition Time,s | Line Series Intensity Content, %
Au L 7,635,779 79.952 £0.038
10 Cu 120 K 2,188,384 18.413 £0.028
Ag K 272,384 1.635 £ 0.008
1 Au 121 L 10,187,186 98.876 £ 0.02
Cu K 127,699 1.124 £ 0.011
Au L 9,275,587 91.647 £ 0.020
12 Cu 121 K 961,591 8.122£0.019
Ag K 36,048 0.231 £ 0.005
13 Ag 30 K 1,373,192 91.59+£0.12
Cu K 26,862 8.41 +0.18
14 Ag 31 K 1,604,525 97.397 £ 0.048
Cu K 20,005 2.603 £ 0.049
15 Ag 31 K 1,432,794 95.95+0.10
Cu K 12,869 4.05+0.14
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the K-series lines for the lighter alloying elements:
copper, zinc, and silver.

The ElvaX spectrometer software determined
the fineness of samples 1 and 2 to be only 500, while
Sample 3 was identified as 585. This indicates that
the gold content in the first two items (58.19 %
and 58.14 %, respectively) was lower than the
minimum permissible standard for 585 fineness
(58.33 %). This discrepancy may result from
rounding errors or a violation of manufacturing
technology (Artyukh, 2018). The gold content
in sample 3 (58.55 %) did, however, match the
declared fineness.

Analysis of the alloying elements in the
modern yellow gold items (samples 1-3) revealed

10

........

111 2

__________________________

that after gold, copper was the most prevalent
element (21-31 %). Crucially, zinc (7-8.5 %),
which is significantly cheaper than silver,
constituted a larger proportion of the alloy than
silver (2.2-8 %). This confirms that jewellers
may be replacing silver with zinc to reduce the
manufacturing cost of the items. Additionally, a
minor content of nickel (~0.5 %) was detected
in sample 2, which is an undesirable impurity
(Lemberge, n.d.).

Sample 4 contains Au 39.80 %, Ag 39.13 and
Cu 21.07 % which does not correspond to any
standard fineness. However, neither zinc nor nickel
was detected in this item. Sample 5, manufactured
in the USSR and marked as 750 fineness, showed

i 11

13

N

15

Fig. 3. XRF spectra of gold medals and gold and silver coins
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a content of according to the XRF results, placing
it Au 74.55 % closer to 585 fineness than to 750.
The ratio of alloying elements in this sample is also
distinct, with a higher silver content (15.51 %) than
copper content (9.94 %) (Li, 2015).

The results from the analysis of silver jewellery
are presented in Table 2 and Figure 2. The
analysis time, ranging from 31 to 41 seconds, was
considered sufficient to achieve an acceptable error
margin of £0.053-0.294 %. The K-series lines
with an energy of approximately 22 keV were used
for this analysis.

According to the XRF results, the silver content
in Sample 6 was 92.25 %, which is slightly below
the standard for 925 fineness. Consequently, the
software identified it as 875 fineness. Sample 7
contained silver 97.97 % and copper 1.89 % with
a minor gold impurity, a composition that does not
correspond to any standard fineness. The necklace
(Sample 8) showed a composition of Ag 96.54 %
and Cu 3.47 %, corresponding to 960 fineness. The
brooch (Sample 9), though marked as 925 fineness,

showed an analysis result of Ag 95.28 % and Cu
4.72 %, significantly exceeding the 925-fineness
standard. These results clearly demonstrate the
considerable variations in the composition of silver
items (Chiojdeanu & Cristea-Stan, 2011).

The results from the analysis of the gold medals
and gold and silver coins are presented in Table 3
and Figure 3.

The gold medal from 1958 (Sample 10)
contained gold (~80 %), suggesting the use of an
alloy different from what may have been declared.
The gold medal from 1987 (Sample 11) had a
composition 98.88 % of gold. Since is a surface
analysis method was applied, this very high gold
content is likely explained by the presence of gold
plating on the item. The gold coin from the time
of Nicholas II (Sample 12) confirmed the declared
900 fineness with a composition of Au 91.65 %, Cu
8.12 %, Ag 0.23 %.

The silver commemorative coin “Princess Olga”
from 1999 (Sample 13), declared as 925 fineness,
showed an Ag content of 91.59 %, which is closer

Table 4
Qualitative and quantitative composition of non-jewelry art products and coins
Sample Number | Element | Acquisition Time, s | Line Series Intensity Content, %
16 Cu 30 K 609,602 74.73 £0.16
Ag K 824,458 25.27+0.07
17 Cu 31 K 962,090 65.26 £ 0.10
Zn K 737,133 34.74 £ 0.09
Cu K 925,133 56.94 £0.11
18 Zn 31 K 459,765 29.10 £ 0.10
Ni K 210,702 10.99 £0.06
Mn K 31,611 2.97 £0.06
Cu K 879,341 54.19+0.11
Zn K 507,179 54.19 £0.11
19 Ni 31 K 202,337 10.44 £ 0.06
Mn K 43,546 10.44 £ 0.06
Cu K 5,039,532 76.681 +0.035
20 Zn 121 K 1,444,329 18.441 £ 0.037
Ni K 381,559 4.877£0.018
21 Cu 120 K 6,139,683 77.432 +0.036
Ni K 1,645,825 22.568 £0.032
” Cu )1 K 2,967,861 94.843 + 0.069
Zn K 223,458 5.157 £0.046
2 Cu )1 K 3,016,710 96.510 £ 0.068
Fe K 136,896 3.490 £ 0.037
Cu K 5,237,297 77.754 £ 0.031
24 Zn 120 K 1,940,193 20.957 £0.036
Fe K 105,628 1.289 £ 0.015
25 Ni )1 K 3,051,365 99.508 £ 0.0
Fe K 22,173 0.492 £ 0.016

N
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Fig. 4. XRF spectra of non-jewelry art products and coins
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to the 875-fineness determined by the instrument
(Serrano, 2023). The silver “poltinnik” coins from
1924 (sample 14) and 1925 (Sample 15), despite
being marked as 900 fineness, demonstrated an
elevated silver content (97.40 % and 95.95 %,
respectively).

In addition to the gold and silver items, we
investigated ornaments that do not belong to the
jewellery category but can be classified as art metal
products or costume jewellery, as well as various
coins. The results of these studies are shown in
Table 4 and Figure 4.

Sample 16, containing 74.73 % Cu and
25.27 % Ag, is a copper-silver alloy that does
not adhere to traditional jewellery standards. It is
most likely classified as costume jewellery. The
composition of the brass ornament (Sample 17)
confirmed that it is made of a copper-zinc alloy
(Mazuki, 2023).

Analysis of the USSR coins from 1964 and
1970 (Samples 18, 19) confirmed they were made
from cupronickel (a copper-zinc-nickel alloy,
often referred to as German silver or Neusilber),
known for its silvery colour and high durability.
The composition of the European Union coins
(2¢€, 1€, 50¢) and the Ukrainian 2 UAH coin aligns
with known minting technologies: bi-metallic
alloys for the euro coins (Cu-Zn-Ni and Cu-Ni),
the Nordic Gold alloy (Cu-Zn) for the 50¢ coin,
steel cores with a coating of copper (1¢) or nickel
(2 UAH).

The study of the chemical composition of
jewellery, medals, and coins using the XRF
method demonstrated its high effectiveness as
a non-destructive tool for quality control of
precious metals. The significant discrepancies
found between the hallmarking and the actual
composition, especially in modern items, point
to systemic issues in the jewellery market,
specifically suggesting possible falsification and
non-compliance with established standards.

In particular, it was confirmed that to reduce
the cost of gold alloys, silver in the ligature is
often replaced with cheaper zinc. Furthermore, an
undesirable impurity of nickel, a known allergen,
was detected in one of the samples. These results
underscore that the XRF methodology is critically
important for expert institutions seeking to protect
consumers from unscrupulous manufacturers. In
contrast, the analysis of historical items, such as
the gold coin, confirmed that minting technologies
in the past were generally more accurate, and
the alloy composition adhered to the declared
fineness. The investigation of other metal items,
including European Union and Ukrainian coins,
also confirmed that their composition aligns with
known technologies, such as the use of cupronickel
(Neusilber) and Nordic Gold alloys, further
demonstrating the reliability of XRF as a method
for metal identification across various applications.

Based on the conducted analysis, several key
conclusions were drawn:

1. The study confirmed that a significant
portion of modern jewellery items deviates from
the declared fineness, indicating a mismatch
between the marking and their actual chemical
composition.

2. It was established that silver in modern gold
items is often replaced by cheaper zinc, and the
presence of undesirable impurities, such as nickel,
was detected in some samples.

3. Analysis of historical gold and silver
coins showed that their composition generally
corresponds to the declared characteristics,
reflecting historical production features.

4. The investigation of coins and other metal
products confirmed adherence to established
technological standards for minting.

5. Ultimately, the obtained data proves that
XRF analysis is an indispensable, rapid, and non-
destructive tool for quality control, essential for
detecting falsifications in the precious metals market.
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AMIJHI NOXIAHI 1,2,4-OKCAAIA30JY SAK HEPCIIEKTUBHI ATEHTH
3 MOABIMHOIO ®YHTTIUJIHOIO TA HEMATOIIUTHOIO JI€IO

Tpubrosi ma Hemamoowi namozenu, wo yacmo OioNb CUHEPIYHO, CHAHOGIAMYb CEePUO3HY 3a2po3y NPOO00GObYIL
oesneyi. Tpaduyitini memoou 3axucmy pociun nepeddbauams 3acmocy8ants OKpeMux QyHeiyudie abo nemamuyuois,
Wo niosuuye XimMiune HABAHMAIICEHHS Md CAPUAE PO3GUMKY pesucmenmuocmi. Ilepcnekmusnum nioxooom € po3podka
MONeKy1 NOOSIHOI i, 30amHux O00HOYACHO NpucHiuysamu epubkogi ma HemamooHi namoeenu. Ocobrusy yeaezy
npugepmaroms amioni noxiowi 1,2,4-oxcadiazony 3a60aku ix XiMiuHiti MOOYIbHOCMI, 2emepoamoMHOMY CKIAdy md
cnpusmaueomy npoghinro moxcuurocmi. Li cnonyku 0eMoHCcmpyoms 8UCOKUL Pi6eHb IH2IOY8AHHS CYKYUHAMOe2iopoceHasu
(SDH), w0 npu3eo0umbs 00 O10Ky8AHHA €IeKMPOHHO20 MPAHCIOPNTY, HOPVILEHHS OKUCTIOBATLHO20 (hOCHOPUTIOBAHHS MA
eHepeemuUtHO20 BUCHANCEHHS NAMO2EHI8.

Y pobomi suxopucmano cucmemamuunuii 0ens0 nyorixayin y 6asax Scopus, Web of Science ma PubMed. [Iposedero
NOPIBHAILHULL AHANI3 CuHmemuyHux cmpameiti amionux 1,2,4-oxcadiasonie ma cucmemamu3o8ano Oaui wjooo ix
Gyneiyuonoi ma nemamoyudnoi axmuenocmi 3 3acmocy8annam SAR-ananizy Ons UAGIEHHs CMPYKMYPHO-AKIMUGHUX
3akoHomipnocmeil. AHaniz NOKA3ags, Wo MAKCUMAIbHA AKMUBHICHb 00CA2AEMbCSL NPU NOCOHAHNT 2emepoapoOMamuyHUxX
3aMICHUKIB (30Kpema MipuOUIbHUX), ONMUMATLHOSO 2aJI02eHY8AHHS A SHYUKO20 AMIOH020 JiHKepd, Wo 3abe3neyye
NPABUILHY OPIEHMAYito MOLEKYAU Y AKMUBHOMY Calimi pepmenmy.

Busieneno k0uo8i cmpyKmypHi (ppazmenmu, wo UHAYAoms GUCOKY 0i0102TUHY e(heKmUBHICIb, Ma 3anponoHOBAHO
PeKoMeHOayii wooo onmumizayii cunmemuunux npomokonis. Ilooarvua onmumizayis modice 6ymu 30iliCHEHA WLTAXOM
MOOYIbHO20 OU3AUHY MOLEKVI, O00CACHeHHA Oanancy 2iopoghobnocmi ma inmeepayii 6MOPUHHUX Mexanizmie Oii,
30Kpema eeHepayii akmueHuX (opm KUCHIO, 13 3MEHUIeHHAM MOKCUYHOCII Ma Pusuxy OioakymMynsayii (exonoeiunuil
SAR). Bnposaooicenns amionux noxionux 1,2,4-oxcadiazony ax iHHOBAYIUHUX aceHmie NOO0SIHOI Oii 8i0Kpusac
nepcnexmugy nioguiyeHHs NPOOYKMUSHOCMI A2pOKYIbIYp, 3MEHIEHH Yacmomi 06po60K ma CMpPUMy8aHHS PO3GUMKY
pe3ucmeHmnocmi.

Kniwouosi cnosa: 1,2,4-oxcadiazon, amioni noxioui, cunmes, (hyHeiyuOHa akmueHicmb, HEMAMOYUOHA AKMUBHICTb,
cykyunamoeziopoeenasa (SDH), cmpykmypHo-axmusHi 36 a3k (SAR).

Relevance of the Problem. Global food Conventional plant protection strategies
security remains under constant pressure from rely on the separate application of fungicides
biotic factors, including pathogens and pests, or nematicides, necessitating the combination
which cause substantial damage to agricultural of multiple agents, which increases costs and
crops. According to expert estimates, crop losses  environmental load. Dual-activity molecules that
worldwide due to their impact can reach 2040 %  simultaneously suppress both fungi and nematodes

(Yu, 2025). offer a more efficient approach to pathogen control
A particular threat arises from the simultaneous ~ while reducing overall pesticide burden.
infection of plants by fungi and nematodes, One promising strategy for developing

which often results in synergistic interactions:  dual-action agrochemicals is the use of the
cumulative losses exceed the additive effect 1,2,4-oxadiazole scaffold. Its advantages include:
of individual pathogens (Liu, 2022). Among — heteroatomic nature: the presence of oxygen
known plant pathogens, more than 8,000 fungal and nitrogen atoms facilitates specific interactions
species cause diseases, including Fusarium  with biological targets, particularly enzymes.
graminearum, Botrytis  cinerea, Sclerotinia — chemical  modularity: ~ variations  in
sclerotiorum, Rhizoctonia solani, Blumeria spp.,  substituents on the ring carbon atoms and
Pythium spp., Colletotrichum spp., Puccinia  functional groups (amides, halogens, CF;, etc.)
spp., and Phytophthora spp., accounting for allow fine-tuning of physicochemical properties
approximately 85 % of all crop diseases (Dang, (pKa, lipophilicity) and bioactivity.

2011). Concurrently, plant-parasitic nematodes — safety and stability: the 1,2,4-oxadiazole
such as Meloidogyne incognita, Aphelenchoides  structure 1is already employed in known
besseyi, and Bursaphelenchus xylophilus inflict — agrochemicals (e.g., the nematicide thioxazafen)
severe damage on agriculture (Xie, 2019). Their ~ (Ju, 2023), demonstrating a favourable toxicity
combined synergistic impact highlights the urgent  profile and synthetic accessibility.

need for universal control agents, including the The integration of 1,2,4-oxadiazole-based dual-
development of new chemical compounds with  action molecules into crop protection systems
dual activity capable of simultaneously targeting  presents a promising approach for the simultaneous
both classes of pests (Liu, 2022). control of fungal and nematode pathogens,
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reduction of chemical load, and enhancement of
agroecosystem resilience.

Analysis of Recent Studies and Publications.
Nitrogen-containing  heterocyclic  structures,
particularly oxadiazole derivatives, occupy a
prominent position in contemporary medicinal
chemistry and the development of new bioactive
compounds. Notably, approximately three-quarters
of modern herbicides and pesticides contain at
least one heterocyclic ring (Gomtsyan, 2012).
The high biological activity of these structures
is attributed to their ability to participate in a
wide range of intramolecular interactions — van
der Waals, hydrophobic, hydrogen bonding, and
coordination — which facilitates effective binding
to catalytic centres and allosteric sites of biological
targets (Kumar, 2022). Consequently, oxadiazole
heterocycles are regarded as one of the most
valuable pharmacophores today.

In recent years, the 1,2,4-oxadiazole core has
established itself as a versatile structural scaffold,
both in the design of pharmaceutical agents (fig.
1) (Biernacki, 2020, Kumar, 2024) and in the
development of highly active agrochemicals (Fu,
2024, Zhao, 2024, Zhong, 2023, Chen, 2025).

A key trend in recent years has been the
growing interest in 1,2,4-oxadiazole as a scaffold
for designing succinate dehydrogenase inhibitors
(SDHIs) (Hu, 2025, Yu, 2025). SDHIs have long
held a leading position in the fungicide market, but
pathogen resistance and the structural conservatism
of their mechanism of action underscore the need
for new molecular classes. In this context, amide-
substituted 1,2,4-oxadiazoles emerge as a promising
direction: their electronic structure, aromaticity,
and ability to form specific intermolecular
interactions make the oxadiazole scaffold suitable
for precise modulation of interactions within the
SDH Q-domain. Thus, amide 1,2,4-oxadiazoles
represent a natural extension of this trend, offering
anovel approach to inhibiting the respiratory chain
of fungal and nematode pathogens.

0O
------------------------- N\
@rrssnrrisrnrsanaasrsrrrsenrssnnnnrrnnst’ [ YTTTTTTTTrTTIORY ®
Antibacterial Antiviral Antifungal Antiparasite
activity activity activity activity

In agrochemical design, the principle of
active substructure splicing — combining multiple
biologically relevant substructures into a single
hybrid molecule — is widely employed. For amide
1,2,4-oxadiazoles, this involves linking two or
more aromatic or heteroaromatic fragments via the
oxadiazole ring and the amide moiety (Ou, 2025).

Recently, several new nematicides containing
amide fragments with broad-spectrum and
sufficiently high activity have been reported
(Flemming, 2025, Liu, 2022, Lahm, 2017,
Schleker, 2022, Thompson, 2024). Among them are
fluopyram, fluazaindolizine, and cyclobutrifluram
(fig. 2).

Notably, fluopyram has demonstrated high
efficacy against a broad spectrum of phytoparasitic
nematodes (Jeschke, 2017, Miles, 2014, Schleker,
2022), confirming the effectiveness of the amide
fragment in designing novel nematicides. The amide
moiety is not merely a chemical linker; it serves
as a critical molecular bridge with dual functional
significance. First, the amide provides structural
flexibility necessary for optimal ligand orientation
within the SDH active pocket. Second, it contains
key donor and acceptor sites (NH and C—0 groups)
to form stabilising hydrogen bonds with amino
acid residues of the target protein. As demonstrated
by recent studies (Liu, 2022), newly synthesised
compounds containing an amide fragment
exhibit biological activity comparable to modern
commercial fungicides, highlighting the pivotal role
of the amide bridge in enzyme inhibition.

Analysis of recent literature indicates that SDH
inhibitors remain one of the most dynamic areas
in the development of new fungicides (Liu, 2022,
Wang, 2021, Yan, 2018). Their mechanism of action
involves blocking SDH, an enzyme simultaneously
involved in the tricarboxylic acid cycle and the
mitochondrial respiratory chain (Cecchini, 2003,
Sun, 2005). Molecular modification via the amide
bridge allows the creation of a novel enzyme
binding mode, potentially circumventing existing

Antitumor
activity

Antitubercular
activity

Antiinflammatory
activity

Fig. 1. Pharmacological activity of 1,2,4-oxadiazole derivatives
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Fig. 2. Structures of reported antifungal and nematicidal compounds containing amide
or 1,2,4-oxadiazole fragments

resistance (Miyamoto, 2020, Wang, 2021). Notably,
well-known SDHI fungicides — fluopimomid,
florilpicozamide, tifluzamid — and nematicides
fluazaindolizine and cyclobutrifluram (fig. 2) all
contain an amide linkage. This highlights that
incorporating amide fragments into the structures
of new 1,2,4-oxadiazoles is a key strategy for
developing selective fungicides and nematicides.
Research Objective. The objective of this
study is to summarise current data on the structural
features, synthetic strategies, and SAR profiles
of amide-substituted 1,2,4-oxadiazoles as a
promising class of dual-action agrochemicals with
simultaneous fungicidal and nematicidal activity,

By catalytic
reaction

By non-catalytic y
reaction S

By cycloaddition

By photo-oxidation

and to identify the key factors that determine their
biological efficacy.

Presentation of the Main Research Material.
The synthesis of amide 1,2,4-oxadiazoles
typically involves two key stages: the formation
of the heterocyclic core (Kumar, 2024) (fig. 3)
and subsequent functionalisation with an amide
moiety. The primary pathways for constructing the
1,2,4-oxadiazole ring involve cyclisation reactions,
particularly the reaction of hydroxamidochlorides
with nitriles, which yields a compact and stable
scaffold. After formation of the heterocyclic core,
the introduction of the amide fragment is a critical
step for modulating biological activity.

By microwave
irradiation

P By condensation
By cyclodehydration

By biradical reaction

By ultrasonic
method

Fig. 3. Synthetic approaches for obtaining the 1,2,4-oxadiazole ring
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Fig. 4. General approach to the synthesis of the 1,2,4-oxadiazole ring

Actypical standard synthetic approach, employed
by numerous authors (Fu, 2024, Kharchenko,
2008, Kharchenko, 2009, Liu, 2019, Liu, 2022,
Liu, 2025, Ou, 2025, Zhong, 2023, Zhu, 2025),
involves the synthesis of amidoximes via the
reaction of substituted nitriles with hydroxylamine
hydrochloride, followed by cyclocondensation of
the resulting amidoximes with anhydrides or acyl
chlorides of carboxylic acids or their synthetic
equivalents (Fig. 4).

For example, the authors of the work
(Liu, 2022) conducted a synthesis (fig. 5)
based on various (hetero)aromatic nitriles
with hydroxylamine. Amidoximes A were
synthesised and then treated with ethyl oxalyl
chloride in acetonitrile. The resulting esters B
were hydrolysed with LiOH in ethanol to yield
acids C. Compounds C reacted with oxalyl
chloride to form chloroanhydrides D, which
were subsequently converted into target amides
F1-F24 via reaction with primary amines.

OH

NH,OH * HCI, NaOH
-
EtOH

%_

Ar2 — CN
NH,

2

Ar2

A (74-97%)
Ar2, Ar2 = Ar, Het
n=012

N/Ov/(
\ /) NH,

NHZ/(A}r?An

v

O)/&

This modular approach allows for rapid
variation of the Arl and Ar2 substituents, typically
halogenated phenyls or heterocycles (fig. 5),
enabling straightforward modification of one of
the aromatic substituents for quick investigation of
structure-activity relationships (SAR).

According to Liu (2022), all obtained
compounds (F1-F24) exhibited moderate to high
mycelial growth inhibition at a concentration of
50 mg/mL. Notably, compounds F3, F15, F18 and
F20 showed good antifungal activity against B.
cinerea, with inhibition rates of 56.8 %, 58.2 %,
55.9 % and 55.8 %, respectively. These values,
however, were lower than those for reference
agents fluopyram (87.3 %) and tifluzamid (80.3 %)
(fig. 1). In contrast, compounds F1, F3, F9, F14
and F15 exhibited high antifungal activity against
S. sclerotiorum, with inhibition rates of 73.2 %,
84.85 %, 61.1 %, 65.2 % and 89.3 %, respectively.
Compound F15 demonstrated particularly high
efficacy against S. sclerotiorum (ECsy = 2.9 mg/mL),

rud B (64-77%)

LiOH
EtOH

| A

(cocl),
OH

)‘ '
Ar2

Arl
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A2z 2Py n=2;

Ar2=s 301-5-CFy-2-Py, n= 2,
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Fd: Arl= CeHy, Ard= 2 4-0i-CHCgHa, n = 0;

F5: Ari= 4.CH3-CgH,y, A2 2.Py n= 2,
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FT: Arl= 4-CHy-CeHy, 25 2 4-0i-F-CeHa, n = 1;
FB: Ar1= 4-CH3-CgHy, Ar21 2 4-gi-C-CeHa, n = 0;
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Fig. 5. Synthetic scheme
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which is comparable to tifluzamid (4.3 mg/mL)
and fluopyram (1.2 mg/mL) (Li, 2022).
Morphological analysis revealed that F15 induced
abnormal collapse and wrinkling of S. sclerotiorum
hyphae, thereby directly inhibiting pathogen growth.

SAR analysis of these 1,2,4-oxadiazoles showed
that the presence of an aryl substituent at C(3)
and B-arylethylamine groups resulted in higher
activity against B. cinerea and S. sclerotiorum for
compounds with an unsubstituted pyridine ring
compared to those with trifluoromethyl or chloro-
substituted pyridine. This is exemplified by the
following activity profiles of 1,2,4-oxadiazoles
bearing substituted and unsubstituted pyridine
rings against S. sclerotiorum and B. cinerea: F1
(73.2 % and 24.2 %) > F2 (48.6 % and 23.6 %); F5
(56.3 % and 24.9 %) > F6 (56.0 % and 22.9 %); F9
(61.1 % and 26.7 %) > F10(48.6 % and 24.2 %).
When a heterocyclic substituent was introduced at
C3, the trend shifted as follows: F14 (65.2 % and
36.4 %) > F13 (41.1 % and 27.3 %); F18 (34.9 %
and 55.9 %) > F17 (10.1 % and 27.6 %); F22
(37.6 % and 45.2 %) > F21 (35.1 % and 38.8 %).
The highest activity was observed for compounds
with » = 1 and a 2,4-difluorophenyl group: F3
(41.1%and 27.3 %) > F1(73.2 % and 24.2 %); F15
(89.3 % and 58.2 %) > F13 (41.1 % and 27.3 %).
Additionally, the antifungal effect of thiophenyl-
substituted compounds was significantly higher
than that of compounds with other substituents: F15
(89.3 % and 58.2 %) >F3 (41.1 % and 27.3 %) > F7
(56.4 % and 46.4 %) > F11 (44.9 % and 44.2 %) >
F23(34.6 % and 41.5 %). Comparison of series with
identical substituents showed the lowest activity
for compounds with a 2,4-dichlorophenyl group
and n =0 (F15 (89.3 % and 58.2 %) > F14 (65.2 %
and 36.4 %) > F13 (41.1 % and 27.3 %) > F16

(39.6 % and 25.5 %). At the same time, introducing
the 2,4-difluorophenyl moiety at n =1 (F15) led to
superior antifungal activity toward both B. cinerea
and S. sclerotiorum. These results indicate that a
large steric load of the R substituent generally has
a negative effect on fungicidal activity.

The in vitro results were confirmed in vivo for
the leading compound F15: it effectively controlled
S. sclerotiorum-induced disease on cabbage leaves,
demonstrating protective and curative effects
of 62.3 % and 71.0 % at a dose of 100 mg/mL.
Moreover, the application of F15 visibly disrupted
the hyphal morphology of S. sclerotiorum.

Another study (Schleker, 2022) focused on the
structural modification of fluopyram. The flexible
ethyl linker connecting the amide and pyridine
fragments was replaced in target compounds with a
rigid 1,2,4-oxadiazolering. A one-pot procedure was
developed involving the cyclisation of amidoximes
with benzoyl chlorides, followed by the removal of
the tert-butoxycarbonyl protecting group from the
intermediates, yielding free amino intermediates
that were acylated in situ to obtain the target
compounds. All target amide 1,2,4-oxadiazoles
were tested for nematicidal activity, and some
demonstrated very promising results.

The analysis of SAR and positional effects
of the amide fragment in the target compounds
revealed two key aspects: the site of attachment
and the nature of the linker. The amide fragment
can be introduced at the C(3) position (series A) or
C(5) position (series B, C) of the 1,2,4-oxadiazole
ring (Ou, 2025) (fig. 6).

Studies of nematicide series A—C showed that
amide introduction at either position maintains
high activity (Ou, 2025). However, within series A,
when the amide fragment was introduced at position
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Fig. 6. Target product structures (Ou, 2025)
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3 and R1 = 2-CF;-C¢H, of 1,2,4-oxadiazole, the
activity of the monosubstituted R2 compound was
higher than that of the disubstituted R2 counterpart;
e.g., A13 (R2 = 4-CF;-CH,, 355 %) > All
(R2 =2-Cl-4-CF5-C¢H;, 27.1 %). The position of the
substituent in the aryl R2 group also matters. Ortho-
substituted R2 aryl groups enhance nematicidal
activity against B. xylophilus. For example, with
R1 = 2-CF;-C¢H,, introducing a CF; group at the
2-position of the benzene ring R2 increases activity:
Al14 (R2 =2-CF;-C¢Hy, 45.3 %) > A13 (R2 = 4-CF;-
C¢Hy, 35.5 9%). Bulky ortho-substituents (e.g.,
2-trifluoromethylphenyl in R2) further enhance
activity, likely due to optimal filling of the nematode
SDH active site (Wang, 2024).

Another critical factor is the nature and length
of the amide linker. Comparative analysis of
nematicidal activity between series C and B
showed that the absence of an oxygen atom in
the linker (i.e., using an amide instead of another
linkage type) increased activity by nearly 30 %.
This may be explained by the more hydrophobic
environment around the linker, optimising
interactions with the SDH active site in nematodes.
Oxygen presence can create undesired hydrogen
bonds and increase molecular polarity, reducing
efficacy (Ou, 2025). Meanwhile, for the fungicidal
compound F15 (Liu, 2022), a spacer n = 1 was
used, representing an additional methylene linker
between the oxadiazole core and the amide group.
Control over linker nature and length enables the
tuning of lipophilicity (log P), which is crucial for
compound penetration into pathogen cells and for
influencing the ecotoxicological profile.

Interestingly, introduction of an electron-
withdrawing group R3 in series C target
compounds (Ou, 2025) enhanced nematicidal
activity against B. xylophilus, e.g., C1 (R3 = 4-F-
CeHy, 38.8 %) > C2 (R3 =4-CIl-C4H,, 32.5 %) > CS
(R3 = C4Hs, 29.8 %) > C4 (R3 = 4-CH;-C¢H,,
25.6 %). Conversely, introducing an acceptor
group at R4 = 2-CF;-C¢H, with an ortho-chloro
atom in R3 reduced activity: C3 (R3 =4-CF;-C4H,,

90.7 %) > C6 (R3 = 2-Cl-4-CF;-C¢H3, 30.8 %).

Thus, recent studies confirm the high fungicidal
activity of amide 1,2,4-oxadiazoles, which is
comparable to that of commercial SDHI fungicides.

Conclusions and Prospects for Further
Research. The analysis of recent scientific
literature reveals a sustained increase in interest in
dual-action molecules that exhibit both fungicidal
and nematocidal activity, driven by the prevalence
of combined infections and the emergence of
pathogen resistance to conventional SDHI-based
agents. Amidic 1,2,4-oxadiazoles represent a
promising class of such dual-active agents capable
of effectively suppressing pathogenic fungi and
nematodes. Their bioactivity is primarily associated
with the inhibition of succinate dehydrogenase
(SDH), leading to the blockade of electron
transport, disruption of oxidative phosphorylation,
and rapid energy depletion in the pathogens.

SAR analysis confirmed that maximal biological
activity is achieved through the combination of
heteroaromatic substituents, optimal halogenation,
and a flexible amidic linker, which ensures proper
molecular orientation within the enzyme’s active
site. The hydrophobic—hydrophilic balance (log
P) determines the compounds’ ability to penetrate
pathogen tissues while maintaining sufficient
solubility. A comparative evaluation of the
fungicidal and nematocidal effects indicates that
amidic 1,2,4-oxadiazole derivatives can serve as a
foundation for the development of innovative dual-
action agrochemicals.

Future research should focus on the modular
design of molecules to maintain stable interactions
with SDH while preserving the flexibility of the
amidic linker, as well as optimal combinations
of hydrophobic and heteroaromatic fragments.
Additionally, it should assess secondary modes
of action and eco-SAR to minimise toxicity and
reduce the risk of bioaccumulation.

The implementation of such compounds opens
new prospects for the development of effective, safe,
and sustainable next-generation agrochemicals.
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ENVIRONMENTAL SAFETY AUDIT IN CONDITIONS
OF EMERGENCY SITUATIONS BASED ON ARTIFICIAL INTELLIGENCE
AND INTERNET OF THINGS TECHNOLOGIES

Ensuring environmental safety under increasing anthropogenic and natural threats requires highly reliable digital
systems capable of continuous monitoring, rapid diagnostics, and timely response to hazardous deviations. The integration
of Artificial Intelligence (Al) and Internet of Things (IoT) technologies is becoming a key direction for strengthening
the analytical capacity and operational efficiency of environmental safety audit, particularly in emergency scenarios
where data volumes, uncertainty, and dynamics significantly intensify. This study provides a systematic examination
of contemporary Al and loT solutions, focusing on their functional properties, constraints, and applicability to enterprise-
level environmental assessment. Special attention is given to the specific operational requirements and challenges
associated with emergency conditions, where the reliability, adaptability, and automation of decision-making mechanisms
are critical. Based on the conducted analysis, a generalized architecture of an integrated environmental safety audit system
is proposed. The architecture incorporates a distributed loT sensor layer for high-resolution data acquisition, intelligent
Al-based modules for state evaluation and anomaly detection, and adaptive operational modes ensuring stable system
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functionality during transitions from normal to emergency states. The proposed framework is characterized by structural
flexibility, scalability, and applicability across diverse industrial domains, enabling improved situational awareness and
more accurate environmental risk assessment. The results obtained substantiate the effectiveness of combining Al and
1oT for strengthening technological resilience and enhancing the precision of environmental safety audit. The proposed
architecture forms a methodological foundation for further research aimed at expanding system autonomy, improving
predictive capabilities, and increasing robustness under complex and rapidly evolving risk conditions.

Keywords: environmental safety audit, artificial intelligence, Internet of Things, emergency scenarios, industrial
monitoring, intelligent decision support, integrated system architecture.
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AVJIUT EKOJIOTTYHOI BE3IIEKA B YMOBAX HAJI3BUUAWHUX CUTYAIIH
HA OCHOBI TEXHOJIOI'TA IITYYHOI'O IHTEJEKTY TA IHTEPHETY PEUEN

3abesneuenns exonoeiuHol beanexu 8 yMogax 3p0Cmaryux AHMpoOno2eHHUX ma NPUPOOHUX 342P03 BUMALAE 8UCOKOHA-
OTUIHUX YUDPOBUX cucmem, 30amHUX UKOHYBAMU HenepepsHULl MOHIMOpUH2, WBUOK) OId2HOCIUKY Md C80EUACHe peasy-
6aHHA HA Hebe3neyHi gioxunenus. lnmeepayis mexnonoeiil wmyynoeo inmenexkmy (L) ma lnmepnemy peueit (loT) cmae
KII0Y08UM HANPAMKOM 0151 ROCUTIEHHS AHATTMUYHUX MOJICTUBOCTEN A ONepayilinoi epeKmueHoCmi ayounty ekonoiuHol
be3nexu, 0coOUBO 8 HAO3GUUAIHUX CUMYAYIAX, KOAU 00CA2U OAHUX, HEBUSHAYEHICTNb A OUHAMIKA 3HAYHO 3POCNAIOMD.
Y oanomy oocnidocenni npedcmasneno cucmemamuunuii 02140 cyuacHux piwens L ma Inmeprnemy peuetl, 30cepedarcy-
FOUUCH HA IX (DYHKYIOHATBHUX 61ACTNUBOCTNAX, OOMENCEHHAX MA 3ACMOCOBHOCTI 00 OYIHKIL eKON0IUHOT De3neKu Ha pieHi
nionpuemcmea. Ocobausa yeaza nPUOiNAEMbCa KOHKPEmHUM ONepayitinuM 6UMO2AM Ma GUKTUKAM, NO8 A3AHUM 3 HAO-
36UYAUHUMU YMOBAMU, O HAOIUHICMb, A0ANMUBHICMb MA ASMOMAMU3AYISL MEXAHIZMIE NPULIHSAMMSL PitleHb € KPUMUYHO
saocnusumu. Ha ocrnogi npogedenoz2o ananizy 3anponoHo8amo y3a2aibHery apxXimekmypy iHmeepoeanoi cucmemu ayoumy
exono2iunoi besnexu. Apximexkmypa exuouae po3nodirenuti cencopruti wiap loT 0ns 300py 0anux 3 UCOKOIO PO30iIbHOIO
30amuicmio, iHmMereKmyanibhi Mooy Ha ochosi LI ons oyinku cmany ma GusieleH s, AHOMANIN, a MAKOJNC A0ANMUBHI
pedcumu pobomu, wo 3abesneuyioms cmadiibHy QyHKYIOHATbHICMb cucmemu nio uac nepexoois 6i0 HOPMAIbLHO2O 00
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HAO36UYALHO20 CIMAHY. 3anponoHo8ana cucmema Xapakmepuszyemocs CMpPYKMYPHOIO SHYUKICIIO, MACumabo8anicmio
ma 3aCMOCOBHICIO 8 PIZHUX NPOMUCTIOBUX Cepax, o 003605€ NOKPAWUMY CUMYAYIlHY 00I3HAHICIb MA MOYHICIb
OYIHKU eKONOSTUHUX pusukie. Ompumani pe3ynomamu niomeepoicyiomy eqyeKmusHiCmy NOEOHAHHS WMYUHO20 [HMeeK-
my ma Inmepremy peueil 0111 NOCUNEHHS MEXHON0IYHOL CIMIUKOCMT MA NIOBUWEHHS MOYHOCHT AyOumy eKkonociuHoi bes-
nexu. 3anpononosana apximexmypa gpopmye memooono2iuny 0CHO8Y 01 NOOANUUX OOCTIONCEHb, CHPAMOBAHUX HA PO3-
WUPEHHS A8MOHOMHOCIE CUCTEMU, NOKPAWEHHS NPOSHOCTNUYHUX MOJCIUBOCHEU MA NIOBUWEHHS CIIUKOCIE Y CKAAOHUX

ma weUOKO3MIHHUX YMOBAX PUSUKY.

Knrouosi cnosa: ayoum exonoeiunoi 6esnexu, wimyunutl inmenexm, lnmepnem peuetl, cyeHapii HAO36UYALIHUX CUMYad-
Yitl, NPOMUCTOBULL MOHIMOPUHE, THMENeKMYalbHA NIOMPUMKA PiULeHb, IHMeSPO8ana CUCEMHA apXimeKniypd.

Introduction. Environmental safety has
become a critical component of sustainable
industrial development, particularly in sectors
where hazardous materials, high-energy processes,
or complex technological infrastructures pose
elevated ecological and human health risks (Mazzi,
2023). Ensuring compliance with environmental
regulations is no longer sufficient, as the
enterprises must maintain continuous oversight of
potential environmental hazards to prevent large-
scale contamination and ecosystem degradation.
The relevance of environmental safety audits
is especially pronounced under conditions of
technological accidents or emergency situations,
where the speed and accuracy of environmental
assessment directly influence the scale of damages,
recovery time, and risks to surrounding communities
(Hao et al., 2022). As global industrial systems
become increasingly interconnected and resource-
intensive, the demand for robust methodological
frameworks capable of ensuring environmental
resilience has significantly intensified.

Traditional approaches to environmental safety
auditing rely on periodic inspections, manual
data collection, static monitoring systems, and
standardized checklists aimed at evaluating
compliance with environmentally significant
operational parameters (Huang et al., 2021). In
the context of emergency risk identification, these
methods typically involve expert-driven hazard
analysis, fault-tree assessments, and instrument-
based control of critical indicators such as pollutant
emissions, effluent composition, and process
deviations. Although these techniques provide a
foundational basis for environmental oversight,
their effectiveness is constrained by temporal
latency, limited adaptability to rapidly evolving
operational conditions, and incomplete visibility
into complex multi-factor interactions that
often precede emergency events. Consequently,
conventional audit procedures may fail to detect
weak signals of system instability or emerging
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threats before they escalate into full-scale
environmental emergencies.

In recent years, the integration of advanced
digital  technologies, particularly  Artificial
Intelligence and Internet of Things architectures,
has emerged as a transformative direction for
enhancing environmental auditing processes
(Olawadeetal.,2024). IoT-enabled sensor networks
offer high-resolution, real-time measurements
of environmental and technological parameters,
while Al-driven analytical systems enable early
detection of anomalies, predictive assessment of
emergency scenarios, and automated interpretation
of large-scale heterogeneous datasets. These
technologies introduce fundamentally new
capabilities, including continuous monitoring,
adaptive thresholding, intelligent classification of
hazardous states, and generation of data-driven
insights that were previously unattainable through
classical auditing approaches. Their adoption not
only improves audit accuracy and operational
speed but also enhances the resilience and
responsiveness of enterprise-level environmental
management systems.

Given the increasing complexity of industrial
operations and the rising frequency of technological
incidents  worldwide, the development of
comprehensive models, advanced methodological
frameworks, and integrated technological
solutions for environmental safety auditing has
become an urgent research priority. Achieving
effective and efficient auditing in emergency-prone
environments requires the rational combination
of ToT-based sensing infrastructures, Al-enabled
decision-support mechanisms, and intelligent data-
processing architectures capable of functioning
under dynamic and uncertain conditions.
Therefore, this study focuses on conceptualizing
and substantiating modern approaches for the
synergistic use of emerging digital technologies
in environmental safety auditing, with special
emphasis on their application within emergency
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situations, where rapid situational awareness and
intelligent response strategies are essential.

Analysis of recent research and publications.
In recent years, the academic community has
developed a substantial variety of methods and
solutions for monitoring and auditing environmental
safety across different industrial sites. Traditional
approaches include periodic  environmental
inspections, fixed point sampling, manual audits, and
laboratory analyses of emissions and effluents (Chun
et al., 2020). For example, classical environmental
auditing on industrial plants often involves gas
chromatography to analyze pollutant concentration
in stacks, as well as chemical analysis of wastewater
to assess compliance with discharge limits (Moretti
et al., 2020). These conventional practices remain
the backbone of regulatory compliance and provide
robust baseline data for environmental performance.

More recently, research has increasingly
converged on the integration of Artificial
Intelligence and Internet of Things technologies
for environmental monitoring and auditing.
Al-driven techniques, such as machine learning
and deep learning, enable automated anomaly
detection, predictive forecasting, and classification
of environmental states, while IoT sensor networks
facilitate real-time acquisition of heterogeneous
environmental parameters (e.g., gas concentrations,
temperature, humidity). For instance, there are
frameworks that embed edge-Al within [oT nodes
to enable on-device inference and energy-efficient
continuous monitoring (Wiese et al., 2025, Miller
et al., 2025, Rahman et al., 2024). Other work
demonstrates how Al-IoT systems can detect
greenhouse gas emissions in real time, applying
predictive analytics for emissions surveillance
(Yavari et al., 2023). In parallel, IoT/AI has been
employed for the early detection of environmental
emergencies: anomaly detection models based on
time-series data from sensors have been used to
flag potential leakages or hazardous discharges
before they escalate (Bajwa, 2025).

Despite these advances, most of existing
solutions remain isolated in their operation:
Al-based analytics systems are developed
separately from IoT networks, or [oT deployments
lack integrated decision support for emergencies.
Consequently, the full potential of jointly using
Al and IoT in environmental safety auditing,
especially under emergency conditions, remains
underexploited.
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The main aim of this work is to analyze the
specific features of Al and IoT technologies and
propose a generalized, synergistic framework for
their integrated application in enterprise-level
environmental safety audits under emergency
scenarios.

Presentation of the main research material.
The present section provides a systematic
exposition of the proposed conceptual approach
to enhancing environmental safety audit processes
under both normal operational conditions and
emergency scenarios. The analysis focuses on the
integration of artificial intelligence methodologies,
including neural-network—based models and
fuzzy-logic systems, into IoT-enabled monitoring
infrastructures deployed at industrial enterprises.
Particular attention is given to the differentiation
between routine audit procedures and emergency-
mode assessment, as well as to mechanisms enabling
the intelligent transition between these modes.

Al technologies. Artificial intelligence has
become an essential analytical tool in modern
environmental monitoring due to its capacity to
identify complex patterns, infer hiddenrelationships
among multivariate ecological parameters, and
support early detection of hazardous conditions
(Alotaibi, & Nassif, 2024). Machine-learning
algorithms are increasingly applied for forecasting
pollutant concentrations, anomaly detection
in technological systems, and predictive risk
estimation for industrial accidents (Argyroudis
et al., 2022). When integrated with sensor-rich
IoT infrastructures, Al enables continuous, high-
resolution assessment of environmental conditions,
providing decision-makers with timely insights
into ecological risks and process deviations.

Neural-network methods represent one of
the most effective computational paradigms for
environmental audit tasks owing to their ability to
approximate nonlinear dependencies and learn from
large, heterogeneous datasets (Haeri Boroujeni
et al.,, 2024). Convolutional neural networks
can be employed for processing image-based
environmental data, such as gas-leak visualization
or aerial ecological inspections, whereas recurrent
and long short-term memory networks are well-
suited for analyzing temporal sequences of
pollutant concentrations, pressure fluctuations,
or emission dynamics. Their application ensures
high accuracy in predicting critical environmental
indicators, identifying precursor signatures of
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accidents, and supporting intelligent classification
of operational states.

Fuzzy-logic systems, in contrast, provide an
interpretable reasoning framework particularly
relevant for industrial ecological audits where
expert knowledge, linguistic rules, and uncertain
measurements must be combined (Congxiang et al.,
2024). Fuzzy controllers enable flexible evaluation
of environmental conditions based on approximate
thresholds, smooth decision boundaries, and
adaptive membership functions (Zhengetal.,2025).
This makes them especially valuable for scenarios
where sensor readings exhibit noise, abrupt
fluctuations, or partial incompleteness. Moreover,
fuzzy-logic approaches are advantageous in the
classification of early emergency indicators, such
as borderline pollutant concentrations, irregular
pressure gradients, or rapid pH drifts, when rigid
deterministic thresholds may lead to false alarms.

Features of environmental safety audit in
standard operating modes and in emergency
situations. In standard operational mode, the
environmental safety audit focuses on systematic
assessment of baseline technological processes,
verifying  compliance  with  environmental
standards, and evaluating trends in key ecological
parameters. Al-enhanced audit tools support
automated detection of slow-evolving deviations,
optimization of filtration or purification cycles,
and continuous benchmarking of environmental
performance indicators. The system operates with
stable thresholds, predictable pollutant emission
patterns, and routine verification of the operational
state of gas treatment units, wastewater systems,
and emission control infrastructure.

Transition into emergency-assessment mode
is triggered when the Al-driven decision module
detects signatures indicative of a potentially
hazardous event. These signatures may include
rapid changes in pollutant concentration, abnormal
sensor correlation patterns, pressure spikes
exceeding model-based predictions, or simultaneous
deviations across multiple environmental variables.
Neural-network anomaly detectors and fuzzy-rule
evaluators may operate separately or in parallel to
compute a confidence score reflecting the likelihood
of an emergency. When this score surpasses a
predefined threshold, the system switches into
emergency mode, initiating high-frequency
monitoring, activating additional diagnostic
routines, and issuing alerts to responsible personnel.
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The emergency-mode audit differs fundamentally
from routine environmental assessment, as its
primary objectives include real-time localization
of the hazard source, quantification of immediate
ecological risks, and support of rapid operational
decision-making. In this mode, AI algorithms
prioritize rapid inference over long-term accuracy,
enabling the identification of leak intensities,
propagationtrajectories, and potential environmental
impact zones. Fuzzy-logic systems provide
interpretable, rule-based reasoning for urgent
decision support, while neural-network models
assist in predictive estimation of accident escalation
dynamics. Together, these technologies facilitate
a coordinated, intelligent response to industrial
emergencies, ensuring minimal environmental
impact and enhanced operational safety.

IoT technologies. The application of Internet
of Things technologies plays a foundational
role in enabling continuous, high-resolution
environmental auditing at industrial enterprises.
IoT architectures provide the physical sensing
and communication infrastructure upon which
modern analytics can operate (Taneja et al., 2024).
Distributed networks of smart sensors deployed
across critical technological zones allow the system
to measure pollutant concentrations, equipment
parameters, and environmental conditions
with fine temporal granularity. These sensors,
equipped with built-in microcontrollers, support
preliminary data pre-processing, calibration, and
anomaly filtering at the edge, thereby reducing
communication overhead and improving the
reliability of downstream analytical modules
(Maksimov et al., 2025). The resulting sensor
ecosystem forms a dense information field that
captures both routine operational variations and
the earliest manifestations of environmentally
hazardous events.

A central advantage of IoT-based monitoring
lies in its capability to support real-time
data  transmission  through  heterogeneous
communication protocols, including LoRaWAN,
NB-IoT, Wi-Fi, and industrial Ethernet (Taneja
et al., 2024). Such flexibility ensures robust
connectivity even under dynamically changing
industrial conditions or partial infrastructure
failures. Continuous data flow enables analytical
models to maintain up-to-date situational awareness
and compute predictive indicators of potential
emergencies. Furthermore, IoT devices facilitate
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decentralized data acquisition by integrating
multisensory modalities, such as gas concentration
meters, pressure transducers, vibration sensors,
thermal cameras, and chemical analyzers, into a
unified audit framework (Fan et al., 2024). This
multimodal integration significantly improves
the completeness and accuracy of environmental
assessments, allowing the system to detect weakly
expressed or composite anomalies that cannot be
identified through isolated measurements.

Another important aspect is the interoperability
and scalability of IoT infrastructures within
enterprise-level environmental audit systems.
Modern IoT platforms support standardized
data formats, cloud-based storage, and secure
communication channels, enabling seamless
integration of new sensors, additional monitoring
zones, or specialized emergency-detection
devices without substantial system redesign. This
flexibility is essential for enterprises with evolving
production processes or variable environmental
risks. Moreover, loT-driven systems support
automated response mechanisms, such as activation
of local ventilation, isolation of hazardous zones,
or initiation of emergency diagnostics, thereby
forming a cyber-physical foundation for intelligent
environmental protection.

Integration of Al and IoT technologies. The
joint integration of IoT infrastructures with
advanced Al methodologies creates a synergistic
technological ecosystem that substantially
enhances the efficiency, responsiveness, and
predictive capabilities of environmental safety
audit systems. loT networks serve as the primary
data supply layer, generating continuous, high-
resolution streams of multisensory measurements
that describe both the operational state of industrial
equipment and the surrounding environmental
conditions (Popescu et al., 2024). Artificial
intelligence algorithms, ranging from deep
neural networks to adaptive fuzzy-logic systems,
operate as the analytical core, transforming
heterogeneous sensor data into actionable insights,
early-warning indicators, and context-aware
decision recommendations. When combined, these
technologies overcome the inherent limitations of
traditional audit approaches by enabling dynamic,
real-time interpretation of complex environmental
variables, detecting subtle precursors of hazardous
events, and providing reliable assessments even
under uncertainty or incomplete information.
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The synergy between IoT and Al also supports
the construction of hierarchical, self-optimizing
monitoring architectures, where local edge-
devices conduct preliminary anomaly filtering
and Al-powered cloud servers perform high-level
pattern recognition and risk forecasting (Kozlov
et al., 2024). Such integrated systems not only
increase audit accuracy and operational continuity
but also facilitate predictive maintenance,
automated emergency diagnostics, and intelligent
mitigation strategies. Ultimately, the coordinated
use of IoT and Al establishes a transformative
paradigm for ecological safety audits, shifting them
from periodic, reactive procedures to intelligent,
continuous, and anticipatory environmental risk
management frameworks.

Generalized architecture of the environmental
safety audit system in emergency situations.
Having analyzed the advantages of Al and IoT
technologies, the specific characteristics of their
application in environmental safety auditing, as
well as the prospects for their combined use we now
proceed to formulate a generalized architecture of
an environmental audit system designed to operate
effectively under emergency conditions.

The generalized architecture of this system,
proposed by theauthors, isillustrated in Fig. 1, where
the corresponding notation is provided: Xy — vector
of physical quantities that need to be monitored in
the process of environmental audit; Ug — vector of
output signals of sensors of the integrated sensor
system; Ugp — vector of processed signals coming
from the local level of environmental safety audit
and control; U,s<— vector of signals characterizing
the state of the system (normal or emergency).

The operation of the proposed generalized
environmental safety audit system is organized
as a multi-layered framework in which the
integrated sensory infrastructure provides the
foundational data for both routine and emergency-
mode assessments. At the enterprise level, a
heterogeneous network of sensors is deployed
across technological equipment, engineering
structures, and environmentally sensitive zones
to monitor the operational integrity of machinery
as well as the state of the surrounding industrial
environment.

These sensors capture a wide range of critical
parameters, including gaseous  emissions,
temperature, pressure, vibration, chemical
composition of water and air, and structural
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stability indicators, thus forming a comprehensive
and continuously updated picture of environmental
safety conditions. To support the acquisition and
pre-processing of this information, the local
audit and ecological control layer incorporates
data acquisition modules, local operator stations,
communication units, and an alerting subsystem
capable of issuing immediate warnings in response
to abnormal readings. At predefined time intervals,
aggregated data packets are processed locally and
then transmitted via the Internet to a remote upper-
level audit and monitoring center.

The upper-level subsystem hosts a human-
machine interface designed to provide intuitive,
high-clarity access for the chief operator and

incorporates  intelligent analytical ~modules
deployed on a high-performance server
infrastructure. The human-machine interface

may be accessed from desktop platforms or
from a variety of mobile devices equipped with
Internet connectivity, thereby ensuring operational
flexibility and continuous remote supervision.
Through this interface, the operator can
monitor all environmentally significant process
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Fig. 1. Generalized functional structure of the environmental safety audit system
in emergency situations based on Al and IoT technologies
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variables X and receive analytical feedback
U, generated by server-side Al modules. These
intelligent modules may be implemented using
artificial neural networks, trained beforehand
on representative datasets containing both
normal and emergency-state patterns, or using
fuzzy-logic models configured on the basis of
expert-derived rule sets. Their functions include
the recognition of hazardous conditions and
emergency onset, assessment of threat severity and
spatial distribution, and the generation of decision-
support recommendations for effective and timely
response. Based on these insights, the operator is
able to make informed managerial decisions that
align with the nature, intensity, and dynamics of
the detected emergency situation.

To ensure robust functioning even under
adverse communication conditions, the system
incorporates multiple layers of redundancy. All
sensor data are mirrored to local operator stations,
enabling autonomous emergency detection and
alert activation if connectivity with the remote
server is lost. A dedicated autonomous alarm
subsystem initiates warning signals automatically
when critical thresholds are exceeded, ensuring
rapid response independent of network status. In
addition to the primary Internet communication
channel, the architecture includes an industrial
wired backup link, designed to maintain data
transmission capabilities in cases of wireless
network failure, physical damage to communication
modules, or cyber-induced disruptions. Optional
short-range radio communication protocols and
edge-level Al models can also be integrated to
support decentralized emergency diagnostics when
both primary and backup communication channels
are compromised. Collectively, these features
create a resilient and fault-tolerant environmental
audit system capable of maintaining operational
continuity and high analytical reliability even in the
challenging conditions associated with industrial
emergencies.

Standard and emergency operating modes
of the proposed system. In its standard operating
mode, the system functions as a continuous
environmental audit and monitoring platform,
maintaining steady-state observation of all
critical technological and ecological parameters.
Measurements are collected at nominal sampling
frequencies sufficient for routine diagnostics,
compliance verification, and early detection
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of slow-developing anomalies. Under these
conditions, Al-based analytical modules perform
low-intensity background assessments, focusing
on trend analysis, gradual deviations from normal
operating ranges, and detection of early precursors
to potential hazards. The goal of this regime is to
maintain environmental safety, ensure regulatory
conformity, and create a comprehensive historical
dataset for subsequent predictive modeling.
The local subsystems operate with moderate
computational load, and communications are
optimized to reduce bandwidth usage while still
ensuring timely updates to the remote monitoring
level. In this mode, the system behaves as a stable
supervisory audit mechanism without unnecessary
activation of high-intensity analytical computations
or emergency-response protocols.

The transition to the emergency mode is initiated
at the moment when the intelligent recognition
module detects a combination of sensor signals
that correspond to patterns of hazardous states or
emerging incidents. Depending on the analytical
model in use, this detection may be triggered
by neural-network classifiers identifying high-
confidence anomaly signatures or by fuzzy-logic
inference systems evaluating complex rule sets
that describe unsafe parameter combinations.
Once the threshold for emergency recognition is
exceeded, the system automatically escalates into
a high-frequency monitoring state. In this mode,
the sampling rates for key sensors, such as those
measuring toxic gas concentrations, temperature
gradients, pressure surges, or structural vibration,
are increased substantially to capture rapid
parameter fluctuations typical of emergency
dynamics. Additional measurement devices,
including portable gas analyzers, mobile robotic
platforms, or supplementary thermal sensors, may
also be activated to enhance spatial coverage and
measurement precision.

During this  transition, communication
protocols switch to prioritized data streaming,
ensuring that the most critical measurements are
transmitted with minimal latency to the upper-
level monitoring center. The decision-support
subsystem concurrently raises its computational
intensity, executing rapid predictive assessments,
hazard propagation modeling, and real-time risk
categorization.Atthesametime,thesystemactivates
specialized alert channels, including local sirens,
operator notifications, and emergency messaging
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to responsible personnel. This emergency-state
regime remains active until the system’s analytical
modules determine that all monitored parameters
have returned to stable, safe ranges for a defined
period. After stabilization, the system performs a
controlled downgrade to the routine auditing mode,
while retaining all emergency-related data for
further examination, reporting, and improvement
of the training datasets or fuzzy-rule bases. Such
dual-regime functionality ensures both operational
efficiency in normal conditions and rapid, intelligent
responsiveness during emergencies, significantly
enhancing the overall resilience and effectiveness
of environmental safety audit processes.

Limitations and directions for further research.
Although the proposed system offers significant
advantages for automated environmental safety
auditing, it still faces several limitations. First, its
overall performance remains highly dependent on
the reliability and long-term stability of sensor
measurements: drift, fouling, or partial damage of
sensors in harsh industrial environments may reduce
accuracy and lead to incorrect detection outcomes.
Second, Al-based analytical modules require
sufficiently large and representative datasets to
ensure robust recognition of emergency conditions;
however, real-world emergency data are typically
scarce, which limits the generalization ability of
neural networks and reduces the completeness of
expert-defined fuzzy rule sets.

Future research will therefore focus on
overcoming these constraints. One promising
direction involves developing self-diagnosing

and auto-calibrating sensor modules capable of
maintaining measurement accuracy under varying
operational conditions. Another direction is the
synthesis of hybrid analytical models that combine
neural networks, fuzzy logic, and synthetic data
generation (including simulation-based digital twins)
to improve emergency-state recognition even when
real datasets are limited. Such developments will
enhance the adaptability, robustness, and reliability
of next-generation environmental audit systems.

Conclusions. In this work, the stated aim has
been achieved by conducting a detailed analysis
of the specific features of Al and IoT technologies
and by formulating a generalized synergistic
framework for their integrated use in enterprise-
level environmental safety audits under emergency
conditions. The study examined the operational
principles, advantages, and constraints of these
technologies and outlined their complementary
roles in enhancing monitoring accuracy, decision
support, and emergency response capabilities.

A focused evaluation of Al techniques, including
neural networks and fuzzy-logic models, revealed
their strong potential for anomaly detection,
predictive assessment, and intelligent decision-
making in both routine and emergency audit
modes. Likewise, the analysis of [oT infrastructures
demonstrated their critical function as the
foundational sensing and communication layer,
enabling high-resolution data acquisition, real-time
information exchange, and continuous situational
awareness across industrial environments. The
proposed system’s generalized architecture,
integrating Al-driven analytical modules with an
IoT-based sensory network and multi-level control
interface, provides a highly effective and universal
solution suitable for diverse industrial domains. Its
scalability, resilience, and operational adaptability
make it appropriate for enterprises with varying
technological complexity and environmental risk
profiles. Future work will focus on refining sensor
reliability, expanding hybrid AI models, and
developing advanced simulation tools to further
enhance the robustness and predictive capabilities
of next-generation environmental audit systems.

Future research will focus on strengthening
the system’s analytical reliability and operational
resilience, particularly through improved data
integration mechanisms and more adaptive
intelligent models capable of functioning under
diverse emergency conditions. It is also planned
to consider several specific examples of the
application of this system in enterprises.
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THTETPAIIA ESG-KPUTEPIIB TA EKOJIOTTYHUX CTAHJAPTIB €C
Y CUCTEMAX YIIPABJIIHHA KAPPEPHUM TPAHCIIOPTOM

Memoto docriodicenns € 8UBHAUEHHS Ma 0OTPYHMYysaHHs nioxodie do inmeepayii ESG-kpumepiis, exonoeiunux cman-
oapmie €C ma yugposux iHCMpyMenmie pecynoeants y CUCemMy YNpaesiiHHa HYMPIUHbOKAP €EPHUM MPAHCIOPIOM
3 Memor NiOBUWEHHS eKON0TUHOT egheKmUBHOCMI, NPO30POCMI Ma GIONOGIOHOCHI NPUHYUNAM CIMATI020 8UO0OYMKY.

Memoodonozia. Y 0ocniodncenHi 3acmoco8ano KOMNIEKCHUL NioXio, wo NOEOHYE AHANI3 eKOIOZIYHUX MA NPABOGUX
cmanoapmie €C, npunyunie ESG-komnnacucy ma yughposux iHcmpymeHmie eKonoeiunoeo pecymogauus. /s oyinku
BNIUBIG | eheKMUBHOCT MPAHCHOPMHUX HPOYECIE BUKOPUCIANO MOOENl POSHO3Y8AHHA GUMPAM NALHO20 MA GUKUOIE,
nobyoosani Ha Memooax MawunHo2o Haguants. IIposedeno cyeHapHull ananiz ekonoiYHUX MA MEXHONOSIUHUX PiuleHb,
a maxooic oyineHo modcausocmi inmezpayii yugposux cucmem e-permitting, INSPIRE ma one-stop-shop y npaxmuxu
eKOI02IYH020 YNPABIIHHS CIPHUNUX NIONPUEMCINE.

Hayxosa moeusna nonsecac y pospobnenHi ma OOIDYHMYSAHHI  [HMeE2PO8aH020 nNiOXody 00 YNpaeuiHHs
GHYMPIUHbOKAD '€EPHUMU MPAHCNOPMHUMU NPOYecamu, AKUll noconye eumoau exonoeiunux cmanoapmie €C, ESG-
Kpumepii ma yughposi mexnonozii. 3anponoHo8ano Mooenb OYiHIBAHHS eKOIOIUHOT e(heKmMUBHOCMI Ha OCHOBI NPOSHO3-
HUX yugposux incmpymenmie (ML-mooeni, Digital Twin, loT-monimopune) ma uU3HAYEHO MONCIUBOCHIT BHPOBAONCEHHSL
egponeticokux cucmem e-permitting, INSPIRE i one-stop-shop y npaxmuxu cmano2o 6u0o0ymky.

Bucnosxu. I[lposedere 00criodncenHs y3aeanvHuno nioxoou 0o immeepayii exonoeiunux cmanoapmie €C, ESG-
Kpumepiig ma yugposux mexuonoeii y cucmemy ynpaeiinua Hympiuinboxap ‘epnum mpancnopmom. Cmanuti 6u0obymox
BUMAAE NOCOHAHHA NPABOBUX, YNPABTIHCLKUX MA YUDPOBUX THCMPYMENMi6, AKI 3a6e3neuyomy npo3opicms, ekonoziy-
Hy ehexmusHicmyo i gionosioarvHicms eupoonuymea. Cmandapmu €C (IED, EU Taxonomy, Green Deal) suznavaromo
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PamKu 05l 3MeHueHHs 6UKU0i8 i nioguuyenns enepeoegpekmusrnocmi, a ESG-kpumepii — komniexchy oyiKy eKonoeiunux,
COYLATLHUX MA YAPAGTIHCLKUX acnekmig OisivHocmi. L{ughposi modeni, ananimuka, loT-monimopune i mexnonoeis Digital
Twin daromo 3M02y MOYHO OYIHIOBAMU GNIUGU, ONMUMIZYEAMU TOICIUKY A 3MEHULYBAMU HABAHMAICEHHS HA OOBKILIA.
Esponeiicoki incmpymenmu peeynosanns (e-permitting, INSPIRE, one-stop-shop) niocunioioms npozopicmu i CRpusoms
eapmonizayii npaxmux iz npasom €C. Cunepeis yux piuienb hopmye yinicHy Mooens cmanoco u00OYmKy ma niompumye
inmezpayiio Yxpainu 6 esponeticokuii ekoio2iuHul npoCcmip.

Knrouosi cnosa: ESG-xomnaaenc, cmanuti 6udo0ymox, exonoeiuni cmanoapmu €C, EU Taxonomy, exonoziune ynpas-
TUHHA, YuDposi mexuHonoeii, eHympiunvoxap ‘epruu mpauncnopm, Digital Twin, loT-monimopune, e-permitting, INSPIRE,
one-stop-shop, 3enena mpancghopmayis, 2apMoHiz3ayis pe2yTo8aHHs, KOPROPAMUEHA 8ION0BIOATbHICD.
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INTEGRATION OF ESG CRITERIA AND EU ENVIRONMENTAL STANDARDS
INTO IN-PIT TRANSPORT MANAGEMENT SYSTEMS

The purpose of the study to identify and substantiate approaches to integrating ESG criteria, EU environmental
standards, and digital regulatory instruments into the management system of in-pit transportation in order to improve
environmental performance, transparency, and compliance with the principles of sustainable mining.

Methodology. The study applies a comprehensive approach that combines the analysis of EU environmental and legal
standards, ESG-compliance principles, and digital tools of environmental regulation. Fuel consumption and emission
forecasting models based on machine learning methods were used to assess the environmental impacts and efficiency of
transport processes. Scenario analysis of environmental and technological solutions was conducted, and the potential for
integrating digital systems such as e-permitting, INSPIRE, and one-stop-shop portals into environmental management
practices of mining enterprises was evaluated.

The scientific novelty consists in the development and substantiation of an integrated approach to managing in-pit
transport operations that brings together the requirements of EU environmental standards, ESG criteria, and digital
technologies. A model for assessing environmental efficiency based on predictive digital tools (ML models, Digital Twin,
1oT monitoring) is proposed, along with the identification of opportunities for implementing European systems such as
e-permitting, INSPIRE, and one-stop-shop in sustainable mining practices.

Conclusions. The study summarizes approaches to integrating EU environmental standards, ESG criteria, and
digital technologies into the management of in-pit transportation. Sustainable mining requires the combined use of legal,
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managerial, and digital instruments that ensure transparency, environmental efficiency, and corporate responsibility. EU
standards (IED, EU Taxonomy, Green Deal) provide a framework for reducing emissions and improving energy efficiency,
while ESG criteria support comprehensive assessment of environmental, social, and governance aspects. Digital models,
analytics, loT monitoring, and Digital Twin technology enable accurate impact assessment, logistical optimization, and
reduced environmental pressures. European regulatory tools (e-permitting, INSPIRE, one-stop-shop) enhance transparency
and support the harmonization of national practices with EU law. The synergy of these solutions shapes a coherent model
of sustainable mining and promotes Ukraine s integration into the European environmental framework.

Keywords: ESG compliance, sustainable mining, EU environmental standards, EU Taxonomy, environmental
management, digital technologies, in-pit transportation, Digital Twin, loT monitoring, e-permitting, INSPIRE, one-stop-
shop, green transition, regulatory harmonization, corporate responsibility.

AKTyaJIbHICTH MPO0GJieMH. Y CydyacHUX YyMO-
Bax TpaHcgopmailii CBITOBUX MiAXO/IB 10 BUAOOY-
BaHHsI KOPHCHUX KONAJIMH TpHUY0100yBHA ray3b
VKpaiHu OnMHMIACA B LEHTPl 3MiH, 3yMOBJIEHUX
BIUTMBOM €KOJIOT1YHHX, MPABOBUX, E€KOHOMIYHUX
Ta TEXHOJIOTTYHMX YMHHHMKIB. [lormnOieHHs eBpo-
IHTETpaIlifHUX TPOIIECIB, 3POCTAaHHS BHUMOT [0
€KOJIOTIYHOT BIJIOBIJAIBHOCTI Oi3HECY, a TaKOX
Mepexia 10 MOJITUKU JeKapOOoHi3allii BiJIOBIIHO
no €sponeiicbkoro 3enenoro kypey (EU Green
Deal) ¢bopMyroTh HOBI pPaMKOBI OpPIEHTHPH IS
PO3BUTKY BHI00YBHOTO cekTopy. OIHUM 3 KITIO-
YOBHX HampsMIB 1€l TpaHchopMarlii € iHTerparist
ESG-kpurepiiB, cy4acHUX CTaHAAPTIB €KOJIOTiY-
HOTO YIpPAaBJIiHHSA Ta MPaBOBUX BUMOI €BpoIeEi-
cpkoro Coro3y y BHPOOHHMYI TPOIECH TipHUYUX
T IPUEMCTB.

OcoOnmuBoro  3HaueHHs  HaOyBae  cdepa
BHYTPIIIHBOKAP €PHUX TPAHCIOPTHUX OIEparii,
K1 TpaJuLiiHO (OpMYIOTh HANHOUIBIIY YacTKy
€HEepProCIOKUBAHHS, BHKHIIB Ta BU3HAYaIOTh
piBEHb TEXHOTCHHOTO HaBaHTAXXECHHS Ha TOBKIJIIS.
TpancnopTHi mporecu y Kap’epax XapakTepusy-
IOThCSI CKJIAJTHUMH YMOBAaMHU €KCIUTyaTallii — 3Ha-
YHUMH yXWIaMH JIOPil, TPOCTOSIMH, BHCOKOIO
MUTOMOIO BUTPATOK JM3EIILHOTO IMajiBa Ta BiJ-
CYTHICTIO CHCTEMaTH30BaHOTO IU(PPOBOrO KOHTP-
OJTt0, MO0 POOUTH X OJHUM 3 KIIOYOBHX 00’ €KTIB
€KOJIOTIYHOTO YIIPaBIIiHHSA Ta MOJIEpPHi3aIli Bif-
MOBIAHO /10 BUMOT JUPEKTHBH IMPO MPOMUCIIOBI
Bukuan (IED), Takconomii €C, koHmemmii 3ene-
HOTO TipHUIITBA Ta IPUHIUIIIB CTAJIOTO BUI00YTKY.

[MapanenbHO 3  TIABHIIEHHSM  EKOJIOTiY-
HUX BUMOT y €C aKkTUBHO DPO3BHBAIOTHCA IU(-
POBI IHCTPYMEHTH pPETYJIIOBaHHS — e-permitting,
INSPIRE, mudposi reomopranu Ta MoOAei «one-
stop-shop», sKi 3a0e3MedyroTh aBTOMATH3AIlII0
MPOLEAYP EKOJOTIYHOTO JI03BOJNY, IPO30PICTh
1 KOHTPONb JOCTOBIPHOCTI [aHHX, 3HIKCHHS
KOPYMIIHHUX PU3UKIB Ta IHTErPAIiI0 €KOJIOTTUHUX
MOKAa3HUKIB y cucteMmy ymnpasminusa. [ns Ykpa-
THM BIPOBA/KEHHS TaKUX MiAXOAIB Ma€ 0COOIUBE
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3HAUEHHsI, OCKUIBKM JO3BOJISIE TapMOHI3yBaTH
HAI[IOHAJIbHI MEXaHI3MH KOHTPOJIO 3 MPAKTHKAMH
nepkaB-wieHiB €C, TIABUIINTH 1HBECTHIIHHY
npuBalIMBICTh BUI00YBHOTO CEKTOPY Ta 3abe3re-
YUTU TPOTPec y BUKOHAHHI MDKHAPOAHUX €KOJIO-
TYHUX 3000B’s13aHb.

3pocrae poib i cydacHUX IU(PPOBUX TEXHOIO-
riii — loT-cencopis, unuhpoBUx IBIKHUKIB, MAIINH-
HOTO HaBYaHHS Ta MJIAT(GOPMIi30BaHOI JIOTICTHKH,
K1 320€3Me4yI0Th MOXJIUBICTH TOYHOIO IPOTHO-
3yBaHHSI BUTPAT MaJbHOTO, EKOJOTIYHUX PU3HKIB
Ta BHKHIIB, a TaKOX JIO3BOJISIFOTH OIEPAaTHBHO
ONTUMI3yBaTH MapILIPyTH, HABAHTAXKEHHS TEXHIKH
Ta peKUMHU POOOTH MaluH. [HTerparisi Takux
mozeneir y mexax ESG-komruiaeHcy cTBOproOe
HOBY SKICTh YIPABIiHHS Kap €PHUM TPAHCIIOPTOM,
3a0e3Meuyoun CKOHOMIYHUI e(deKT 1 BiAmOBiI-
HICTh €KOJIOT1YHHUM CTaHJIapTaM.

OTxe, aKTyalbHICTh JOCITIKEHHS 3yMOBJIECHA
HEOOXIJHICTIO: ajanTalii yKpaiHChKOi TipHHYOL
rajysi JIo MPaBOBHX HOPM Ta €KOJOTIYHUX IOJIi-
tuk €C; BIpoBaKeHHS IU(PPOBUX IHCTPYMEHTIB,
o 3a0e3MeuyoTh MPO30PICTh Ta €(PEKTHBHICTH
€KOJIOTIYHOTO PETYIIOBaHHS, MOJEpHi3alii TpaH-
CIIOPTHHX TpoleciB Ha ocHOBI ESG-kputepiis
1 TPHUHILHMIIB CTAIOro BHIO0YTKY; MEPEXoay [0
MOJZIETIEH «3€JIEHOTO TiPHUITBA», SKI MOEAHYIOTH
G poBizallio, eHeproeeKTUBHICTh Ta KOpIopa-
THUBHY €KOJIOTIYHY BiJIIIOBIIaJIbHICTb.

AHaJIi3 OCTaHHIX AOCJIIKeHb i myOmikairii.
CBITOBI TeHICHIII1 PO3BUTKY BHJI00YBHOI IPOMUC-
JIOBOCTI OPIEHTYIOThCS HA 3HMKEHHS BYIJICIIEBOTO
ciminy, pecypcoeeKTHBHICTh Ta TPO30PICTh EKO-
JIOTIYHMX JaHWX, 10 BU3HAYAE MEpeXia iHaycTpil
NPUPOIHOTO KaMEHIO A0 KOHLEMIi «3eJIeHOro
TIPHULITBAY Ta BIPOBaKeHHS 1HCTpyMeHTiB ESG-
KOMIUIA€HCY BIANOBITHO a0 BuUMor mpasa €C.
['mobGanbHa AMHAMIKA PUHKY MPUPOTHOTO KAMEHIO
JEMOHCTPY€E 3pOCTAHHS MOMUTY i MOCUIICHHS KO-
noriuaux BUKIMKIB (Montani, 2022). Y nociipkeH-
HSIX YKPaiHCHKOTO CEKTOPY IMiJIKPECIIOIOTHCS HOTO
pEeCYpCHHIA IOTEHITiall, TEXHOIOT14HI OOMEKEHHS,
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nucOanaHc Mix BUI0OYTKOM 1 IepepoOKoro, iHBEC-
tuniitai pusuku (Filipova & Rasputna, 2018; Saik
et al., 2023; Panteleeva et al., 2022; Mykhailov,
2024; T'epacumuyk Ta iH., 2025) Ta mpobmemu
palioHaJTbHOTO BUKOPHCTAHHS POJOBUIL 1 BILIHB
ripununx poOiT Ha noBkiwa (Gavrilyuk et al.,
2024; Panteleeva et al., 2022).

HayxkoBiii akiieHTytoTh Ha moTpebi MosepHizarii
KaMeHeoOpoOHOi raiy3i, BIIPOBAKCHHI E€HEproe-
(beKTHUBHMX pIIIeHb Ta TMiIBUIICHHI KEPOBAHOCTI
nporeciB (Saik et al., 2023; I'epacumuyk Ta iH.,
2025), 1m0 y3ro/pKy€eThcs 3 €BPONEHCHKUMU CTpa-
TETiIMHU JIeKapOOHi3allil Ta eKOJIOTIYHOTO MEHEIK-
MeHTy. MiKHapomHi IOCHIIKEHHS MiATBEPIIKY-
I0Th, 110 BUAOOYBHA MPOMHCIIOBICTH € CYTTEBHM
JDKEpEJIOM BUKHIIB MAapHUKOBHX Ta3iB, a Mpo3opa
W JeranizoBaHa iHBEHTapHU3allisl BHKHIIB — HEOO-
XiJiHa yMOBa Ui ()OPMYyBaHHs KJIIMAaTHYHOI MOJIi-
THKH, IHBECTULIIIHOI OLIIHKY Ta BignosigHocTi Tak-
conomii €C (Zheng et al., 2023; Azadi et al., 2020).

3HauHy 4YacTHHY pOOIT MPUCBIYEHO W ONTH-
Mi3alii TPaHCIOPTHUX TPOIECIB y Kap’epax i3
BUKOPDHCTAHHSIM CTOXAaCTUYHUX, MaTeMaTUYHUX
Ta IMITAllIHHUX MOJENIeH, CIPSIMOBAHUX Ha Iij-
BUIICHHS E€HEProe(PEeKTUBHOCTI Ta CKOPOUYCHHS
BukuaiB (Alarie & Gamache, 2002; Ashtiani et
al., 2024). I1apanenbHO PO3POONISAIOTHCS PIIICHHS
Ha OCHOBI JucTaHuiiiHoro 3oxayBaHHsA, ['IC Ta
DSS mist MOHITOPUHTY CTaHy Kap €pHUX TEPHUTO-
piit (Licciardello et al., 2022). 3nauna yBara npu-
TUIAETBCA TAKOX JIOCIIIKEHHIO pEeallbHUX Ipo-
¢imiB poOOTH IM3ENbHOI TEXHIKH, (PaKTHUYHUX
BHUTpAT MaJIiBa Ta eMICiii, 110 MiBUIIY€E TOYHICTh
MojielItoBaHHs Ta iHBeHTapu3amnii (Sandhu et al.,
2016; Banasiewicz et al., 2023; Liao et al., 2022).
3a3naueHe popMmye HayKoBe MIATPYHTS JJIsI BIPO-
Ba/DKCHHS JKOPCTKIIIMX EKOJIOTIYHUX CTaHIApTiB
1 TEXHIYHUX PIIIEHB JIsi SMEHIIEHHS 3a0py/THEHHS.

B miteparypi po3misimaloThCs €KOHOMIKO-TIpa-
BOBI aCIIEKTH PETyJIIOBaHHS BUKHIIB. MeETOAUKH
€KOJIOTIYHOTO OIIOJATKyBaHHS, 30KpeMa po3pa-
XyHKY €KOTIOJIaTKy 3a CIIAJFOBaHHS IaJliBa, CTBO-
PIOIOTH (DIHAHCOBI CTUMYJIH JUTsl 3HIOKEHHS [IMM-
CIIO)KMBAHHS Ta BUKHUJIIB, 1[0 KOPEITIOE 3 BUMOTaMHU
JIUpeKTHBH NPO MPOMHCIOBI BUKUIHM Ta 1HCTPY-
MEHTaMHU PETYJIIOBaHHS TPOMHUCIIOBOTO 3a0py/-
HeHHs B €C.

[Tonpu 3HauHMI TpOTpec y JOCIiIHKEHH] JeKap-
OoHizarii BU00yTKY, ONITUMI3allii JIOTICTHKH, YIO0-
CKOHAJICHHI IHBEHTapH3allii BUKUIiB Ta IPO30POCTi
JTAHUX, HEIOCTaTHHO BHUBUYECHUMH 3aJIUINAIOTHCS
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MUTaHHS IHTErparii MUPpPOBUX MOJIENICH yIpaB-
JHHS Kap’ €pHUM TPAHCIIOPTOM i3 BUMOTaMH €BPO-
neiicbkoro mpasa Ta ESG-koMIuaeHcy, moTeHIian
3acrocyBanHs e-permitting, INSPIRE ta one-stop-
shop-mopraiiB y TipHHYOMY CEKTOpi, a TaKOX

rapMOHI3allisl  HAlllOHAJBHOTO  PEryJIIOBaHHS
3 Takconomicro €C i MexaHi3MaMH «3€JIEHOIO»
(biHaHCYBaHHS.

MeTta gocJizkeHHs1 — BU3HaYE€HHS Ta 00IpyH-
TyBaHHA MiaxoAiB 10 iHterpanii ESG-kpurepiis,
exosioriyHux cranaaptiB €C ta muppoBUX IHCTPY-
MEHTIB PETYJIIOBAaHHS Y CHCTEMY YIPaBIIiHHS
BHYTPIIIHBOKAP €PHUM TPAHCIIOPTOM 3 METOIO
MIJBUIIEHHS EKOJOTIYHOI €(EeKTHBHOCTI, IIPO-
30pOCTi Ta BIAMOBITHOCTI TMPHUHIIMIIAM CTaJIOTO
BUTIO0YTKY.

Buxiiaa ocHOBHOTo MatepiaJjty 10C/Ii/IsKeHHsI.
Jlns y3aranbHEHHs KIIFOYOBHUX HAIIPSIMIB €KOJIOT14-
HOi Ta nudpoBoi TpaHcdopmarii ripHudoi ramysi
c(hopMOBaHO KOHIENTYyaJIbHY CXeMy, IIO BilO-
Opakae OCHOBHI €JI€MEHTH Cy4YacHOI MOJelni CTa-
noro BunoOyTKy (puc. 1). HaBenena iHTerpoBana
MOZIETIb CTaJIOTO BUAOOYTKY, sIKa MOETHYE EKOJIO-
riuni crangapta €C, ESG-kputepii Ta cyuacHi
UGpPOBI TEXHOJOTII, 0. JIEMOHCTPYE KIIHOYOBI
KOMITOHEHTH €KOJIOTIYHO BIJIOBIIHOTO yIIpaB-
JHHS TIPHUYUMH MPOIIECAMH, BKJIFOYHO 3 ITUPPO-
BuMU Mozensimu, loT-monitopunrom, Digital Twin
Ta €BPOINECHCHKIMHU 1HCTPYMEHTAMH €KOJIOTTYHOTO
perysroBaHHS.

1. Hopmamusno-npasosi 3acaou inmeepayii
exonoeiunux cmanoapmie €C y 2ipHuuy eanyss.
€Bporneiicbkuii CoI03 MOCTYIIOBO MEPEXOAUTH 10
MKOPCTKIIIMX MOJIEJIeH €KOJIOTrTYHOTO PETryII0BaHHS
POMHUCIIOBOCTI, Y UEHTPi AKuX — JlupexTrBa mpo
npomuciosi Bukuau (IED), Pernament npo Taxco-
HOMitO0 €C, €BpONECHCHKHI 3eTICHHUI KypC, a TAKOX
BUMOTH 110 He(hiHaHCOBOI 3BITHOCTI B Mexkax ESG-
KoMIUTa€eHCy. i TIpHWYOi MPOMHUCIIOBOCTI IIi
JIOKYMEHTH BCTQHOBJIIOIOTh CTAHIAPTH 3HWKEHHS
BUKHUJIB, 3aCTOCYBAaHHs KPalIUX IOCTYITHUX TeX-
Hosorii (BAT), 00OB’SI3kOBOr0 MOHITOPHHTY,
1 poBoi (ikcallii eKOJIOTIYHUX TaHUX Ta IUPKY-
JISIPHOTO MIIXOy 10 YIPABIiHHS pecypcamu.

VY cdepl TpaHCIOPTHHX MPOIECIB IMi JIOKY-
MEHTH 3000B’SI3yIOTh MIAIPUEMCTBA KOHTPOJIIO-
Batu Bukuau CO,, NO,, SO, Ta TBepAMX 4YaCTH-
HOK, OITHMIi3yBaTd BHKOPUCTAHHS HU3IAJIUBA,
3a0e3revyyBaTl BHMIPIOBAaHICTh 1 TPacOBaHICTh
IHTEHCUBHOCTI BUKH[IIB, BUKOPUCTOBYBATH IIH(]-
POBi IHCTPYMEHTH IOCTYIy JIO MOHITOPHHIOBHUX
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D EKOAOriUHi CTAHAAPTIA
€C

HOpMATUBHO-NPABOBI 3aCAA AAS
eKOAOFUHOro PeryAroBaHHs

ESG-kpuTepii

>

Kputepii aAnst ouiHKiA
EKOAOMUYHIAX, COUIaAbHIX Ta
YNPABAIHCEKIAX B.CneKTis

Uudposi moaeai

TIpOrHo3YyBaHHS NAAUBHOT
eeKTUBHOCTI Ta BIAKAIB

IoT Ta Digital Twin

MOHITOPUHI T MOAEAIOBAHHS
TPAHCNOPTHUX npouecie

Uudposi iHcTpymeHTn
€C

IHCTPYMEHTIA AAS NPO3OPOro T
BIAKPITOro eKoAoriyHoro
PErYAOBAHHS

Puc. 1. InTerpoBana moaesb cTajaoro BUH00yTKy Ha OCHOBI ekoJI0TiYHUX cTaHaapTiB €C,
ESG-kpurepiiB Ta nu¢poBHX iHCTPYMEHTIB ypaBJIiHHS

JTAaHWX, BIIPOBAKYBaTH MEXaHI3MH KOPIIOpaTHB-
HO1 €KOJIOT1UHO1 BiJIMOBigaIbHOCTI. ["apMoHizartis
YKpaTHCHKOTO TIPHUYOTO 3aKOHOAABCTBA 3 MTPABOM
€C nepenbauae BOPOBAIKEHHS TUX CAMUX BUMOT,
a OT)Ke, aJanTaIlisi eKOJIOTIYHO BPa3JIUMBUX TPOIIe-
CiB, 30KpeMa Kap €pHO1 JIOTICTUKHU, € CTPATEr1uHO
BOXJIMBUM KPOKOM JUISL JIOJTYYCHHSI IO €JIMHOTO
€BPOIEHCHKOIO PUHKY.

2. Ponv ESG-xpumepiie y moOepnizayii mpam-
cnopmuux npoyecie xap’epie. ESG-komruiaeHc
poO3mIsAae  NiSIBHICTh IIINPUEMCTBA 3 TPHOX
MO3UIIIH:

— Environmental (E) — miHimi3alis BUKHIIB,
BIJIMOBIIAJIbHE KOPHUCTYBAHHS IaJUBOM, YIIpaB-
JIHHS PU3HKAMU;

— Social (S) — 6e3neka npaiii, 3HUKESHHS PU3H-
KiB JIJIs1 370pPOB’Sl BiJl BUKUIIB Ta IIIyMy, TOKpa-
LICHHS YMOB ITpalli MalIMHICTIB Ta BOJI1B;

— Governance (G) — MPo30piCTh BUPOOHUUINX
MpOLECiB, 3a00IraHHA KOPYNUIHHUM MpaKTHKaM
y I03BOJIaX HA PO3pOOKY POMOBHII, KOHTPOIb 3a
JIOCTOBIPHICTIO €KOJIOTIYHUX JIAHUX.

VYopaBniHHS Kap’€pHUM  TPAHCIIOPTOM  Mae
BHUCOKHUH MOTEHI1a] BIUIMBY came Ha E-KOMIOHEHT,
OCKIJTBKM TPAHCIIOPT € OCHOBHUM JDKEPEIIOM
3a0pyaHeHHs B Kap’epax. BogHouac nudposizaiis
JIOTICTUKH 1CTOTHO BIUIMBA€ ¥ Ha (G-KOMIIOHEHT,
3a0e3neuyoud Mpo30picTb 1 KOHTPOJIb  YCIX
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omepariiii, Ta Ha S-KOMIIOHEHT,
PHU3UKH IS IEPCOHAITY.

3anpoBaxenHss ESG-kpurepiiB y Tpancmnopt-
HOMY CETMEHTI J03BOJISIE KOHTPOJIIOBATH EKOJIO-
riani KPI (Buxunu, [IMM-edexTuBHICTS), hopmy-
BaTH BIIKPUTI €KOJIOTIYH1 3BITH 3T1IHO 3 BAMOTaMU
€C, OIIHIOBATA BIUIMB KOXKHOTO JIOTICTHYHOIO
CLEHApil0 Ha CTalui BUAOOYTOK, Y3TO/DKYBaTH
BUPOOHUYY TOJITHKY 3 «KJIIIMAaTHIHUMMY 1HBECTH-
LIHHUMHU BUMOTaMH.

3. Hughposi mooeni npoenozyeanHs naiug-
HOi  eghekmuenocmi ma 6uKudig. YNPaBIIHHA
Kap’€pHUM TPAHCIIOPTOM TPAIUIIIHHO TPYHTY-
€ThCSl HAa EMITIPUYHUX CIOCTEPEIKEHHSX 1 JOCBIII
omeparopiB. [Ipore cyuacui migxomu €C Bumara-
I0Th KIJIbKICHOT OLIHKM BIUIMBIB Ta CHCTEMaTHy-
HOTO MOHITOPHUHTY.

Cepen kxoMmIuiekcy uM(poBUX MopeneH, sKi
JTO3BOJISTIOTH:

1) mporHo3yBaTu BUTPATH MaJbHOTO 3 Bpaxy-
BaHHAM yXWIy Ta IPo(]iI0 J0pir, Macu Ta reome-
Tpii OJIOKIB, (PaKTUUHUX PEKHUMIB POOOTH TEXHIKH,
KOe(]IIIEHTIB 34CTUICHHS, CE30HHUX Ta KIIIMaTH4-
HUX YUHHHKIB. AJITOPUTMU MAaIIMHHOTO HaBYaHHS
(Random Forest, perpeciiini mozeni, HeWpome-
pexi) 3a0e3neuytoTh BUCOKY TOYHICTH MPOTHO3Y-
BaHHS 1 QJaNTUBHICTh O 3MIHHUX BUPOOHHUYUX
YMOB;

3MEHIYIOYH
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2) oninroBaru Bukuau CO,, NO,, SO, ta PM
3 BUKOPUCTaHHAM eMiCIHHUX KOeQiIi€HTIB, peallb-
HUX IUKIIB pOOOTH TeXHiKHM, MeTomuku Tier 3,
PO3paxyHKIB BYIVICIICBOI IHTEHCHBHOCTI Ha OJIU-
HUIIIO NTEPEBE3EHOTO BAaHTAXKY;

3) MonenmoBaTH  pi3HI  CIEHapii JIOTICTUKU
(HampUKIIaJ: MapIIPyTH 3 MiHIMATBHUMH YXUJIAMH,
ONTUMI3allisl MBUAKICHUX PEKUMIB, 3MEHIICHHS
Yacy MpOCTOI0, TIepexiJ Ha albTepHATHBHI BUIH
nasmBa (HVO), enexrpudikaiis okpeMHX TpaH-
CIIOPTHUX CETMEHTIB) 3 OOTPYHTYBaHSIM HAHOLIBIII
€KOJIOTIYHO JOIUIBHUX CIIEHapiiB BHUIOOYTKY Ta
TPaHCIIOPTYBAHHS, 110 TIOBHICTIO BiINIOBIIa€ TIPUH-
nunam craioro BunoOytky Ta EU Taxonomy.

4. Iumeepayis loT, Digital Twin ma 6izyanizayii

OaHUX Y CUCMEM) eKONI02IUHO20 YNPaGiHHs. 3aCTO-
cyBanHs loT-ceHcopiB 3a0e3meuye aBTOMATHUIHHIA
MOHITOPUHT (PaKTUYHUX BUTPAT MAJIBHOTO, HABaH-
Ta)KEHHS HAa TEXHIKY, pOOOTH ABHUTYHIB, MapIIPYyTy
Ta [IBUIKICHUX PEKUMIB, peabHUX BUKUIIB. -
poswii aBiitauK (Digital Twin) mo3BoJsie MOEITIO-
BaTU TPAHCIIOPTHI MPOLIECH Y BIPTyaIbHOMY Cepe/l-
OBWIIli, aHAJI3yBaTH HACIIJIKA 3MiH KOH(Iryparii
JIOpir, MapIHIpyTH3allii, CKJIaay TeXHIKH YU CEe30H-
HUX YMHHUKIB. 3a3HaueH1 iIHCTPYMEHTH 3a0e3medy-
I0Th ONEPATHBHICTh MPUHHATTS pillleHb, MiHIMI3a-
10 PU3UKIB, CYTTEBE 3HIKCHHS BUTPAT MAJIBHOTO,
CKOPOYEHHS BUKH/IIB, ITIIBUIIIEHHS PiBHS KOpIIOpa-
THUBHOTO €KOJIOTIYHOTO YIPABIIiHHS.

5. €sponeiicvki yughposi incmpymenmu exono-
2IUH020 pecynioeants ma ix nomenyian o Ykpa-
inu. Y xpaiHax €C aKTHBHO BUKOPUCTOBYIOTHCS
r(poBi MEXaHI3MHU, SIKi pOOISATh CHCTEMY €KOJIO-
TIYHOTO PEryJIOBaHHs IPO30pPOI0, BIIKPUTOIO Ta
HeMCKpHUMiHaliifHo0. Cepel KITF0YOBUX:

1) E-permitting (e1eKTpoHH1JIiIIeH31i, J03BOJIH),
10 aBTOMATH3Y€ TIOPOTOBAPTICHI JI03BUIBHI MPOIIe-
IypH, Mae BOyJOBaHMI aHali3 €KOJOTIYHUX Iapa-
METpIB 1 HasBHICTh IUGPOBOI icTOpIi pilleHs Ta
CIIpHsI€ 3HIKCHHIO KOPYMLIHHUX PU3HKIB;

2) INSPIRE nae 3mory iHTerpyBatu reomnpoc-
TOPOBI JaH1 PO Kap’€pH, MapLUIPYTH TEXHIKH, 30HU
€KOJIOTIYHOI YyTJIMBOCTI, TEPHUTOPIi, IO ITiyIsra-
I0Th OXOPOHI, a TAKOX JIaHI MOHITOPUHTY BUKH/IIB;

3) One-stop-shop portals 3a0e3neuyoTs eanne
BIKHO JIJISi BCIX €KOJIOTIYHUX TPOIETyp, iHTerpa-
miro ESG-3BiTHOCTI, MIEH31H, 103BOJIB, a TAKOXK
MIBUAKUI OOMIH JaHWMHU 3 OpraHaMu BIaJHd Ta
IHBECTOpaMH.

B ninomy, iHTerpartis 3a3Haue€HUX IHCTPYMEHTIB
B YKpaiHi JO3BOJHTH MiJBUIIATH €()EKTUBHICTH

95

JIep>KaBHOTO PETYIIOBAaHHS, TapMOHI3yBaTH IPO-
nenypu 3 npaBom €C, 3a0e3MeunT BiAMOBITHICTD
BUI00YTKY BUMOT'aM CTaJIOTO PO3BUTKY, CTBOPUTH
BIJIKPUTUHN PEECTP €KOJIOTTUHUX PU3UKIB Ta PIlLICHb.

6. Cunepeis exono2iunux, yugposux ma npa-
606UX piuleHb y opMmysanHi Mmoodeni cmanozo
suoooymxy. lTloeqgHaHHS IMPPOBUX MOICIEH,
BUMOT' eKoJioriuHoro 3akoHopasctBa €C ta ESG-
KpUTEpiiB (hopMy€e KOMIUIEKCHUN TIIX1 10 yIpaB-
JiHHS TPAHCIOPTHUMH TMpOIECaMH y Kap’ epax.
Taka inTerparis 3a0e3nedye 3HMKSHHS BHKHIIB
3a0pyIHIOIOUYHMX PEYOBUH, MiJBUIILYE eHEpProedex-
TUBHICTb, POOHUTH NMPOLECH TPO3OPUMH ISt KOHTP-
ONII0 Ta ayauTy, MiATPUMYE IMiJrOTOBKY OCTO-
BipHOi ESG-3BiTHOCTI, TiABHUINYE IHBECTUIIHHY
npuBaOIMBICTh MIANPUEMCTB, CIPHUsE TapMOHi3a-
i1 yKpaiHCHKOTO 3aKOHO/IaBCTBa 3 mpaBoM €C.

Takum unHOM, nKdpoBizallis, MpaBoBa MOJEP-
Hi3allis Ta EKOJIOTIYHE YIPaBIIiHHS YTBOPIOKOTH
€IMHUN CTpATETiyHUN KOHTYp, HEOOXIMHUU IS
Nepexony yKpaiHChKOi TipHHUYOI MPOMHCIOBOCTI
JI0 CTAHAAPTIB CTAJIOTO PO3BUTKY.

BucHoBKM i nepcneKTUBH MOAAIBIINX 10CJTi-
mxeHb. [IpoBereHe HOCTIKEHHS Yy3arajlbHHUIIO
I IXOJIH IO IHTeTpallii eKoJoriYHUX cTaHaapTiB €C,
ESG-kpurtepiiB Ta nudpoBUX TEXHOJOTIH y cuC-
TEMy YINpPaBIiHHSA BHYTPIIIHHOKAP €PHUM TpaH-
cnioproM. Cranuii BunoOyTOK BUMarae moeaHaHHs
MIPABOBUX, YNPABIIHCHKUX Ta IU(PPOBUX 1HCTPY-
MEHTIB, 5IKi 3a0€3MeUyI0Th TPO30PICTh, EKOJIOTTUHY
e(eKTUBHICTh 1 BIJNMOBINAIBHICTE BUPOOHMIITBA.
Cranmaptu €C (IED, EU Taxonomy, Green Deal)
BU3HAYAIOTh PAMKH JJIs1 3SMEHIIICHHS BUKUIB 1 IMiJ-
BUIIICHHS eHeproeekTuBHOCTI, a ESG-kpurepii —
KOMILJICKCHY OIIIHKY €KOJIOTIYHHX, COLIaJIbHUX Ta
YIPaBIIHCHKUX AaCIeKTiB AisuibHOCTI. [ludposi
Mojieni, aHajiThka, [oT-MOHITOpHMHT 1 TEXHOJO-
ris Digital Twin naioTh 3MOry TOYHO OIL[IHIOBATH
BIUIMBH, ONITUMI3yBaTu JIOTICTUKY Ta 3MEHIIyBaTH
HABaHTAXKEHHS HA TOBKLUIA. €BpONENHCHKI 1HCTPY-
MeHTH perymoBaHHS (e-permitting, INSPIRE,
one-stop-shop) miACUITIOIOTE MPO30PICTh 1 CHpHs-
I0Th TapMOHi3allii nmpakTuk i3 mpaBom €C. Cunep-
Tis UX pimeHb GopMye IUTICHY MOJENb CTalIoro
BUIOOYTKY Ta WIATPUMYE IHTETpaIiio YKpaiHu
B €BPOICUCHKHUI CKOJIOTTYHUI TIPOCTIp.

VYV mnepcnekTuBi MoAadbIIMX J0CTIIKEHb —
PO3pOOIeHHS IHTETPOBAaHUX IUPPOBUX TUIATHOPM
Ui 00’€IHAHHS MPOTHO3HHUX MOJeNeil, MOHITO-
punry ta ESG-3BITHOCTI B €IUHY CUCTEMY YIIpaB-
JHHSA; YIOCKOHAJICHHS AaJlTOPUTMIB MAIIWHHOTO
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HaBYaHHA Ul TOYHILIOTO MPOTHO3YBAaHHS BUKU-
JIiB Ta pOOOTH TEXHIKH B PI3HUX yMOBaxX Kap €py;
po3Butok Digital Twin, 1m0 103BOJUTH MOJE-
JIOBaTU IOBHUH BHUPOOHMYMM LMKI 13 ypaxy-

€BPONEHCHKUX MU(POBUX THCTPYMEHTIB PETYJIIO-
BaHHA (e-permitting, INSPIRE) y HamionaneHy
CHCTEMY €KOJOT1YHOTO KOHTPOJIIO; OLliHKA BIUIUBY
nonituk €C 1 MexaHi3MiB 3eJ1eHOro (piHaHCYBaHHS

BaHHSIM €KOJIOIIYHMX Ta EKOHOMIYHUX IIOKa3-
HUKIB, aHaJli3 MOXJIMBOCTEH IMIIJIEMEHTAI]

Ha MOJICPHI3AII0 TPAHCIOPTHOI iHQPACTPYKTYypH
Ta €KOJIOT14HI TOKa3HUKHU MiAPUEMCTB.
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METOAOJIOI'TA BUKOPUCTAHHA JO30BUX IIH
PU EKCIIPEC OIIHIOBAHHI TA MOJIEJIOBAHHI E@FEKTUBHOI JI0O3H
BIZI I'A3OAEPO30OJIbHUX BUKHUAIB PAIOHYKJIIITHUX ITOJTIOTAHTIB

Cmamms npucesauena 8UC8IimieHHI0 PO3pOOIeHOT Memodon02ii BUKOPUCTHAHHA 00308UX YiH NPU PAOIOEKONOTUHOMY
ModenosanHi cumyayii. Buxopucmosgytouu pesynomamu padioexoiociunux 00CIioNHceHb A8mopie 3acmoco8aHo Memoo,
3aCHOBAHUI HA BUSHAYEHHI HOPMANI308AHUX NOKA3HUKIG e(eKmugnux 003, AKi 00360IAMUMYMb OREPAMUBHO GU3HA-
uamu egpexmugHy 003y OnpoMiHeHHs TOOUHU Gi0 MEXHO2EHHUX 0Jicepell IOHI3VI0U020 BUNPOMIHIOBAHHS, 8 NEPULy Yepay
nog’sazanux 3 2azoaepozonvhumu sukuoamu AEC.

Jns susnavenns HOpMANi308aHUX eheKMUBHUX 003 8I0 2a30AePO30NbHUX BUKUOIE 6CMAHOTIOBANU NOKAZHUKU, SKI
sucmynany 6azo8umu padiayitinumu Xapakxmepucmukamu yux odxcepei. Bukopucmano nouwsmms «do3o8a yinay (dose
price) Oxcepena IOHIZYI04020 BUNPOMIHIOBAHHS — NOKAZHUK, SKULL 3G C8OIM 3MICTOM 8I000PANCYE PIUHY e(heKmueHy 003y
onpominenHs 810 padioHyKioy, npusedery 00 0OuHuyi 6naugy oxcepena. Ilpu HaoxoddicenHi y 008K CyMiuti padiony-
K1I0I8 6cmanosnosany 6azoeull (peneprutl) padionyknio BR (ab6o dekinvka) — skuii Mas OLibuLy 6a2omicmy y 6eIuUHi
CYMapHOi 003u i 8 00 €Mi 2a30AePO30IbHOC0 BUKUAY, MA BUSHAUAU ePHEKMUBHY 00308Y YIHY.

L[5 memoOdonoeia 3acmocosana 00 npeocmagieHol KamMepHoi Modeni neperHecents padioHykaiois, SKi 6Y10 UKUHYMO
¥ 008KinIA 3 2azoaepozonvrumu suxudamu Ilisoennoykpaincoroi AEC. Ilokazarno, uwjo piuna eghexkmugra 003a onpomi-
HeHHs T00UHU 810 padioHyknioie 2azoaepo3oiviux ukudie AEC npedcmagiie cobow cymy piuHux eeKkmusHux 003:
ehexmusHoi 0031 3068HIUUHBO20 ONPOMIHEHHA TOOUHU 810 XMApU 6UKUOI8 I 810 PAdiOHYKIIOIE, W0 UNATU HA 3eMI0, Md
ehexmusHoi 003U 6HYMPIUHbO20 ONPOMIHEHHSIS TOOUHU Yepe3 THeANAYIIHe HA0X00JICeHH S PAdiOHYKII0I6.

Anpobayia memoouxu 30ilicHena Ha NiOCMAasi 6CMAHOBNIEHO20 ABMOPAMU PaHiwe hakmy, wo 20106HUl 6Hecok (63 %)
V (hopmyeanist padiayiiino2o HABAHMANCEHHSL HA TIOOUHY GI0 IH2ATAYIUHO20 HAOXOONCEHHS CyMIiuLl padionykiioie 2azodae-
posonvHux 6ukudie npuxoounoca ua >'1. Tomy peneprum padionyknioom 6yno obpano 1. bazoeoio padiayiiinoro xapax-
MePUCMUKOIO NPULHAMO 8ETUYUHY NOMYAICHOCHE 8UKUOY padioHyKnidy. Pospaxynku, sixi nposedeno 3a yicio memoouxoro
0ns mepumopii na siocmani 2,5 km 6i0 AEC, noxazanu, wo éeruuuna epekmueHoi 00306801 YiHu 6i0 2A30aePO30IbHO0
suxudy cymiwi padionyknioie cxnana éenuvunu na pieni 0,01-1,05 mx36/pix na 1 bx/c euxudy "*'I. Baxcrueoro ymosorw
NPOCHO3YBAHHSL 30 OONOMO20I0 OO3UMEMPUUHUX MOOenell € iXHA HAOIHICMb. Y pobomi 3acmoco8ano Memoouxy cma-
MUCIMUYHO20 eKCnepuMenny i cmoxacmuuno2o mooenoganna Monme-Kapno ons oyiniogannsa nadiiHocmi Memoouxu.
Pesynemamu cgiouuau, wo y mooeni oesaxi gpaxmopu € icmomnumu. Lle 06ymoeneno mum, wo 20108HUll 6HECOK @ HeANA-
yitiny 003y 6i0 2azoaepo3onvhux eukudie padionykiioie soiticnioroms, kpim 1, maxooc °Co ma *'Cs.

Cmoxacmuune npoeno3yeants egpekmusHoi 003u 6io 2azoaepo3onvHux eukudie AEC 3 GUKOpUCIAHHAM GU3HAYEHUX
00308UX YiH NIOMBEPOUNO HAJIUHICIb NPEOCHABIeHol MOOeni NPpu ONePAMUSHOMY NPOSHO3YBAHHI 00308020 HABAHMA-
JHCEHHA Ha HaceNleHHA 810 2a30aepo30abHux 6uxudie AEC.

Knrouogi cnosa: memooonozis, eazoaepo3onvhi 6ukudu padionykuiois, Mooenn, 00308d Yina, ammocghepre nogimps.
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METHODOLOGY FOR USING DOSAGE PRICES IN EXPRESS ASSESSMENT
AND MODELLING OF EFFECTIVE DOSES FROM GASEOUS AEROSOL
EMISSIONS OF RADIONUCLIDES

The article is devoted to highlighting the developed methodology for using dose prices in radioecological modelling
of situations. Using the results of radioecological studies, the authors applied a method based on determining normalised
effective dose indicators, which will allow for the rapid determination of the effective dose of human exposure to man-
made sources of ionising radiation, primarily associated with gas-aerosol emissions from nuclear power plants.

To determine the normalised effective doses from gas-aerosol emissions, indicators were established that served as
the basic radiation characteristics of these sources. The concept of the ‘dose price’ of an ionising radiation source was
used — an indicator that reflects the annual effective dose of radiation from a radionuclide, reduced to a unit of source
impact. When a mixture of radionuclides entered the environment, a base (reference) radionuclide BR (or several) was
established, which had greater weight in the total dose and in the volume of gas-aerosol emissions, and the effective dose
price was determined.

This methodology was applied to the presented chamber model of radionuclide transport, which was released into the
environment with gas-aerosol emissions from the South Ukraine NPP.

1t has been shown that the annual effective dose of human exposure to radionuclides from gas-aerosol emissions from
nuclear power plants is the sum of the annual effective doses: the effective dose of external exposure of humans from
the emission cloud and from radionuclides that have fallen to the ground, and the effective dose of internal exposure of
humans through inhalation of radionuclides.

The methodology was tested based on the fact established earlier by the authors that the main contribution (63 %)
to the radiation exposure of humans from the inhalation of a mixture of radionuclides from gas-aerosol emissions was
made by 1. Therefore, *'1 was chosen as the reference radionuclide. The basic radiation characteristic is taken to be the
power of radionuclide emission. Calculations performed using this methodology for the territory at a distance of 2.5 km
from the NPP showed that the effective dose rate from the gas-aerosol emission of the radionuclide mixture ranged from
0.01 to 1.05 uSv/year per 1 Bq/s of 'l emission. An important condition for forecasting using dosimetric models is their
reliability. The paper applies the methodology of statistical experiment and Monte Carlo stochastic modelling to assess
the reliability of the methodology. The results showed that some factors are significant in the model. This is due to the
fact that, in addition to 1, ®°Co and "*'Cs also make a significant contribution to the inhalation dose from gas-aerosol
emissions of radionuclides. Stochastic forecasting of the effective dose from gas-aerosol emissions of nuclear power
plants using defined dose values confirmed the reliability of the presented model in the operational forecasting of the dose
load on the population from gas-aerosol emissions of nuclear power plants.

Keywords: methodology, gas-aerosol emissions of radionuclides, model, dose price, atmospheric air.

AkTtyanabHicTh npobdiaemu. IIpornosysanns  2019), a 0co6nmBO akTyani3yBajaocs IiJl 4ac BOEH-
pamiamiifHOTO CTaHy Ha TEPUTOPIl B 30HI BIUIMBY  HUX il Ha TepuTopii Hamoi nepxkaBu (AHTY-
razoaepo3oibHux BUKKIIB AEC Oyno akryanbHo — pemb, 2023, JlutBunenko, 2023). Ile moB’s3aHo
no Boennux nid (boropan, 2020, HoBockoOB, 3 MIIBUIICHHSIM PHU3HKIB  PallOCKOJIOTIYHUX

99



[Ipobnemu ximii Ta crazoro po3Butky, Bum. 4, 2025

aBapiif, 3arpo3W 3MiHHM paJiamiiHOI CHTYyaIlii,
MOTPATUISIHHS PAIIOHYKIIIAIB B aTMOC(EepHE MOBi-
Tps BHACIIJOK TMOCTIHHUX 0OCTpiliB 3 OOKy PD
pakeTamMu Ta Oe3MiJIOTHUKAMU TepUTOPiil OOIn3y
AEC (Anrypenp, 2023, c. 45).

OpmHUM 3 METOIIB, SIKi JIO3BOJISIFOTH OTIEPATUBHO
MPOTHO3YBATH pajialliiiHy CHTYaIlifo 1 pajiariiiHe
HABAaHTa)XCHHS HA JIIOIUHY, € METOJ, 3aCHOBaHUI
Ha BU3HAueHHI Koe(illieHTIB Tepexoay BiIl paji-
aIifHIX XapakTepUCTHK JDKEpesia 10HI3yHUoro
BHUIIPOMIHIOBaHHS — JI0 €(DEKTHBHOI 103U ONPOMi-
nenns moaunu (Kycros, 2019, Cunopenko, 2020).
Jlyis orepaTWBHOI Opi€eHTallli y PIBHAX pajialiii-
HOTO HABaHTA)KECHHSI HA HACEJICHHS B SIKOCTI TaKUX
KOC(QIIIEHTIB BUKOPUCTOBYIOTH HOpMAaJIi30BaHi
MOKa3HUKUA €(EeKTUBHOI /103U — €(PEKTUBHI 103U,
BiJIHECEHI JIO IITBHOCTI BUMAIIHHS PaIiOHYKIII/IiB
(B omunuusx 38/(br/M?).

Tomy onHe 3 3aBIaHb POOOTH MOJIATANO Y BCTA-
HOBJICHHI KOE(]IIIEHTIB (HOpMaIi30BaHUX MOKa3-
HUKIB €(DeKTUBHUX J103), SIKi T03BOJSATUMYTH OIle-
pPaTUBHO BU3HAUaTH €(hEeKTUBHY 103y OIPOMIHEHHS
JIIOMWHU BiJl TEXHOTCHHHMX JDKEPEN 10HI3YH0YOro
BUIIPOMIHIOBAaHHS, B IMEpPIUIy 4Yepry IIOB’s3aHUX
3 razoaepo3oibHuMu Bukugamu AEC.

Meta gociaiIKeHHsI: TPEICTABUTH METOAUKY
BH3HAYCHHS HOPMAaJIi30BaHHX ITOKAa3HUKIB e]ek-
THUBHOI JIO3M JJIS €KCIIPEC OIIHIOBaHHS €(EKTHB-
HO{ 1031 ONPOMiHEHHSI JIFOAMHU BiJl Ta30a€pP030JIb-
HUX BUKH/IIB PaJIIOHYKIIITHUX MOJIOTAHTIB.

Marepiaan i merogu jgociaimxenHs. Jlus
BH3HAUYCHHS HOPMaJIi30BaHUX €(DEKTHUBHUX J103 BiJl
ra30aepo30JIbHUX BUKUIB BCTAHOBJIIOBAJIU ITOKa3-
HUKH, SIKI BHCTymainu 0a30BUMHU pajialliiHUMH
XapaKTepUCTUKAaMH [HX JoKepel. BusHaueHHS
HOPMaJTi30BaHMX €(PEKTUBHUX 103 OMPOMiHEHHS
JIIOIMHY 3TIMCHIOBAIIN 32 (DOPMYIIOIO:
_ H in

BRD,,’

H,

in

d_pr,= (1
ne d_pr;, — nososa LiHa (dose price) [xepena n
10HI3YI0YOTO BHUIPOMIHIOBAHHS 3a PaTiOHYKJIi-
oM i, (3B/pik)/(Bk/m?), 3anexwuo Bin BRD;,; H;, —
piuHa epeKTUBHA J103a Bl PaliOHYKIIAY I BiJl JKeE-
pena BUITPOMiHIOBaHHs n, 3B/pik; BRD,;, — 6a3oBa
paziamiifHa XapaKTepUCTHUKA JKepesa n 10Hi3yIo-
4Oro BUNIPOMIHIOBaHHS, BU3HAYCHA 32 PaIIOHYKJTi-
oM i, Br/v?.

BRD; , — 11€ IOKa3HUK, IKUH XapaKTepu3sye pai-
OHYKJIIJIHE 3a0pyIHEHHsS 00’€KTa JOBKiJUISA, IO
CTOITh Ha MOYATKY /1030()OpMYIOYOTO JIAHI[IOTA Ta

100

BPaxOBYE€ iHIII YNHHUKH, SIKi MOIU(DIKYIOTh BIUIHB
PamioHyKIIiTHOTO 3a0pyIHEHHS IILOTO 00’€KTa Ha
JFOJTMHY.

Yepes Te, 1110 NOKA3HUK d_pr;, 3a CBOIM 3MicC-
TOM BioOpaxkye piuHy e(pEeKTUBHY JI03y OIpPOMi-
HEHHS B/l paiioHYKIIiTy i, IPUBEICHY A0 OJMHMIII
BIUIMBY JDKEpeia 7, TO WOro Ha3BaHO «I030BOIO
IIHOIO JDKepena 7 3a palioHyKIiIoM i». AHaio-
TiYHE MOHATTS «J030Ba IliHAa aBapiitHOTO 3a0py-
HEHHS» 3aCTOCOBaHO B PoOOTI [29] /g OuiHKH
pamianiiHOTO HABAHTAXCHHS 3a yCiMa MUIIXaMHU
HaJIXOJKEHHS «aBapitHO-YOPHOOMIIbCHKIX)
pamioHyKIiIiB g0 JonuHu. [Ipw HaaxXomKeHHI
y JMOBKUUIS CyMilli pagiOHYKIiZiB BCTaHOBIIIO-
BajM Oa3oBuil (pemnepHuil) pamionykiing BR (abo
JIeK1IbKa) — sIKUIl MaB OUIbIIly BaroMicTh Yy BeJlU-
YUHI CyMapHOi /1034 1 B 00’ €Mi Ta30aep0O30JIbHOTO
BUKHUY, Ta BU3HA4YaJIM €(EKTUBHY J030BYy ILIHY
(d _pr,,*) JDKepena 71, K 3BaKCHY CyMy BiIIOBiJI-
HUX JI030BHUX IIiH 32 OKPEMHUMH PaliOHYyKIIiJaMH:

d_pr,=d +>|d « DRDu
_pr,=ad _Prgp, _pr, X
e BRD,

BR,n

» (2)
ne d_prgp, — 1030Ba 111HA JPKEpeENa 71 3a PaaioHy-
kiigoM BR; BRDpyy , — 0a3oBa pafialiiiHa xapak-
TEPUCTHKA, SIKa BU3HAYEHA 32 PalioHyKIiIoM BR.

Takwii TiaXio T03BOJISE MPOTHO3YBATH edeK-
TUBHY 103y OIPOMIHEHHS JIOAWHHU BiA CyMIMIi
PamioOHYKIIIIIB 3a aKTUBHICTIO OJHOTO paJiOHY-
KITiTy:

H,inhal — d_pV;R,n XBRDBR,n’ (3)

ne H!™" — piuna edekTHBHA 1033 BHYTPIlTHBOTO
OTPOMIHEHHS JIFOMHU BiJl CyMillll paJilOHYKIIIiB
3 JpKepena 1, 3B/pikK.

Baxn1Boo yMOBOIO MPOTHO3YyBaHHS 3a JI0MO-
MOTOI0 JIO3UMETPUYHHUX MOJEJIeH € TXHS HaIii-
HICTb. Y poOOTI 3aCTOCOBAaHO METOAMKY CTa-
TUCTUYHOTO EKCIEPUMEHTY 1 CTOXaCTHYHOTO
MmozemoBanHd Monte-Kapio, 3a skoro napameTpu
MIEPEHOCEHHS PAliOHYKIIIIB 1 CITiBBIJHOIICHHS

BRD,

B—”" PaHIOMI3YBaJIHMCS IILISIXOM JOCITIIKEHHS

BR.,n
BEIIMYMH X CTATUCTUYHUX XapaKTEPUCTHUK, 1 JJIs
KOYKHOTO BHUIIQJIKOBOTO HabOpy MmapameTpiB Mojie-
JIIOBAJIACS JI03H, & PE3YJIETaTH 00pOOJISIH SIK CTa-
TUCTUYHUHN Marepiall.

OcHoBHMIi Martepian pociairkenHsa. Ha
pUCYyHKy | TpencTaBUMO KaMepHy MOJENb Tepe-
HECCHHS PaJIOHYKITIIHUX TOJIIOTAHTIB, 3a SKOIO
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MU OIHIOBAIA NUIAXH (OpMyBaHHS €()EKTUBHOT
JI03M OINPOMIHEHHS JIFOMUHHU BiJ PaliOHYKIIIIB,
10 HAJAXOMATHh Y JOBKULIA 3 Ta30aepO30JIbHUMHU
BukugamMu AEC. Xupaum mpudToM BumiieHO
KaMepy — BUKH]I pagionykiiny i 3 AEC, pamiariitai
XapaKTEPUCTUKU SKOT (TIOTYXKHICTh BUKUAY O ori
bx/c) mpuiinaTo 3a 0a30By pajialliiiHy xapakre-
puctuxy BRD.

OxpiM e(eKTHBHOI /103U 30BHIIIHBOTO OIPO-
MiHEHHS JIOJMHU Big Xxmapu Bukuais (H.,)
1 30BHINTHHOTO ONPOMIHCHHS BiJ pPaTiOHYKJIIIIB,
1110 BUIIAJIX Ha 3eMJII0, (POPMYEThCS J103a BHYTPILL-
HBOTO ONPOMIHCHHSI JIFOAMHU 4epe3 IHTajsIiiHe
(H Zf’f’) HAJXOMKEHHS pafioHykiiaiB. Tomy mpu
BU3HAUEHHS JJ030BOI I[IHA I'a30aepO30JIbHUX BUKHU-
niB AEC motpiOHO BpaxoByBaTH Iii HUISIXU (op-
MyBaHHS €()EKTHBHOI 03U OMPOMIHEHHS JIFOIUHH
BHACJIIJIOK Ta30a€PO30JIbHUX BUKUIB Pali0aKTHB-
HUX pedoBHH. ToOTO, cymMapHa piyHa e(peKTHBHA
71032 ONMPOMIHEHHS JIFOMWHU BiJ WHUX» paioHY-
KIIIB B pe3yJbTari ra30aepo30JbHUX BHKHIIB
AEC (H,,) mpencraBise co00l0 CyMmMy pPIYHHUX
e(EeKTHBHUX J103:

_ ext inhal
H,, =H" +H""

extr extr

Hamu panime (I'purop’esa, 2025, c. 39) Bu3Ha-
YeHO, [0 TOJIOBHUI BHECOK (63 %) y hopMyBaHHS
pamianiiHOTO HABAaHTAXKEHHS Ha JIOIWHY BiJ

ATmocdepHe
NOBITPsL, By/u’

IHTAIIAIIHHOTO HAJIXOKEHHS CyMIllli PaiOHyKJIi-
1iB razoaeposonbHux Bukugis (H) mpuxomn-
nocs Ha P Tomy penepHuM pamionykiigom 6yino
o6pano 1.

bazoBoro  pamiamiiHOIO — XapaKTePHCTUKOIO
NOPUNHATO BEJIUYMHY IOTYXXKHOCTI BUKUAY pai-
onykniny i: BRD, ., = Q.. (bx/c). Ilorpi6Ho
BpaxyBaTH TakoX Momudikyroui (axropu: dax-
TOp METEOPOJIOTIYHOTO PO30aBICHHS TOMIIIOK
y Tpu3eMHOMY mapi arMochepu 1 BiICTaHb Bif
AEC. Hamu BH3Hauanmcsi «J1030Bi LIHWY ra3oae-
posonbaux BUKuIiB AEC st Teputopii pagiycom
2,5 km Big ITY AEC, TomMy MoXHa OOMEXHUTHCS
HopMmaltizanieto aumie 3a O, .. 1 3a (1) Bupas s
BU3HAYCHHS JI030BUX I[iH I'a30a€pO30JIbHUX BUKH-
niB AEC mae Bumsn:

d_pr — ]__I — Hi,exz‘r — Hi,extr
! j ext .
! e BRDi,extr Qi,extr

OtpumaeMo epeKTHBHI 1030B1 LIIHU ra30aepo-
30ipHUX BUKHANIB AEC BiAMOBIIHO 3a IHTaIAIiN-
HUM IUISIXOM Ta MPHU 30BHIIIHBOMY ONPOMIHEHHI:

*inhal __ inhal Qi,axtr
d _Ploy = d — prBR,a‘ctr + Z d — pr},extr x >
i#BR QBR Jextr
d *ext __ d ext + d X Qi,extr
— prextr - " _ prBR,extr — pri,extr >
i#BR QBR,extr

T'A30AEPO30JIbHI
BUKHWIU AEC

Qiextr» Bx/c

I'pyHT, Br/m?

ext
H extrsy

3B/pix

JIIOJJMHA
H

extrs 3B/p1K

Puc. 1. KamepHa moaenn ¢popmMyBaHHs pagianiiiHoOro HaBaHTasKeHHs HA JIIOAUHY Bil pagioHyKJIigiB,
sIKi HAAXOOSITh Y JOBKIJJIfA 3 razoaepo3oibuumu Bukuaamu AEC. Ilo3nauennsn: H, . — piuna
eekTHBHA 1032 ONPOMiHEHHSI JIIOAMHH BHACTIIOK ra302aepo30JbHIX BUKHIIB PagioOHYKIiTiB;

ext . . . inhal .
H — piuna edexTHBHA 1032 30BHIIIHLOr0 ONpoOMiHeHHs Joaunu; 1), — piuna edpekTHBHA 1032

extr extr

BHYTPIIIHbOI'0 ONIPOMiHEHHS JIIOAMHM NPH iHrAJSALIHHOMY HAIXO0I:KeHHI pagioHyKJIiaiB
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1€ Opp exyr — HOTYXKHICTb BUKULy 0a30BOro pasio-
HYKJIIy B atMocdepHe nositps, bx/c.

OOumcneHHs, SKi MPOBEICHI BITHOCHO 0a30-
Boro pagionykiny *'I ais Teputopii Ha BincTani
2.5 xm Big AEC noxazanu:

—  BenuuuHH eDeKTUBHOI 1030BOT iHK d_pr,o
Ha pisni 0,01-0,5 Mx38/pik Ha | Bx/c Bukuxy ',

— BEJIMYMHU  e(EeKTHBHOI  1030BOi  IIIHU
d_pr,™" wa pisni (0,07—1,05) Mx38/pik Ha 1 Br/c
sukuay .

30

— BeIMYMHM e(eKTHBHOI 1030BOi IiHK d_pr,,
na pisni (0,01-1,05) Mx38/pik Ha 1 Br/c Buxumy 1.

TakuM YMHOM, OTPUMAEMO MOJENb JUISL TPO-
THO3YBaHHS pajiallifHOTO HaBaHTAXEHHS Ha
JIOMHY Yepe3 Ta30aepo30JIbHI BHKUAN PaJioHy-
kiaiB 3 AEC:

HEX[I’ = d—pr:;f:t : Q (4)

ml,extr’

: 131
ne Ql_nLem — MOTYHICcTh Bukuay I, br/c.

=

25

20

___
.

_

=

15

YactoTa

10

1.8 20 21

7

_

]

2=

23 24

AN

22 26

PELO, mk3B

Puc. 2. I'icrorpama po3noainy pe3yasraTtiB Mofei0BaHHA ¢popMyBaHHs piuHoi edekTHBHOI 103U H
y paiioni ITY AEC (2,5 km Big AEC) BHac1iiok razoaepo3ojibHuX BUKUAIB AEC
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21

PE[, mk3B

2.0

1.9

1.8 Q

1.7

-2.0 -1.5 -1.0 -0.5

0.0

0.5 1.0 1.5 2.0 2.5

TeopeTndHa KBaHTINb

Puc. 3. IIpobiT-rpagik po3moainy pe3yabrariB MoAeJI0BaHHA ()OPMYBAHHS
piuHoi epeKTUBHOI 103U H, . Bil ra30aepo30J1bLHUX BUKWAIB pagionykJjiaiB y paioni ITY AEC
(2,5 xm Bin AEC)
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[TepeBipruMO HAIIHHICTh CTOXaCTUYHOTO IIPO-
THO3yBaHHs edekTuBHOI ao3u H,, BiA Ta3oae-
PO30JIBHUX BUKHUIIB PaAiOHYKIIIB y parioni [TY
AEC (2,5 xm Bix AEC. Ilpu TakoMy MOJeIOBaHHI
HEBU3HAYCHICTIO XapaKTePU3YIOThCS 3MiHHI BEIHU-

Qi Jextr

YUHU , Ql3l1 - ['panuti 3MiH TUX 3MIHHUX

BR.extr L. .
B34ATO K MIHIMAaJIbH1 1 MaKCHUMaJIbH1 3HA4YCHH,

BHU3HAYCHI 3a pe3yjibraTaMH IMPOBEIEHUX HOCITi-
JUKeHb 1 manux [7, 9] 3a mepiox 2019-2021 pp.
3niiichioroun 100 BunpoOyBanb Mozeni (4) npu
napaMerpax, 3Ha4eHHs SIKUX BUIAJKOBUM YHMHOM
BUOMpaNINCS 3 1XHIX IHTEpBaliB 3MiH, OTPUMAEMO
pe3yabTaTH, Kl y BUINIAII TiCTOrpaMH HaBEACHO
Ha puC. 2, a y BUNISAI poOiT-rpadiky — Ha puc. 3.
[Ipobit-rpadix 1 rictorpama MOKa3yrOTb, IO
3MOZIETIbOBAHUI PO3MO/LT MOXKE ICTOTHO BiJIpi3HS-
THUCS B11 HOpMalibHOTO. Lle Moe cBiTuuTH TpO TE,
10 y MOJIeNi JesiKi ()aKTOpH € ICTOTHUMH. Y JTaHOMY
BHUIIQ/IKY 1€ OYEBHUIHO: TOJIOBHUI BHECOK B 1HTaJIs-
LiHHY 103y BiJl ra30a€pO30JbHIX BUKHIIB Pa/IiOHY-
KB 3aiiicHIo0Ts, KpiM 2'1, %°Co ta *’Cs (Boro-
pan, 2019, I'purop’eBa, 2025), ToMy piBHOMIpHUI
3aKOH PO3MOJUTY IHMX PATIOHYKIIIIB MPAaKTUYHO
BIZIOOPaXKYETHCS Y 3aKOH PO3IOLTY J03H.

BucHOBKY i mepcrneKTUBH NMOAATBIIUX A0CTi-
JkeHb. IIpencraBieHo pe3ynbraT MOJCTIOBAHHS
dbopMmyBaHHS e(EKTUBHOI 03U ONPOMIHCHHS
JIOAMHMA Bix ra3oaepo3onbHUX BUKHIIB AEC,
BHUKOPUCTOBYIOYM METOJOJIOTII0 HOpPMalli30BaHUX
JI030BUX IIiH JDKEpesa BMIIPOMIHEHHS Ta Kamep-
HUX MOJEJIEH.

[Tokazano, 1m0 A7 ONEPaTHBHOTO IMPOTHO3Y-
BaHHS PIBHIB CEpeIHbOIHAMBIAYyaIbHOT €(EeKTUB-
HOT JTO3W MOXKE BUCTYIIATH MMOKa3HUK JJ030BOT IIHA
ra3oaepo30ibHUX BHUKUIIB pagioHykIiaiB. [Ipu
[bOMY 0a30BHM/pETIEPHUM PATIOHYKIIIJIOM BUCTY-
nac ', a 6a30BoI0 pajialliiiHOI0 XapaKTepHCTH-
KOIO — IIOTYKHIiCTh BuKkmmy *11.

s ymoB Teputopiit HaBkono ITYAEC (2,5 kM)
pO3paxoBaHO, BEIMYMHU €(EKTHBHOI J030BOT
LiHU ra3zoaepo30iabHUX BUKUIIB AEC, sKi ckianu
(0,01-1,05) mx3B/pik na 1 Bx/c Buxnmy '

CroxacTuyHe TPOrHO3YBaHHS €(EKTHUBHOT
1034 Bijx razoaepo3onbHux BUKUAIB AEC 3 BuKO-
PUCTAaHHSAM BHU3HAYEHUX [030BUX I[iH MiATBEp-
VIO HAMIWHICTh HPEACTABICHOT MOENi MpH
ONEepPaTUBHOMY MPOTHO3YBaHHI J1030BOr0 HaBaH-
T@XECHHS Ha HACEJIEHHS BiJl ra30aepo30JbHUX
BukuaiB AEC.
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OLHIHIOBAHHS PU3UKIB BIJI BUKUAIB BUPOBHUIITBA
ACPAIIBTOBETOHHOI'O JOPOXHbBOI'O ITIOKPUTTA SAK YNHHUK
3ABE3IIEYEHHA CTAJIOI'O PO3BUTKY

Memoro docrioiicenns € 301liCHeHHs OYIHKU HEKAHYEPO2EHH020 MA KAHYEPOLEHHO20 PUSUKIE 6I0 6UKUOIE BUPOOHU-
ymea acghanbmobenoHHO20 O0PONCHLO20 NOKPUMMS K YUHHUKA 3a0e3neYeHHs: CMAN020 PO3GUMKY.

Memoou. Ananimuuni, po3paxyHKosi, eKCnepumMeHmanbHi, NOPIGHANbHI, IHPOPMAYIIHO20 MOOCTIOBAHHS MA NPOSHO-
3V8aAHHSL.

Pesynomamu docniorncenns. 30iicHeH0 OYIHIOBAHHS eKONOLIYHUX PUBUKIB, NO8 A3AHUX 13 UKUOAMU 3AOPYOHIONUUX
PeuosuH nio uac sUpoOHUYMBa acharbmodemoHHo20 00PONHCHLO20 NOKPUMMS, A SUSHAYEHHA IX 3HAUeHHs 015 3a0e3-
neyeHHs cmano2o po3gumxy mepumopii. Ha ocnogi pesynomamie mooentosanns po3ciloganis eukuoie 3a6pyoHIo0uux
peuosur 8 ammocphepHomy NOGIMpi GUSHAYEHO PIGHI HEKAHYEPOLEHHO20 Md KAHYEPOLEHHO20 GNAUGY NPIOPUMEmHUX
3a0pyOHI06aYI8, ceped AKUX JIemKi OpeaHiuHi cnonyku, Oenson ma Oen3(a)nipen. Bcmarnosneno, wjo cymapuuil iHoexc
Hebe3neKu po36UmMKY HEeKAHYepO2eHHUX e(hekmia 0Jist O0CTIONCYBAHUX PeHOGUH 8ION0BIOAE OONYCIMUMOMY PIBHIO, MOOI SIK
3 YPaxy8aHHaM (POHOBUX KOHYEHMPAayiil Habyeae HACmMopoicylouozo xapaxkmepy. Kombinosanuil kanyepoeennuti pusux,
3ymosnenutl 0icto bensony ma bens(a)nipeny, UBHAYEHO K CepeOHill, SIKULL € NPULHAMHUM Y GUPOOHUYUX YMOBAX, Npome
1o BIOHOWIEHHIO 00 HACENEHHS. NOMPEDYE PecYIAPHO20 MOHIMOPUHEY Ma 0eMAalbHIU020 AHAIZY 0xdcepen 3a6pyOHeHHs.
1l NOMEHYIIIHUX HACTIOKIB 11020 OIi 0151 0OIPYHMYBAHHS HeOOXIOHUX 3aX0016 3 YAPAGTIHHS PUSUKOM, eqOeKmUsHOCmI cucme-
MU eKONO2TUHO20 MEHEOICMEHNTY Ma 3a0e3nedentsl CINAaL020 PO3GUNIKY.

Bucnoeku. Ompumani pesynomamu 6Kazyioniv Ha HeOOXIOHICMb NOOAIbULO20 BOOCKOHANEHHS MEXHONIOIYHUX NPO-
yecis supooHUYMBa acgarbmobemorHo20 00POICHLO20 NOKPUMMS, ONMUMI3aYii napamempie memnepanyproi 06pooKu
ma 6npoeaoddicentsl CUcCmemi iHme2po8ano20 MOHIMopuHey ammocgepnozo nogimps. OOTPyHMOBAHO, WO CUCEMAMUY-
HA OYIHKA PU3UKIE T KOHMPOIb BUKUOIE € KIFOUOBUMU YMOBAMU MIHIMI3aYIl He2amueHo20 6NaUBY HA 300P08 5 HACEeHHs.
Ul Q08K Ma CRPUAIOMb peanizayii yinetl cmano2o po3eumxy.

Kniouogi cnosa: supobnuymeo, acganbmobemonne 00pojiCHE NOKPUMMISL, AMMOchephe Nogimpsi, OYiHIOBAHHSL PUBUKIS,
HeKaHyepo2eHHUL PU3UK, KAHYEPOLEHHUL PUSUK, eKOTO2IYHUL MEHeONCMEN, eKONOINHUL KOHMPOLb, CIANUL PO3GUMOK.
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ASSESSMENT OF RISKS FROM EMISSIONS OF ASPHALT CONCRETE
PAVEMENT PRODUCTION AS A FACTOR IN ENSURING SUSTAINABLE
DEVELOPMENT

Objective. The aim of the study is to assess non-carcinogenic and carcinogenic risks associated with emissions
from hot-mix asphalt production as a factor contributing to sustainable development.

Methods. Analytical, computational, experimental, comparative methods, as well as information modeling and
forecasting.

Results. The study evaluates environmental risks related to pollutant emissions generated during hot-mix asphalt
production and determines their implications for promoting sustainable territorial development. Based on atmospheric
dispersion modelling and subsequent risk calculations, the levels of non-carcinogenic and carcinogenic impacts of priority
pollutants—including volatile organic compounds, benzene, and benzo(a)pyrene—were analysed. The results show that the
cumulative hazard index for non-carcinogenic effects from the studied pollutants falls within the acceptable range, yet
becomes of concern when background concentrations are considered. The combined carcinogenic risk associated with
benzene and benzo(a)pyrene is classified as medium, which is acceptable under industrial exposure conditions, however,
for the general population it requires continuous monitoring and a more detailed investigation of emission sources
and potential health outcomes to substantiate risk-management measures, evaluate the effectiveness of environmental
management systems, and ensure progress toward sustainable development.

Conclusions. The findings highlight the need for further improvement of hot-mix asphalt production technologies,
optimisation of thermal processing parameters, and the implementation of integrated atmospheric air monitoring systems.
1t is substantiated that systematic risk assessment and emission control are essential for minimising adverse impacts on
public health and the environment and contribute to achieving sustainable development goals, particularly in terms of
ensuring safe working conditions and enhancing the environmental resilience of territories.

Keywords: production, hot-mix asphalt, ambient air, risk assessment, non-carcinogenic risk, carcinogenic risk,
environmental management, environmental control, sustainable development.

AKTya/IbHiCTH TNPOOJIeMH 3yMOBJICHA IJO-  PO3BUTKOM i30€pexKEeHHIM TOBKILIS. TaKMM YHHOM,
OaTbHUM TIEPEXOZIOM CYCIUIBCTBA O TPHUHIIMITB  JOCTIDKCHHS PU3HKIB, CHPUYMHEHUX BUKUIAMH
CTaJIOr0 PO3BUTKY, IO IMependavyaloTh 3HIKEHHS  ac(albTOOETOHHOTO IOPOKHBOTO MOKPHUTTS, € CBO-
AQHTPOTIOTEHHOTO HABaHTA)KCHHS, ONTHUMI3AII0  €YACHHUM 1 HeOOXiTHUM T GOpMyBaHHS CydacHOi
TEXHOJIOTIYHUX TPOLIECIB 1 BIPOBAKEHHS €KOJIO-  CHUCTEMU EKOJIOTIYHOTO MEHEIKMEHTY Ta JOCST-
ri9HO OE3MEYHHX pIllleHb y JOPOKHBO-OyHiBENb-  HEHHS MIJICH CTAJIOTO PO3BHUTKY SIK HA JIOKAJTBHOMY,
Hiil ramy3i. DopMyBaHHS €KOJIOTIYHO BIAMOBIAHOI  Tak 1 HA HAI[IOHAJIBHOMY PIBHSX.
1HOPACTPYKTYPH € BAKIUBUM UYUHHUKOM ITiJ[BH- AHaJi3 OCTaHHIX JOC/iKeHb i myOsikamiii.
IICHHS CTIMKOCTI perioHiB Ta 3a0esnedeHHs 3710-  JlocmiukeHHIO TpoOieM OILIHIOBaHHS PU3UKY Bij
pPOBOTO CEpeloBUIA TPOXKHMBAHHS HACEJCHHS.  BIUIMBY BHUKHIIB 3a0pYyIHIOIOYMX PEYOBUH IIPH-
Y 1pOMy KOHTEKCTI HayKoBe OOIPYHTYBaHHS  CBSUEHO HU3KY Mpallb YKPAiHCHKHX Ta 3apyOiKHUX
PU3UKIB, TOB’SI3aHUX 13 BUKHIAMH acQaybToOe-  BYCHHX. 30KpeMa, y HAyKOBIH JTiTeparypi mpeacTas-
TOHHOTO JIOPOKHBOTO TIOKPHUTTS, HaOyBae 0OCO-  JIGHO CTpareriro MiHiMi3allil eKOJOTiYHHX PU3HKIB
OJMBOTO 3HAYEHHS, aJDKE CTBOPIOE MIATIPYHTS [UIS  BiJ ASUTBHOCTI IPOMHUCIIOBHX ITiIPUEMCTB Y KOH-
YAOCKOHAJICHHS €KOJOTIYHUX CTaHJApTiB, MiJBU-  TEKCTI peai3aiii NMPUHLHUIIB CTAJIOr0 PO3BUTKY,
IIeHHS e(DEeKTUBHOCTI MPUPOIOOXOPOHHUX 3aXOMIB  JI€ y3arajJbHEHO MiJIXOIU J0 3HWKCHHS TEXHOTCH-
Ta MIATPUMaHHS OalaHCy MK IHQPACTPYKTYpPHUM  HOTO HABAaHTAXXECHHS Ta BJOCKOHAJICHHS CHCTEMH
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KOPIIOPaTUBHOTO MPHUPOIOOXOPOHHOTO YIIPABIiHHS
(Barin, 2025). [TutanHs OLiHIOBAaHHS PU3HKIB IS
37I0pPOB’sl HACEJICHHS, 10 MTPOYKUBAE B 30HI BILIUBY
MPOMHUCIIOBUX  MIANPUEMCTB,  PO3IVISIAKOTHCS
B poborax, e 31iHCHEHO KOMIUIEKCHMH aHai3
BIUIMBY BUKHUIB ByINIErpaiToOBOro BHUPOOHMIITBA
13 3aCTOCYBaHHSM Cy49aCHHX METOJIB iIeHTH(IKAIIi{
HeOe3MeK Ta MPOrHo3yBaHHs HaciiikiB (IBaHeHKo,
2024). Y po3BUTKY KOHIICTIIii CTAJIOTO MTPUPOIOKO-
PHCTYBaHHS BaXJIMBOIO € mpobiema (hopMyBaHHS
CHCTEM €KOJIOTIYHOTO MEHEKMEHTY Ha PiBHI ITiJI-
MIPUEMCTB, IO JT03BOJISAE 3a0e3rmeunTH e(heKTUBHE
PETYIIIOBaHHS BIUIMBY BUPOOHHIITB Ha JTOBKULISA Ta
perionanbpHui po3BUTOK (Kapaim, 2022).

JlocmiKeHHs], TPUCBAYEHI KOHTPOJIO BIUIUBY
3a0pyaHIOIOUMX PEYOBMH TPU  BUPOOHHIITBI
ac(anpTo0eTOHY, aKIICHTYIOTh yBary Ha HeoOXis-
HOCTI CHCTEMHOI'O €KOJIOT'IYHOTO MOHITOPHHIY,
MOJICTTIOBAaHHS PO3CIIOBaHHS BHKHIIIB Ta BIIPOBA-
JOKEHHSI TEXHOJIOTIYHUX pIllIeHb, CIIPSIMOBAHUX Ha
CKOPOUYEHHS BUKHIIB MOJIMUKIIYHUX apOoMaTHy-
HUX BYIJIEBOJIHIB Ta JIETKMX OPTaHIYHUX CIOJYK
(Kapaim, 2023). Oxpemi po6oTH (HiKCYyIOTh pU3HKH,
MOB’si3aH1 13 3a0pyaHEHHAM aTMOC(hEepHOro MoBi-
TPST BOXKUMH METaJaMU y PErioHax 3 BHUCOKHM
TEXHOTCHHUM HaBaHTAKEHHSIM, MiIKPECITIOIYH
3HAYCHHS TITIEHIYHUX OINIHOK s (hopMyBaHHS
perioHaIbHOT MOJITHKH Y c(hepi OXOPOHU 310POB’ s
(Onymn, 2024). IMutaHHs BIUIMBY XIMIYHHX pedo-
BHUH Ha MpAaIiBHUKIB MPOMHUCIOBUX MiANPUEMCTB
PO3KpPHUTO 1 B OKPEMHX TaTy3eBUX JOCHIHKEHHSIX,
Jie OLIHEHO PHW3HMKH JJIsi 3[0pPOB’S TPAIliBHUKIB
MamuHOOyaiBHOT  mpomucinoBocti  (IllapaBapa,
2025). Pesynmpratm mux poOIT 3aCBiIUYIOTH, IO
OIIIHIOBaHHS BIUIMBY 3a0py/JHIOBA4YiB Ha BHUPOO-
HUYE CEpPeIOBUILE Ma€e 0a3yBaTUCS Ha TOEJTHAHHI
IHCTPYMCHTAJILHUX BUMIPIOBaHb, TOKCHKOJIOTIY-
HOTO aHali3y Ta METOAIB iH(popMaIlliiiHo-MareMa-
TUYHOTO MOJICTIOBAHHS JIJIs OI[IHKH PH3HKIB.

Y MiKHaApOIHIN MPAKTHUII TAKOXK MPUILIIETHCS
3HaYHa yBara JOCJIDKEHHIO PU3UKIB, ITOB’I3aHUX
13 acdanbToO0eTOHHIUM BHUPOOHHUITBOM. 30Kpema,
BHBYAIOTHCSI BUKHIH MTOJIIUKITYHUX aDOMATUIHUX
BYIJICBOJHIB 1 3amaxiB MpH 3aCTOCYBaHHI MO }i-
koBaHuX TymoBuX cyminreii (Chlebnikovas, 2023),
aHAJII3YIOTHCSl TOCTPI CUMIITOMHU BIUIMBY BHUIIApiB
ac¢anpty Ha npaniBaukiB (Tepper, 2006), a Takox
BUSBIISIIOTBCSL  TTOJPA3HIOBAIbHI  €(EeKTH TmapiB
1 aeposoniB OiTymMy Ha muxanbHi nuiixu (Raulf-
Heimsoth, 2011). Oxpemuii HampsiM CTaHOBJISTH
JOCITI/DKEHHST BIPOBAJDKCHHS HHU3bKOEMIiCIHHUX
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TEXHOJIOTI Ta 1HTIOITOPIB yTBOpPEHHS acdalbTo-
Bux emiciii (Pahlavan, 2023; Wang, 2024). Orns-
JIOBI TIpaIli CUCTEMAaTHU3yIOTh Cy4aCHHUH CTaH 3HaHb
PO PHU3UKU BiJl ac(haabTOBUX BHUKHUJIB, iICHYIOUI
NPOTAJIMHU Ta HANPSMH TOAATBIIUX TOCIIIKEHb
(Mousavi, 2024), migkpeciodd HEOOXITHICTh
iHTerpalii eKOJOT1YHOTO MOJIEIIFOBAHHS, TOKCHKO-
JIOT1YHOT'O aHaJi3y Ta OL[IHKH BIUIMBY Ha 3/J0POB’S.
[MuTaHHs BIUIMBY XIMIYHAX PSUYOBHH Ha MpaIliBHU-
KiB POMUCIIOBUX MIAMPUEMCTB PO3SKPHUTO B JOCITi-
JDKEHHSIX, JIe OLIHEHO PU3WKHU JJIS 310pOB’s mpa-
LiBHUKIB MeTanypriiHoi ramysi (Dehghani, 2021;
Esmaeili, 2024; Golbaghi, 2021).

OTxe, MPOBEACHI PO3BIIKK CBIYATh, IO MPO-
OJyieMa OIiHIOBaHHS CKOJIOTTYHOTO PU3UKY BHKHIIB
ac(haabTo0ETOHHOTO BUPOOHMIITBA € KOMILICK-
CHOIO 1 MOTpeOy€e MDKAMCIUILIIHAPHOTO TIiIXO.Y.
Icaytoui nmocmimkeHHs (OPMYIOTH HAyKOBE ITifl-
TPYHTS JUIS BIOCKOHAJICHHS HOPMAaTUBHOTO 3a0e3-
MIEUEHHS, BIPOBA/KCHHS TEXHOJOTIYHUX 1HHOBA-
il Ta MIBUMICHHS €(PEKTHBHOCTI €KOJOTIYHOTO
MEHEDKMEHTY Ha MIANPUEMCTBAX TOPOKHBO-0Y/Ti-
BEJIBHOI TaITy3i.

MeTor0 n0CHiKeHHsI € 3IIHCHEHHS OIIIHKU
HEKAHLIEPOT€HHOT0 Ta KAaHLEPOTEHHOTO PHU3UKIB
BIJI BUKHUIIB BUPOOHHUIITBA ac(albTOOSTOHHOTO
JOPOXKHBOTO MOKPUTTS K YNHHHKA 3a0€31eueHHS
CTaJIOTO PO3BUTKY.

Mertonosiorisi. Bu3zHaueHHS PU3HUKY PO3BU-
TKY HEKaHIEPOTeHHUX €(eKTiB 32 KOMOIHOBAHOTO
IHTAIIAIIHHOTO BIUIMBY XIMIYHUX PEYOBHH IIPOBE-
JICHO Ha OCHOBI PO3paxyHKy IHJEKCYy HeOe3leKH
HI BigmoBimHo mo (OriHka KaHIIEPOTEHHOTO Ta
HEKAHIIEPOT€HHOTO PU3UKY JUIsl 3I0pOB’s Hace-
JICHHSI BiJ XIMIYHOTO 3a0pyIHEHHS aTMOC(HEPHOTO
noBiTps, 2023; OuiHka pU3MKIB AJIs 370POB’ s TMpa-
I[IBHUKIB BiJ 3a0pyJHCHHS MOBITPS POOOYOi 30HH
XiMIYHUMHU pedoBUHaMU, 2024):

HI =Y HO,

i=1

(1

Jie, n — KUIBKICTb AOCTIKEHUX pedoBuH; HQ; —
KoeiIieHT HeOe3MeKH, BiTHOUICHHS KOHIICHTpa-
1i1 pEUOBHHU JI0 HOPMATHUBY:

HQ,=C;/TJIK,. 2)

SIKio oTpuMaHe 3HaueHHs koedilieHTa Hebe3-
HEeKH Ui PEYOBMHH HE mepeBuulye 1, iMOBip-
HICTb (OpPMYyBaHHS y IpalliBHUKA HECHPUATIH-
BUX KPUTHYHHMX HACIIJKIB 32 YMOB ii IOJACHHOTO
HA/IXO/DKEHHSI € HHM3bKOIO, a BIUIMB BBAXKAETHCS
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OpUAHATHUM. HaToMicTh TNepeBHIIEHHS IHOTO
MOKA3HHKA TTOHA]I OJUHHIIIO0 CBIIYHUTH MPO MOCTY-
MOBE 3POCTaHHS PU3UKY IMOSBU IIKIUIUBUX €(eK-
TiB y JIFOMHHM, SKE IMiJBUIIYETHCS BIAMOBITHO 10
30ibIIeHHS BemuuHu HQ,.

OIHIOBaHHS CYMapHOTO HEKaHIIEPOT€HHOTO
PU3HKY BUKUIIB ac(aibToOOCTOHHOTO JOPOKHBOTO
MOKPUTTS 3MIHCHEHO Ha OCHOBI PO3pPaxOBaHUX
KoeiIieHTiB Ta iHACKCY HeOe3neku. Knacudika-
if0 PIBHIB HEKAHIIEPOTEHHOTO PU3MKY MPEICTaB-
JeHo B Tabm. 1.

Po3paxyHoK iHIUBIyadIbHOTO KAaHIIEPOTEHHOTO
PHU3HUKY 3IHCHIOETBCS 32 POPMYJIOLO:

CR=LADC x UR, 3)

ne: LADC— cepe/iHst KOHLEHTpALlisl pEe4OBUH B aTMOC-
(hepHOMY TIOBITpI 32 BECh MEPIO YCEPETHEHHS eKC-
nosutii, Mr/mM*; UR — ofHMYHMI py3KK, (Mr/m) !,

UR = SF; x 20/70, 4)
SF;, — (akrop KaHLEPOreHHOIo IOTEHIialy
cnonyku, (Mr/(kr  x  100Y))",  SFsuu0
0,027 (mr/(kr  x  noby))',SF, Gens(@nipen

3,1 (mr/(xr x 106y))~".

Kanneporenaunii pus3uk 3a KOMOIHOBaHOI i
JEKITHKOX XIMIYHHUX CTOJYK PO3IIISIAIOTH SIK aJU-
TUBHUH 1 pO3PAaXOBYIOTh 32 (HOPMYIIOIO:

CR, = iCRi,

i=1

)

ne, CR, — KaHIIepOTeHHUH PU3HK 1-TOT KaHIIePOTeH-
HOI PEYOBUHU.

Knacucikarito piBHIB KaHIIEPOTEHHOTO PU3HKY
MPEICTaBICHO B Ta0I. 2.

Buki1ax 0CHOBHOIO MaTepiajy A0C/Ii>KeHHS.
IIporiecu  BuUpoOHUIITBA  ac(hambTOOETOHHOTO
JOPO’KHBOTO MTOKPHUTTS T pOOOTH 3 1OTO yKIIaIaHHS
CYIIPOBOIKYIOTHCSI YTBOPEHHSIM 3HaYHOI KIIBKOCTI
XIMIYHHMX PEUOBHH, Cepe]l IKUX JOMIHYIOTh TBEp/i
CYCIIEH/IOBaHI YacTMHKM HeaudepeHuiioBaHi 3a
CKJIaZioM Ta JieTki opraniuHi cromyku (Kapaiwm,
2023). L1i 3a0pyaHioBaui CrpaBisiOTh MOTEHIIHHO
IIKI/UIMBUH BIUIMB TEpelyciM Ha MpAIiBHUKIB,
1o nepeOyBaroTh y 30HI Jii TEXHOJIOTIYHUX MPO-
neciB. Huzka nocmimkens (Tepper, 2006; Raulf-
Heimsoth, 2011; Chlebnikovas, 2023; Pahlavan,
2023; Mousavi, 2024; Wang, 2024) nemoHCTpY-
I0Th, 110 Y NPaliBHUKIB, SIKI PEryasipHO KOHTaK-
TYIOTh 3 acaJbTOBUMH MarepiajlaMH, dYacTille
(IKCYIOTHCSI CAUMIITOMHU OPYIIEHHS CAMOTIOUYTTS —
3arajbHa CIa0KiCTh, ITIJBMINEHA BTOMIIIOBAHICTb,
3HIKEHHS aleTUTy, MOAPa3HEHHs CIM30BUX 000-
JIOHOK OYel, HOCOIIOTKHM Ta BEPXHIX AWXaJbHUX
HUIsAXiB. BupaxeHicTe HUX MposiBiB 1ICTOTHO BHILIA,

Taomums 1

Kaacudgikauis piBHiB HeKaHIIEPOT€HHOTO PU3HKY"

KoediuieHT HeGe3nekn po3BUTKY
HeKaHleporeHHux edextiB HQ; nas
OKpeMHX CHOIYK

Inpexc HeOe3nexkH PO3BUTKY
HeKaHleporeHHux edexTiB (HI) nus rpynu
CIOJIYK OTHOCIIPSIMOBAHOI Jii

PiBeHb pusuky

>2 >6 Bucoxknii
1,1-3 3,1-6 Hacropoxyrounit
0,11-1,0 1,1-3,0 Jomyctumuii
0,1 i menme 1,0 i MmeHmIe MiHimManbHUi (HiITBOBHIA)

JDicepeno: (Oyinka KaHyepo2eHHO20 Ma HEKAHYEPOLEHHO20 PU3UKY OJisl 300P0O8 sl HACELEHHS 810 XIMIUH020 3a0pYOHeHHs. amMochep-
Hoeo nosimps, 2023; Oyinka pusukis 0Jis 300p08 i NPayieHUKI6 610 3a0pYOHEeHHS NOGIMPst pobouol 301U XiMiuHuMu pevosunamu, 2024).

TaOmuig 2

Kaacudikamiro piBHiB KaHIIEpOTreHHOTO PU3HKY"

Pusuk npoTsirom :KuTTs PiBenn puzuky
>10°3 Bucoxkuil — He NpUIHATHUIH A7 BUpOOHUYKX YMOB 1 HaceneHHsA. HeoOXiqHO MpoBeAeHHs
3aXOIiB MIOZO 3HWKEHHS PH3HKY
CepeHiii — TOMyCTUMHUHR JUTsi BAPOOHUYMX YMOB; 32 BIUIMBY Ha BCE HACEJICHHS HEOOX1/IHO
107-107* 311HCHIOBAaTH JUHAMIUYHUI KOHTPOJIb Ta IONINOICHE BUBUCHHS [KEPEIl 1 MOXKIMBUX HACII/IKIB
HIKIITMBOT JTiT TSl BUPILICHHS TTMTAHHSI [II0JI0 3aXO0/(iB 3 YIPABIIHHSI PU3UKOM
104-10°6 Husbkuii — nonyctumMuii pusmk (piBeHb, Ha SIKOMY, SIK TIPABUIIO, BCTAHOBITIOIOThH Tri€HIYHI
HOPMATHUBH JUI HACEJICHH)
<10°6 MinimanbHuil — OaxkaHa (I[IIbOBA) BEJIMUMHA [IPU TIPOBECHHI 037I0POBUNX
Ta NPUPOJOOXOPOHHUX 3aXO/IiB

* Ibicepeno: (Oyinka KaHyepoeenHo20 ma HeKAHYEPO2EHHO20 PUSUKY OJisl 300PO8 5l HACENLeHHs! 8I0 XIMIUHO20 3a0pyOHeHHs ammocdep-
Hozo nosimps, 2023; Oyinka pusuxis s 300po8 ' NpayieHuKia 6io0 3a6pyOHeHHs nogimps pobouoi 30nu Ximiunumu pedosunamu, 2024).
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HIK Y KOHTPOJIBHUX TPYI, SIKi HE MalOTh KOHTAKTY
3 ac(anbTOO0ETOHHUMHU CyMiIlIaMH.

Heo0xinHo 3a3Ha4MTH, IO BATOMUM YHHHUKOM
BITUBY ac(aabToOOETOHHOI CyMilllli Ha 3I0pOB’s
moned € il Temmeparypa: MiIBUIICHHS TeMIepa-
TYpH 0OpOOKH CyIpPOBOKYETHCS IHTEHCUBHILINM
BUIIAPOBYBAHHSAM TOKCHYHUX KOMIIOHEHTIB, IO
MPU3BOAUTEL JI0 OUIBII BUPAKECHUX HETAaTUBHHUX
peaxuiii mpaniBHuKiB. TBepi Mapku achanbry, 10
noTpeOyI0Th HarpiBaHHS J0O BUIIMX TEMIIEparyp,
CTBOPIOIOTH OUTBIINNA PU3HK ITOPIBHIHO 3 M’ IKHMH
cymimamu (Tepper, 2006).

[ikaBo, 1110 30BHIIIIHI YAHHUKH — [TOTO/THI YMOBH,
IHTEHCUBHICTh TPAHCIOPTHOTO PyXy YH OCOOJH-
BOCTI BHKOHAHHS OIepaliii — He YUHATh 3HAYHOTO
BIUIMBY Ha YacTOTY CHMIITOMIB, IO MiJKPECIIOE:
OCHOBHUMH JICTEPMIHAHTAMH PH3HKIB € CaMe TeX-
HOJIOT1YH1 XapaKTEePUCTUKH BUPOOHHUIITBA.

Y mupmomMy KOHTEKCTI 3a0e3leueHHs CTa-
JIOTO PO3BUTKY TaKi pe3yJbTaTH aKICHTYHTh Ha
HEOOXIIHOCTI CHCTEMHOTO OI[iHIOBaHHS PHU3U-
KiB, IOB’s3aHUX 13 BHUKUAaMH ac(asbToOeTOH-
HOTO BUPOOHMIITBA. PO3yMiHHS PiBHS TOKCUYHOTO
HaBaHTa)XEHHS Ha MPAIiBHUKIB 1 TOBKIJUIA 103BO-
muTh (hopMyBaTH e(DEKTHBHI CTpaTerii MiHiMi3aIlil
IIKI/UTMBUX BIUIUBIB, YIOCKOHAIIOBATH TEXHOJIO-
TiYHI TIPOIECH Ta BIPOBAHKYBAaTH OLIBII SKOJIO-
ri4HO 30epirarwdi pileHHs.

BusHaueHHsI piBHIB PU3UKIB BiJ BUKH/IIB 3a0pyI-
HIOIOYMX PEYOBUH MPH BUPOOHHUITBI acaibrode-
TOHHOTO JIOPOXKHBOTO MTOKPUTTSI 3IHCHEHO Ha IPU-
KJ1a/11 ac(aabToOeTOHHOTO 3aBOY PO3TAILIOBAHOIO
B KiBepmiBcbkomy paiioni, BonmHchkoi o6macTi

(reorpadiuHi KOOpIWHATH IEHTPOiga MPOMHCIIO-
Boro Maijmanuuka: 50°49°52” Ila. m., 25°28°59”
Cx. n.). O0’ekT po3TallOBaHWA Ha 3EMENbHIN
JTUTSTHI ToTomiero 1,6 Ta mopyd i3 MaricTpaibHOO
JOpOroro, Mo 3a0e3nedye OIepaTHBHE MOCTa-
YaHHS CUPOBHHHU Ta JOCTAaBKY rOTOBOi ac(haibTo-
OCTOHHOI CyMIIlli 0 MiCIlb BUKOHAHHS TOPOXKHIX
poOIT 13 MIHIMAJIBHUMU BUTpPaTaMH Ha JIOTICTHKY.
Tepuropiss BUPOOHHUYOro MailaHYMKA MEXYE:
Ha MIBHOYI — 3 JIICOBOIO AUISHKOIO Ta KHUTIOBUM
CEKTOpOM; Ha IBHIYHOMY CXOJi — 3 JIICOBHMH
HACa/DKEHHSIMHU Ta aBTOMOOUIBHOIO JIOPOTOI0; Ha
CXOJIi — 3 JIICOBUMHU MacHBaMH Ta aBTOILISIXOM; Ha
MiBICHHOMY CXOJi — 3 JIICOM 1 JOpOrolo; Ha TiB-
JHI — 3 JICOBUM MAacHBOM, iHIIUM HPOMHUCIOBUM
00’€KTOM 1 3aJII3HUYHOIO KOJIIEIO; HA IiBIAEHHOMY
3ax0/i — 3 BUPOOHUYOI TEPUTOPIEIO THIIOTO ITifI-
MPUEMCTBA; Ha 3aX0/Ii — 3 JIICOBOIO 30HOIO Ta 3aHe-
JOAHOIO MPOMHUCIIOBOIO JTUISTHKOIO; Ha MiBHIYHOMY
3aX0/1i — 3 JIICOM 1 KHUTIOBOIO 3a0yI0BOIO.

ActanproOeTOHHE BHPOOHUIITBO  3MIHCHIO-
eTbest 3 (pakTHuHOIO mpomykTuBHicTIO 30 T/TOM.
Jlo KOMILIEKCY OCHOBHHMX OO’€KTIB Ta TEXHOJO-
IYHUX YCTAaHOBOK HaJIeKaTb: IPOXiJHA, T0OYTOBI
Ta aMIHICTpaTHBHI MPUMIIIICHHS, BaroBa, TPaHC-
dbopmaropHa MmiJCTaHIlisl, aBTOCTOSHKA, OIIEpaTop-
CbKa, MOOLITbHA ac(anmbTo3MinTyBaibHa YCTaHOBKA
koHTeHepHoro Tuiry CSD 1500, Terioreneparop,
1Bi GiTymHI nucTepHn 06’emom 50 M° Ta 26 M,
HA3eMHI pe3epByapH Ui JAU3EIBHOTO IMajIbHOTO
Ta CKpAIICHOro BYIJIEBOAHEBOrO rasy (mo 50 m?
KOXEH), a TaKOXK BIIKPUTI CKIAIHM U 1HEPTHUX
MarepiaiiB — BiJICIBY Ta IEOCHIO.

Tabmuis 3
MakcuMajibHi KOHIEHTPAILil 3a0py/IHIOI0UMX PEYOBHUH HA MEKi CAHITAPHO-3aXMCHOT 30HH
N - daenea DIK | (WRIRERES | daensa k| (ORI
aliMeHyBaHHSI PeYOBUHHI Ge3 BpaxyBaHHs 3 BpaxyBaHHSIM
3/m oy oe3 BpaxyBaH;m oy 3 BpaxyBaHH?M
(hony, mr/m phony mMr/m
1 A30TY TIOKCHT 0,04 0,008 0,44 0,088
2 Caxa 0,05 0,0075 0,45 0,068
3 Cipku J1ioKCH I 0,03 0,015 0,43 0,22
4 CipkoBosieHb 0,05 0,0004 0,45 0,0036
5 Byrenro oxcug 0,05 0,25 0,45 2,25
6 Byran 0,05 10 0,45 90
7 Benson 0,05 0,075 0,45 0,675
8 Bbens(a)mipen 0,05 0,510 0,15 1,5 1077
9 Omnopaunt CIIM 0,09 0,5-107 0,49 2,5-107
10 ByrieBozani rpannysi Ciz—Cio 0,15 0,15 0,55 0,55
11 | Cycnena. TBep/i 4aCTUHKH HeAU(. 3a CKIIAI0M 0,57 0,285 0,97 0,49
12 IIponan 0,05 3,25 0,45 29,25
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CymunpHHI KOMIUIEKC, IO BKIIFOYAE CYIIUIIb-
HUMH, 3MINIyBaJIbHUM Ta MoapiOHIOBaIbHUI arpe-
raTé 3 JW3eIbHUM MaJbHUKOM, OCHAIIEHO PyKaB-
HuM (PineTpom Nomex 400, sxuit 3abesnedye
noHan 95 % edeKkTuBHOCTI OUMIIEHHS MOBITPSL.
[TignpuemcTBo npariroe 210 nHIB Ha piK, 110 BiATIO-
Bizae pivHomy pouay pododoro gacy 1680 romus.
OO6cmyroByBaHHsI TEXHOJIOTIYHOTO TPOIECY 3/iH-
CHIOE TTIepCOHa yncenbHicTIo 10 0cio.

Qasomy diokcuo :M = 07 04 < 1
HO,,,, =1 =0,05<1
0,15
0,015
HQ. .. —="2_-0,03<]
chpr(u Odiokcud 0, 5
0,0004
y =———=0,05<1
QLZpK()BO()CHb 0’ 008
Qay&zeuk) oKcuo :% = 0505 <1
10
H =——=0,05<1
Q6ymaH 200

Sk OaumMoO OTpUMaHi 3HaueHHs KoedilieHTa
HeOe3MeKH ISl BCiX JOCIiHKYBaHUX PEUOBHUHU HE
nepeBuIytoTh 1. IMOBipHICTH pOpMyBaHHS y Ipa-
[IBHUKIB HECTPUATINBUX KPUTUUHUX HACIHIJIKIB
3a yMOB iX IIOJACHHOTO HAJXO/DKEHHS € HU3BKOIO,
a BIUTMB BBAYKAETHCS MPUHHSATHHIM.

[loka3Huk iHAEKcy HeOe3NeKH  PO3BUTKY
HekaHueporennux edexris (HI) pospaxoBanmii
3a (opmynoro (1) ans mocHiKyBaHUX PEUYOBHH
craHoBuTh 1,1 Ta, 3rimHO TabOm. 1, BIOIOBijac
JIOIyCTUMOMY PiBHIO pu3uKy. Lle cBiguuTh npo Te,
10 32 YMOB (DaKTUYHHUX KOHLEHTpaLil 3a0pyaHIo-
IOYMX PEYOBMH PU3WK BUHUKHEHHS HECTIPUSTIU-
BUX peakliil OpraHi3My He MEpeBUIIyE MEeX, fKi
BBAKAIOTHCSl TMPUUHATHUMH JUIS 3[0POB’S Hace-
JIeHHs Mpu XpoHIuHii nii. Takuil pe3ynbrar cBin-
YUTh MPO BIAHOCHY €(PEKTUBHICTh ICHYIOUHX TeX-
HOJIOTTYHHX TMPOIIECIB Ta OpraHizamiifHuX 3aX0/liB
1010 KOHTPOJIFO BUKHU/IIB.

[Toka3Huk iHAEKCY HEOE3MEeKH PO3BUTKY HEKaH-
LEPOreHHUX €(EeKTIB A IOCIIKYBAaHUX PEdo-
BMH 3 ypaxyBaHHAM (ony (HI;) cranoBuTh 5,24,
110 BIJMOBIAAE, 3rIHO Tab. 1, HACTOPOXKYIOUOMY
piBHIO pu3uKy. OTprMaHe 3HAauY€HHS BKa3ye, 110
X04 BHECOK MiAMPUEMCTBA € KOHTPOJIHOBAHUM,
KyMYJISATUBHUN BIUIUB JIOKAJIBHUX Ta PEriOHaJIb-
HUX JOKepen 3a0pyaHeHHsS Moxe (opmysaTu
JIOJITATKOBE HaBAHTAXCHHS HA JIOBKULIS 1 30pOB’ S
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Po3paxyHOk KoHUEHTpamiii  3a0pyAHIOIOUUX
pPEYOBHH B arMOC(epHOMY TMOBITPi BHUKOHYBAaBCS
nporpamauM kKomiuiekcom EOJI+. MakcumMaibHi
KOHIIEHTpaIllii 3a0pyJHIOIOYMX peYyoBHUH 0Oe3 Bpa-
XyBaHHs (DOHY Ta cyMapHi 3 ()OHOM BU3HAYCHI Ha
MEXI1 CaHITapHO-3aXMCHOI 30HU HaBEIEHO B Ta0II. 3.

Busnauenns koedinienra neobesneku HQ,, nis
BCIX 3a0py/IHIOIOYUX PEUOBHUH 3/iICHEHO 3a ¢op-
MyJoto (2).

HQ6€H3‘0/! = 0’075 = 0, 05 <1
0,00000005
HQﬁgyg(a)nipeH :W = O, 05<1
0,0000045
HQD@opaHm CIIM :W = 0, 09<1
staweodl—li :E = O, 15«1
Qm.';ep()i = 0’0225 = O, 57«1
Hanonau :% =0,05<1

HaceseHHs. Lle migkpeciroe BayKIMBiCTh KOMITICK-
CHOTO TIJXOMY /IO OI[IHKH SIKOCTI TOBITPS, SIKUN
BpaxoBy€ CHHEPTETHUYHY 10 YCiX JuKepen 3a0py/-
HEHHS, a HE JIMIIE OKPEeMHX MiANpUeMCTB. Takuii
MIiAXIJ € KIIOYOBUM JIJISl CHCTEM YIPaBIIiHHS €KO-
JIOTIYHUM CTAHOM TEPUTOPIH, 110 OPIEHTOBAHI Ha
MIPUHIIMIIN CTAJIOTO PO3BUTKY.

Jlng  BHU3HAYEHHS KAHIEPOTEHHOTO PU3HKY,
po3paxoByemo omguHuuHuii pusuk UR, (mr/m’)™!
i 6eH3omy Ta Oens(a)mipeHy 3a dopmynoro (4),
UR6eH30ﬂ = 0900777 URﬁeHS(a)n[peu = 0’8857

[nauBiyansHuit KaHI[EPOT€HHUI PHU3UK
st Oemsonmy  Ta  OeH3(a)mipeHy — BU3Ha-
ueHo 3a Gopmynoro (3), CRspen = 5,8 x 1074
CR6eH3(a)nipeH = 4:4 X 1078'

KanneporenHuii pu3Mk 3a KOMOIHOBaHOI ii
Oensomy Ta OeH3(a)mipeHy po3paxoBaHo 3a popmy-
noto (5), CR,=5,8 x 107,

OTxe, piBeHb KaHIIEPOT€HHOTO PU3UKY KOMOi-
HOBaHOI J11i OeH30:1y Ta 6eH3(a)mipeny, BIAIOBIIHO
70 TalI. 2, BU3HAYAETHCS K CEPEAHIN, MPUIHAT-
HUU 17 BUPOOHMYUX YMOB, ajie¢ He MPUHHATHHUHA
JUTS HacesieHHs1. Taka cuTyallis BKazye Ha HeoOXiI-
HICTh MOMTHOJIEHOTO aHaNi3y JKEepesl yTBOPEHHS
KaHIIEPOTEHIB 1 BCEOIYHOT OLIHKA MOXKITUBUX JIOB-
TOCTPOKOBUX HACHIJIKIB JJisl 3J0POB’sI HACEIEHHS
Ta CTaHy JOBKULIS. Y KOHTEKCTI 3a0€31eYeHHs CTa-
JIOTO PO3BUTKY MiAIPUEMCTBO MA€ BIPOBAKYBATH
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3aX0U EKOJIOTIYHOTO MEHEIKMEHTY, CIIPSIMOBaHI
HE JIMIIE Ha JOTPUMAHHS PErIIaMEHTOBAHUX HOPM,
a 1 Ha MIHIMI3aIlil0 PU3UKIB IIJITXOM MOJEPHi3a-
Iii TEXHOJIOTIYHUX MPOIIECIB Ta ITiIBUILCHHS €KO-
JIOTIYHOI e()eKTUBHOCTI BHUpOOHHUIITBA. OTHUM 13
KJIIOYOBUX HAMpsMIB € ONTHUMI3allis TeMIeparyp-
HOTO PeXXHMY TIiJ] 4ac MPUTOTYBaHHs achaabrode-
TOHHUX CyMIIIeH, 30KpeMa Mepexia Ha TEXHOIOTl
Termx achaabToOETOHIB, K J03BOJISIIOTH 3MEH-
UTH Temnepatypy BupoOHunTsa Ha 2040 °C i,
BIJIMTOBITHO, CKOPOTUTH 1HTCHCHUBHICTh YTBOPEHHS
OeH30ITy, MOMIIUKITYHUX apOMaTHYHUX BYTJIEBOI-
HIB Ta IHIIUX TOKCUYHUX KOMIIOHEHTIB. BaskiuBum
3aBIaHHSAM TaKOK € MOJEepHi3allis Tra300YMCHUX
CHCTEM Yepe3 YCTAaHOBJICHHS BHCOKOC(EKTHBHHUX
GiIBTPIB 1 JOKATBHUX BiJICMOKTYBadiB y 30HaX
HaHOUTBIIIOTO BUIUICHHS 3a0py/HIOIOYHUX PEYOBHH,
10 3a0e3MeYNTh 3HIKCHHS 1X BMICTY y TpU3EM-
HoMy miapi armocdepu. JlomarkoBe 3MEHIICHHS
PU3HKIB MOXKE OyTH JOCATHYTO IUISIXOM IE€PEXOTY
Ha MEHIII TOKCHYHI BUIM NAJIMBa, yIOCKOHAJICHHS
IIPOLIECIB 3rOpPsIHHS, TEXHIYHOIO 0OCIyrOBYBaHHS
NAJIBHUKOBOTO OONaJHAHHSA Ta KOHTPOIIO 3a
SKICTIO CHPOBHHHU. 3 OIVISIy Ha Te, IO CepenHii
KaHI[epOTCHHUI PU3HK € HETTPUUHATHUM IS Hace-
JICHHSI, TIANPHEMCTBY PEKOMEHIIOBAHO CTBOPUTH
OydepHi 3eieHi Haca/pKeHHs, A€ 1€ JOIIBHO,
Ta peaii3yBaTH 3aXOAH 31 3HIKEHHS BUKUIIB i
4Jac TpaHCIOPTYBaHHsS Ta 30epiraHHs MaTepiaiB.
HeoOxignum € BpoBaKeHHS TMHAMIYHOTO MOHi-
TOPUHTY SKOCTiI aTMOC(EPHOTO TOBITPS i3 3aCTO-
CYBaHHSIM aBTOMAaTH30BaHHMX CTaHIIHA Ta PEryJsip-
HUM BHUMIPIOBaHHSIM KOHIICHTPAIIN MPIOPUTETHUX
KaHIICPOTCHIB, a TaKOX IPOBEICHHS TUIAHOBUX
IHBEHTapu3alii BUKUIIB 13 BHU3HAYCHHSM Hak-
OUIBIII HEOE3IMEUYHUX TEXHOJOIIYHUX IUISHOK.
VYnockoHaJeHHsST YMOB IIpaili IEpCcoHally uepes
BHUKOPUCTAHHS 3ac00iB iHAMBIIYaIIbHOTO 3aXHUCTY,
TIOJIITIIICHHST BEHTWIALIIT Ta POTAIIO MPAIliBHUKIB
CIPUSATHME 3HWKEHHIO 1HIWBIAYaJIbHOTO BIUIUBY
KaHIIepOTeHHUX pe4yoBHH. KoMmIiekcHe BrpoBa-
JOKEHHS 3a3HaYSHHX 3aXO0/11B JI03BOJIUTH MiIPUEM-
CTBY HE JIMIIE 3MEHIINTH PIBEHb KaHI[EPOTCHHUX
PUBHKIB JIO NMPUHHSATHUX 3HAYCHb, ajc W ITiJIBH-
IOIUTH CKOJIOTIYHY BIJOBIAIBHICTD, CIPUSATH
MIOJITIIIEHHIO SIKOCTI aTMOC(EpHOro TMOBITPS Ta
3a0€3MeYUTH BiJIMTOBIAHICTh CTPATETiYHUM ITLIISIM
CTaJIOTO PO3BUTKY.

3 mo3umiid 3a0e3Me4YeHHs] CTaJoro PO3BUTKY
OTpPHMaHi pe3ylIbTaTd MarTh BaXJIMBE IPaK-
THuHe 3HadyeHHs. [lo-meprie, BOHM CBiguaTh Hpo
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HEOOX1AHICTh ITONAJIBIIOI ONTUMI3amii TEXHOJIO-
TIYHUX TPOIECiB BUPOOHUIITBA ac(aibToOeTOH-
HOTO JIOPO’KHBOTO TIOKPUTTS 3 METOI MiHiMi3a-
Iii BUKUIIB TBEPAMX CYCHEHIOBAHUX YaCTUHHOK
HeneepeHIifoBaHNX 3a CKJIaIoM, JIETKHX Opra-
HIYHUX CIIOJYK Ta MPOAYKTIB HEMOBHOIO 3r0-
psabs. [lo-mpyre, HasBHICTH HAaCTOPOXKYHOYOTO
PIBHSI HEKaHIIEPOTCHHOTO PHU3HMKY 3 ypaxXyBaHHIM
¢doHy BKazye Ha MOTpedy IHTErPOBAHOTO EKOJIO-
TiYHOTO MOHITOPUHTY Ha PiBHI TPOMAJM Ta PEri-
oHy. Ilo-Tpere, BCTaHOBICHWI CepeIHIN pPiBEHb
KaHLIEPOT€HHOI'0 PHU3HUKY, SKUH € NPUHUHATHUM
JUIE BUPOOHUYUX YMOB, ajieé HENPUHHITHUM JUIS
HACEJICHHS, BUMArae peasisaiii HijiecpsiMOBaHUX
TEXHIYHUX 1 OPTaHI3alifHAX 3aXO0/IiB 31 3HIKESHHS
YTBOPEHHSI Ta TMOIIMPEHHS TPIOPUTETHUX KaH-
neporeniB. CBoeyacHe pearyBaHHs Ha 3a3Ha4yeHI
BUKIIMKU CIIPUATUMYThH (pOpMyBaHHIO OLIbII O€3-
MEYHOTO BUPOOHUYOTO CEPEIOBHUIIA, 3MEHILICHHIO
AQHTPOIIOTEHHOTO HABAaHTAKEHHS Ha arMocdepHe
MOBITPS Ta 3a0€3MCUSHHIO JOCSITHEHHS CTpaTeriv-
HUX OPIEHTHPIB CTAJIOr0 pO3BUTKY, 30kpema L[CP
3 «Mimse 3m0poB’s 1 Oiaromomyaus» ta LICP 11
«Cranuit pO3BUTOK MICT 1 TpOMa.

BHCHOBKH Ta MepCHeKTHBH MNOJAJIBIINX
aocaigKenb. TakuM 4MHOM, TIPOBEACHMI aHAIi3
JIO3BOJISIE HE JIMIIEC KUTBKICHO OIIHUTH CTYIiHb
BIUTMBY BUPOOHUIITBA ac(aibTOOETOHHOTO TIOPOXK-
HBOTO MOKPUTTS Ha JOBKULIA Ta 30pPOB’Sl Hace-
JICHHSI, ajie 1 OKPECIUTH KIFOYOBI HAMpSMU i
BUIICHHS €KOJIOTIYHOT Oe3MeKHn Ta €(PEKTUBHOCTI
yHpaBiHHs pu3ukaMu. OTprMaHi pe3yabTaTH IiI-
TBEP/DKYIOTh BAXKJIMBICTh CHCTEMAaTUYHOTO MOHi-
TOPUHTY arMoc(epHOro MOBITPA Ta peryspHOl
IHBEHTapH3aIlii BUKHUIIB, IO € HEOOXITHUMU IS
CBOEYACHOTO BUSBJICHHS TEH/CHIIN 3MiHM PIBHIB
3a0py/AHEHHS Ta OIEePaTUBHOTO KOPUT'YBAaHHS TEX-
HOJIOTIYHHX TPOIIeCiB. BCTaHOBIEHHS cepeHbOTO
PiBHS KAHIIEPOTEHHOTO PU3HKY Ta HACTOPOXKYIOUNX
3HaYeHb HEKAHIIEPOTEHHUX PHU3HUKIB 13 ypaxyBaH-
HAM (OHY CBIMYUTH MPO MOTPeOy MOIIHOICHOTO
aHaJi3y JDKEpeNn yTBOPEHHsI HEOEe3NeYHUX pedo-
BUH, ONTHMI3aIlil TEeMIEPaTypHUX PEKHUMIB, yIO-
CKOHAJICHHSI TA3004YUCHUX CUCTEM i BIIPOBAPKEHHS
CYYaCHHX €KOJIOT1YHO OPIEHTOBAHUX TEXHOJIOT1H.

BaxJMBOI0O CKJIaI0OBOIO MOJNAIBIIOTO YIOCKO-
HAJICHHS € MOJIEpHi3allil CHUCTeM EKOJOTIYHOTO
MEHEDKMEHTY MiANPUEMCTBA HAa OCHOBI TMpPHUH-
IUITIB aIaITUBHOTO YIPAaBIiHHSA, IO nepeadadae
pearyBaHHs Ha 3MiHY €KOJIOTIYHHUX YMOB Ta IIiJ-
BUIIICHHS TPO30POCTi EKOJIOTIYHOI iH(popMarrii.
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Po3BUTOK iHTETpOBaHUX TMiIXOIIB 10 €KOJIOTTYHOTO
KOHTPOJIIO Ha PiBHI rpOMajau Ta perioHy 3adesre-
YUTh MIiJBUIICHHS €()EKTUBHOCTI PETiOHAIBHOTO
IUTAaHYBaHHS, cOpusTUMe (OpPMyBaHHIO 30ayaH-
COBaHOI MPOCTOPOBOI MOJITUKH Ta 3MEHIICHHIO
AQHTPOITOTCHHUX HABAHTa)XCHb HA JOBKLULISA.
3a0e3rneueHHs] HU3BKUX PIBHIB  E€KOJOTIYHUX
PU3UKIB 1 MIATPUMAHHSA MPHHHATHOTO EKOJIOTiY-
HOTO CTaHy CTaHOBHUTH (DYHIAMEHT IJIsI CTaJoro
(GYHKIIOHYBaHHS IIJIPUEMCTB 3 BHUPOOHUIITBA

ac(arbTo0eTOHHOTO TOPOXKHBOTO MOKPUTTsL. Kom1-
JICKCHE BIIPOBA/DKECHHSI PEKOMEHIOBAaHMX TEXHIU-
HUX, OpraHi3alifHMX 1 MOHITOPUHTOBHX 3aXOJIiB
CIPUATUME CTBOPEHHIO EKOJIOTIYHO Oe3MeYHOro
JKUTTEBOTO CEPEIOBUIINA, ITiIBUIICHHIO CTIHKOCTI
TepUTOpiit 10 3a0pyIHEHHS, a TaKOoXK peajizarii
KJIFOYOBHUX IIUJIEH CTAjoro po3BUTKY, 30KpeMa THX,
10 CTOCYIOTBCS 37I0POB’ Sl HACEJIEHHSI, IKOCTI MOBI-
Tpsi, Oe3MeKr BUPOOHUIHX MTPOIIECIB 1 pOPMyBaHHS
€KOJIOT1YHO BiJINIOBIIaTbHOTO BUPOOHUIITBA.
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AJAIITAIIA I-TREE ECO JJIA OOIHKHA JEITOHYBAHHA
TA CEKBECTPAIIII BYIJIEL[}O MICbBKUMU JIEPEBHUMU HACAJI’KEHHSAAMU
IPOMUCJIOBUX 30H YKPATHU

Mema pobomu. Aoanmayis npoepamnozo 3abe3neuenus i-Tree Eco 0nsl KiNbKiCHOI OYiHKU 0eNOHYBAHHA MA CeKee-
cmpayii gyeneyio MiCbKUMU 0epesHUMU HACAONCEHHAMY NRPOMUCLO8UX 30H YKpainu na npuxiadi m. Kumomupa 3 eepudhi-
Kayiero pe3yibmamis 3a GimyusHIHUMU Md MIZCHAPOOHUMU MEMOOUKAMU.

Memooonozia. Ineenmapuzayis 110 depes 13 6udie nposoounacsy y uepsni-munui 2025 poxy Ha 15 kpyeoeux npooHux
OinsAHKax 6i0nosioHo 0o Inempykyii Ne 226 i3 3acmocysannsim oonaonanns Haglof (Illseyis). Mooenosanns cexéecmpa-
yii' gyeneyio sukonarno 3a donomozow i-Tree Eco eepcii 6.0.35. /[na sepudhixayii pezyniomamis nposedeHo nopieHaIbHUl
amaniz 3 MemoouKow oyinku ghimomacu aicosux Hacadxicenv ma Hopmamugsamu [PCC.

Hayxkoea nogusna. Bnepuie nposederno adanmayiro i-Tree Eco 0na oyinku ekocucmemnux nociye Micbkux Hacaoicets
NPOMUCTOBUX 30H YKpainu 3 eepuikayicio 3a 8imuusHAHON Memoouxko Jlakuou ma MidcHapOOHUMU CIAHOAPMAMIL
IPCC. Ha 6iOMmiHy 8i0 nonepeonix ykpaincoKux 00CaiodxiceHs, K (POKYCYBANUCA HA NAPKOBUX HACAOHNCEHHAX Y CRPUAM.IU-
BUX YMOBAX, OaHe OOCNIONHCEHHS OXONTIOE MEPUMOPIi 3 BUCOKUM MEXHOLEHHUM HABAHMAMCEHHAM MA 6CIMAHOBTIOE KOeqi-
yienmu Kopexyii 011 0CHOBHUX OepesHUX BUOIE NPOMUCTOBUX 30H.

Bucnosku. 3azanvuuii eyeneyesuii pesepgyap cmanosumsv 21,4 m C (78,5 m CO,-ex8.) npu cepedHbomy nOKA3HUKY
194,5 xe C/oepeso. Banosa wopiuna cexeecmpayis — 625 ke C/pix (2,29 m CO,/pix). [lopiensanvhuii ananiz noxazas
cepeone sioxunenns +8,6 % ma +12,2 %, wo 3naxooumucs 6 medcax donycmumoi memoouunoi noxubku (£10-15 %).
Bcmanosneno 8ucoky KOHYeHmMpayilo 8y2neyeso2o 3anacy y 080X uodig: axayis oina ma eepba niakyua aKymymomb
62,6 % 3acanvroeo 3anacy npu uucenvrocmi 27,3 %. Jlosedeno kopexmuicmo 3acmocysanns i-Tree Eco 01 ykpaincokux
VMO8 30 OOMPUMAHHA HATeHCHOT iI0eHmupikayii 6udie ma mouHOCmi NOTLOBUX BUMIPIOBAHL. Pesytvmamu modcyms 6uxo-
PUCmo8y8amucy 0151 po3poOKU CImpameziti YAPAGIHHA MICoKUMU Jicamu ma inmezpayii ekocucmemMHux nociye y cucme-
My gyeneyesoeo obniky Yxpainu.

Knrouosi cnosa: cexeecmpayia gyeneyro, 0enonysanusa gyeneyro, i-Tree Eco, MicobKi 3eneni HacadxiceHHs, eKxocucmemHi
nOCy2U, NPOMUCTIO08A 30Hd, ANOMEMPUUHE MOOETIOBAHHA.
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ADAPTATION OF I-TREE ECO FOR ASSESSING CARBON STORAGE
AND SEQUESTRATION BY URBAN TREE STANDS IN INDUSTRIAL ZONES
OF UKRAINE

Aim of the work. Adaptation of i-Tree Eco software for quantitative assessment of carbon storage and sequestration
by urban tree stands in industrial zones of Ukraine using Zhytomyr as a case study, with verification of results using
national and international methodologies.

Methodology. An inventory of 110 trees representing 13 species was conducted in June-July 2025 across 15 circular
sample plots in accordance with Instruction No. 226 using Haglof equipment (Sweden). Carbon sequestration modeling
was performed using i-Tree Eco version 6.0.35. Results were verified through comparative analysis with the forest
phytomass assessment methodology and IPCC.

Scientific novelty. This is the first adaptation of i-Tree Eco for assessing ecosystem services of urban plantations in
Ukrainian industrial zones with verification using Lakyda’s national methodology and IPCC international standards.
Unlike previous Ukrainian studies that focused on park plantations under favorable conditions, this research covers areas
with high technogenic pressure and establishes correction coefficients for major tree species in industrial zones.

Conclusions. Total carbon storage amounts to 21.4 t C (78.5 t CO,-eq.) with an average of 194.5 kg C per tree. Gross
annual sequestration is 625 kg C/year (2.29 t CO,/year). Comparative analysis showed average deviations of +8.6 %
and +12.2 %, falling within acceptable methodological error (£10-15 %). High concentration of carbon storage was
identified in two species: black locust and weeping willow accumulate 62.6 % of total storage while representing only
27.3 % of the population. The validity of i-Tree Eco application for Ukrainian conditions was confirmed when proper
species identification and accurate field measurements are maintained. Results can be used for developing urban forest
management strategies and integrating ecosystem services into Ukraine s carbon accounting system.

Keywords: carbon sequestration, carbon storage, i-Tree Eco, urban tree stands, ecosystem services, industrial zone,
allometric modeling.

AKTyaJIbHiCTh TPOOJeMH. Y KOHTEKCTI  PETYNIIOBaHHS BYyIVIELIEBOTrOo OanaHcy ypOaHizo-
moOaIbHUX KJIIMAaTHYHUX 3MiH Ta BUKOHaHHS  BaHux Teputopii (Beckett et al., 2002; Nowak
3000B’s3aHb 3a [lapuspkoro yromoro Ta imrmie- et al., 2013). Cmix po3pi3HATH JCTOHYBAaHHS
MeHTalli €BpONenchKOro 3eJIeHOT0 Kypcy, YKpa-  Bymiemio (carbon storage) — HaKONMUYESHHA
iHa moTpedye cTaHAapTH30BAaHUX METOJIB OIIHKK  3amac y Oiomaci (T C), Ta cekBecTpaiiro (carbon
€KOCHCTEMHHUX IMOCIYI MICBKUX 3€JIeHMX Haca-  sequestration)—mopiunenormuHanas CO,(krC/pik)
mkeHb (Moraes et al.; 2024; United Nations, Nowak, Crane, 2002; IPCC, 2019). KinbkicHa
2018). Micbki epeBHI HacaKEHHS 3/]aTHI IOTJIM-  OIliHKa 000X MOKa3HMUKIB € HEOOX1HOIO JIJIs 1HTe-
Hatu arMocdepuuii CO: y npoueci GOTOCHHTE3y — rpallii €EKOCUCTEMHHUX MOCIYT y CUCTEMY ByIJIele-
Ta aKyMyJIFOBaTH HoOro y 6ioMaci mpoTsroM gecsi-  BOTo OOMIKy Ta po3poOKM CTpaTeriid yrpaBiliHHS
THJIITh, 10 POOUTH iX KIIOUYOBHM IHCTPYMEHTOM  MiCHKHM O3€JICHECHHSIM.
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VY CBITOBIM MpakTHUIl 3aCTOCOBYIOTHCS Pi3HI
MIIXOAWM O OIIHKKA EKOCUCTEeMHHUX IOCIYT
MICBKUX HacaKEHb: MIUCTAHLIWHI METOOM Ha
ocHoBi LiDAR Ta cymytHuxoBux 3HiMKiB, ['IC-
monemoBanHs (CITYgreen, InVEST) Ta nmonpoBi
METOJI 3 aJJOMETPUYHUM MojentoBaHHsIM (i-Tree
Eco) (Doick et al., 2017; Bar¢ et al., 2014; USDA
Forest Service, 2020). Ognak B YkpaiHi g0ci Bij-
CYTHI HAyKOBO OOIPYHTOBaHI METOJUKH KiJTbKICHOT
OILIIHKH €KOCUCTEMHHUX MOCTYT MICHKUX JICIB, IO
BIJIMOBIIAOTh CY9aCHUM MDKHApOIHUM CTaHIap-
tam. [Iporpamue 3abesneuenns i-Tree Eco, pos-
poGiiene JlicoBoro cimyxk6oto CIIIA, € Bu3HaHUM
CBITOBUM IHCTPYMEHTOM JUIsl IHBEHTapu3alii Ta
OIIHKK EKOCUCTEeMHHX TOCIYr ypOaHi30BaHUX
JIiciB, IpOTe HOro NpsiMe 3aCTOCYBaHHS B yKpaiH-
CHKHX YMOBaX 0OMe)KeHe BIIMiHHOCTSMH y BUJIO-
BOMY CKJIaJli IEpEBOCTaHIB, KIIIMAaTHYHHUX TTapame-
Tpax Ta crenudili MPOMHCIOBOTO 3a0pyIHEHHS.
Xoua ykpaiHcbki HaykoBLi (Bidolakh et al., 2023;
Bidolakh, Kolesnichenko, 2023; Bondar et al.,
2023) mxe ampoOyBanu i-Tree Eco ans omiHku
€KOCUCTEeMHHUX TIOCIYyTr MapKOBHX HACaKEeHb,
3aCTOCYBaHHS I[bOTO IHCTPYMEHTY IJISl TEPUTOPIid
3 BUCOKHUM TEXHOT€HHMM HABaHTAXXCHHSM JI0CI He
npoBonmiock. Anantaris i-Tree Eco ans ykpa-
THCBKMX ypOOQITOIEHO3IB 03BOJUTH OTPUMATH
JIOCTOBIpHI JaHi MpO OOCSTU JETIOHOBAHOTO BYT-
JEN0 Ta CHPUSATHME BHUKOHAHHIO MIKHAPOIHHUX
KJIIMaTHYHUX 3000B’s13aHb YKpaiHu.

AHaNi3 OCTaHHIX JOCTiIKeHb i myOsikaiii.
Jlnisi OLIHKK CTaHy HAyKOBMX JOCIHIDKEHb Y IIiif
rary3i OyJio poBeseHO Oi0IioMeTpUYHUI aHaTi3
nmyOmikamiii3anepion 2020-2025 pokiBy 6a3i gaHux
Scopus 3a KIIIOYOBHMH CIIOBaMHU «sequestration,
climate change, trees» 3 BUKOPHUCTaHHAM

Year | Documents t

500
2025 457

450
2024 444

400
2023 344
350

2022 298
300

Documents

2021 285
250

2020 187
200

150

2020

Documents by year

nporpamHoro 3abe3neueHHs VOSviewer Bepcii
1.6.20. Anani3z macuy 3 2015 HaykoBuX IyOIi-
Kallii BUSBUB CTIHKY TEHJICHIIIO O 3pOCTAHHS
JOCIITHUIIBKOTO 1HTEepecy: KUIbKICTh IMyOsiKallii
3pocina Bing 187 y 2020 pomi mo 457 y 2025 porii.
Oco0muBo 3HauymuM € cTpudok y 2024 poi (444
nyOmikaii, 3poctanus Ha 29 % nopiBasHO 3 2023
POKOM), 110 KOPEJTIOE 3 MOCHICHHSIM MIXXHAPOIHUX
3yCWIIb OO JOCSTHEHHS 1ited [Tapu3bkoi yroau
(puc. 1).

AHai3 KJIIOYOBHX TEPMIiHIB JO3BOJHMB BHS-
BUTH OCHOBHI TEMaTW4HI KJIAcTepu CydacHUX
nociipkeHb (puc. 2). LleHTpalbHUM TOHSATTAM
€ «carbon sequestration», HaBKOJIO SKOTO cGop-
MOBaHO JIeKiJIbKa B3A€MOIOB’SI3aHUX HAIPSIM-
KiB: YIIPaBJIiHHA JIICOBUMU Ta MICBKMMHU Haca-
mkeHHsMu (forest management, urban forestry,
reforestation), arposicoMeniopaTuBHI CHUCTEMU
(agroforestry systems) Ta €KOCHCTEMHI MOCIyTH
MICBKHUX TEPUTOPIM.

@OyH1aMeHTaTbHUI BHECOK Y PO3BUTOK METO-
JI0JIOT1i OIIIHKM €KOCHCTEMHUX IOCIYT MICBKUX
niciB 3poouB David J. Nowak, q0ciiKeHHS SIKOTO
2002-2013 pokiB BcTaHOBHJIM 0a30Bi MiIXOIH 110
KBaHTH(IKaIIi CEeKBeCTpallii BYIJICII0O MiCHKHMH
nepeBoctanamu (Nowak, Crane, 2002; Nowak
et al., 2013). Kieron J. Doick Ta Madalena Vaz
Monteiro anmantyBanu metonoiorito i-Tree Eco
JUTSL €BPOTICHCHKUX MICT, MPOBIBIIH OIIHKY MiCh-
kux JiciB y 12 micrax BenukoOpuranii (Doick et
al., 2017). Fredrik Bar6 Ta Jaume Terradas mpo-
JIEMOHCTPYBAJIM MPAaKTUYHE 3aCTOCYBaHHs i-Tree
Eco na mpuknani bapcenonu, oniHMBIIN €KOHO-
MIYHY BapTiCTh €KOCUCTEMHUX HNOCIYT: OUUILECHHS
noBiTps — $2,38 MIIH/piK, CEKBECTpAILisl BYJICIIO —
$407 tuc./pik (Bard et al., 2014).

2021 2022 2023 2024 2025
Year

Puc. 1. lunamika KinbKoCTI HAayKOBHX IYy0JIiKalii 32 KJIY0BUMH CJI0BaAMH
“sequestration, climate change, trees” 3a 2020-2025 poxu (0a3a nanux Scopus)
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Puc. 2. Knacrepusanisi KJIlO40BHUX CJIIB 32 TEMATHKOIO
«sequestration, climate change, trees» (VOSviewer)

Cepen yKpaiHCBKUX HAyKOBIIIB, SIKI BUKOPHCTO-
ByBaJH 110 Moxenb, € O. bornmap, 0. MenpHuK,
JI. bummnypa, O. 1. [lyx, O. fpema, . binonax,
I1. Jlakuna, B. Mupomntok, FO. Taiina ta C. [TimxoBHa
(Bidolakh et al., 2023; Bidolakh, Kolesnichenko,
2023; Bondar et al., 2023). Ixni po6ortu nemoH-
CTPYIOTh MOJKJIMBOCTI MOAENI Ul aHamizy Ta
yIpaBIIiHHS MICBKUMH 3€JICHUMH Haca HKeHHSIMH
B Ykpaini. BonHowyac nuTtaHHs cekBecTpalii Byr-
JeII0 MICPKUMH HACa/DKCHHSMHU TPOMHUCIOBHUX
30H YKpaiHHM, € TeXHOI'€HHE HAaBaHTAKCHHS CYT-
TEBO BIUIUBAE HA MPOAYKTUBHICTH JAEPEB 3aUINa-
€THCS] HEBUBYCHUM.

Omxe, 0iOMIOMETPUYHUI aHAJI3 JIEMOHCTPYE,
110 npoOiemMaThKa OIIHKM CeKBecTpallii Ta Jerno-
HYBaHHS BYIJICLIO MiCbKHMU 3€JICHUMH Haca [)KeH-
HsMU 1epeOyBa€ y (hOKyCl aKTUBHHX JOCIIKEHb,
10 CTBOPIOE METOJOIOTIYHE MiAIPYHTS ISl KOMII-
JIEKCHOT OIIIHKM (DYyHKIIH MICBKHX J1I€PEBOCTAHIB.

Merta gocizKeHHs: O0TPYHTYBaHHS METOUY-
HUX MiAX0iB 10 aaanTaiii moaeni i-Tree Eco mist
OLIIHKM JETIOHYBaHHS Ta CEKBECTpALii BYIVICIIO
MICBKHMH 3€JIEHHMMHU Haca/pKeHHSMH YKpaiHu Ha
MIPUKJIIA/Ii IPOMHUCIIOBOI 30HU M. JKutomupa.

BukJiiax 0CHOBHOIO MaTepiajy 10CTizKeHHS.
Jnst ocsiTHeHHS TIOCTaBiIeHoi MeTu Oyiio oOpaHo
nporpamuuii komiuiekc i-Tree Eco (Bepcis 6.0.35).
Mopenb 6a3yeThCsl Ha IPUHITUIIAX AJIOMETPUYHOTO
MOJIEJIIOBAaHHS, BUKOPUCTOBYIOYM €MIIIPUYHI piB-
HSIHHS, K1 TTOB’SI3YIOTh JIETKO BHMIipIOBaHI mapa-
MeTpu JepeB (JiaMeTp, BHCOTa, BIK) 3 IXHBOIO
0iOMacor0 Ta 3IaTHICTIO HAIaBaTH E€KOCHUCTEMHI
nociyru. basa anomerpuunux piBHsAHb i-Tree Eco
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BKIItoyae nonas 600 BUAIB JepeB, y TOMY YHUCIHI
MOIIUPEHI €BPONICHCHKI BUIH.

JlocmipkeHHsT IPOBOJMIIOCS Y YEPBHI — JIMIIHI
2025 poxy y mpomucioBil 30HI M. JKutommpa,
pO3TaIlOBaHIN y MiIBHIYHO-CXIJHIA YacTHHI MicTa.
Teputopis mpeacTaBise THIIOBHHA TPUKIAL IPO-
MHCIIOBOT 30HH CEPEIHBOTO0 YKpaiHCHKOTO MiCTa
3 KOHIICHTpAIli€l0 BHPOOHWYMX OO0’ €KTIB, TpaH-
CIIOPTHUX MaricTpaiei Ta TEXHOTeHHO MOPYIIEHUX
rpyHTiB. Byno 3akmazeHo 15 kpyroBux mpoOHHX
y MeXax TpbOX CTpariB: 1) Tepurtopii nmpomucio-
BUX MIANPHEMCTB (5 MUISTHOK); 2) 3aXUCHI 3€JIeHi
CMYTH B3JI0BX TPAaHCHOPTHUX MaricTtpasneit (5 ais-
HOK); 3) HCBUKOPHCTOBYBaHI TEXHOTCHHI TUISHKH
(5 ninsnok). JinsgHku Oynu po3nofisieHi 1Mo Tepu-
TOpii 3 ypaxyBaHHSM PENPE3CHTATUBHOCTI Pi3HUX
THIIIB MICHKMX HAaca/pPKEHb: MACHUBHI HacaKEHHS,
JHIHHI TPUIOPOXKHI TTOCAKH, JOKaJIbHI OCTPIBHI
Haca/pKeHHs Ha Teputopisax C33 mianpueMcTs.

[HBeHTapuU3alis 3eJIeHNX HAaCaKeHb 3I1HCHIO-
Bajach BIAMOBIIHO 10 [HCTpyKIi 3 iHBeHapu3aii
3eJICHUX HACa/DKCHb Y HACEJICHUX MyHKTaxX YKpa-
inn (Haka3 Jlep>kaBHOro KoMiTeTy Oy/liBHHUIITBA,
apXITEKTYPH Ta YXKUTJIOBOI MOJNITUKA YKpaiHU Bij
24.12.2001 Ne 226). Ha xoxHiii ipoOHii TiUTSHII
NPOBOAMBCS OOJIK JepeB 3 JiaMeTpoM CTOBOypa
>5 cM Ha BHCOTI 1,3 M BiJ KOpEHEBOI LIMHKH.
Bumipu 311iliCHIOBAITUCH 13 BUKOPUCTAHHIM 001a/I-
HaHHsa Haglof (ILBerwis): niamerp cToBOYpiB BUMI-
proBaBcs MipHOIO BIiIKor0 Mantax Blue (TounicTs
+1 MM), BUCOTa JiepeB — €JIEKTPOHHUM BHCOTOMI-
pom Vertex IV (tounicts £0,1 M), Bik MOIEITHHHUX
JiepeB BU3HAYaBCs 3a qoromororo Oypa IIpecnepa
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4epes MiIpaxyHOK pidHUX KUIeIh Ha KepHax Jepe-
BuHU. 1)1 KOKHOTO AepeBa (ikcyBamuch: BUA (3a
MOp(}OJIOTIYHUMH O3HAKaMH), JiaMeTp Ha BHCOTI
1,3 M, 3arajgbHa BHCOTa, BIK Ta SAKICHUH CTaH
3TiIHO 3 TPUWICHHOKO MIKalow (HoOpwid, 3amo-
BUTbHUH, HE3aJ0BUILHUI) BIAMOBIAHO O KpUTe-
piiB [HCcTpyKIIiT No 226.

s Bepudikanii pesynsrariB i-Tree Eco Oymno
MIPOBENICHO MapajebHi pO3PaxyHKH 32 METOAUKOO
orinku (iromacu JicoBux Haca/pkeHb (Jlakuna,
2002) mis 10 MonenbHUX AEpeB, SKi perpe3eH-
TYIOTh OCHOBHI BUJIM Ta BiKOBI Ipynu. Meroauka
0a3yeThCsl Ha KOHBEPCIMHUX KoeQillieHTaxX yIs
nepepaxyHky 00’eMy CTOBOypOBOi JIepeBUHH
y 3arajpHy Haja3eMHy Oiomacy. OG’em croBOypa
BHU3Ha4aBcs 3a Gopmyroro (1):

V=nxDBH?x Hxf, (D

ne f — BunmoBwi koedimieHT (opmu cToBOYpa
(0,45-0,48 nns muctsaanx, 0,42—-0,45 nus XBOWHUX
3TiJHO 3 JOBITHUKAMU JIJIsS JIiCiB YKpaiHu).

Tabmms 1

BunoBuii ckiajn Ta penpe3eHTATUBHICTD
AePEeBHUX HACAIZKEHb IPOMUCJIOBOI 30HU
M. ZKutomupa

KinbkicTb, | YacTKa,
Ne Ha3zsa Buay oK. %
Bepesa nosucna (Betula
! pendula Roth) 20 18,2
2 | Tonons 6ina (Populus alba L.) 15 13,6
3 Bep0a ILIaKy4a (Salix 15 13,6
babylonica)
4 Akartis O6ia (Robinia 15 13.6
pseudoacacia L.)
5 CocHa 3Bnqal‘fIHa (Pinus 10 9.1
sylvestris L.)
Kiten roctponuctuii (Acer
6 platanoides L.) 6 33
Tomons kanaaceka (Populus
7 deltoides W.Bartram ex 5 4.5
Marshall)
Jluna npidnonucra (7ilia
8 cordata Mill.) > 45
9 Jy06 3puvaiinuii (Quercus 5 45
robur L.)
10 KaH.ITa:H KiHChKUH (Aesculus 5 45
hippocastanum L.)
1 JIuna mupoxonucta (Zilia 4 36
platyphyllos Scop.) ’
12 Topobuna 3BHH3:IZH3 (Sorbus 3 2.7
aucuparia L.)
13 By3ok 3Bnqa1>'1§nﬁ (Syringa 2 1.8
vulgaris L.)
Pazom 110 100,0
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3aranpbHa HajJ3eMHa OiomMaca po3paxoByBajiach
3a popmymoro (2):

B=VxpxBEF, 2)

Je p — 0OasMcHA HIUIBHICTE AepeBuHHU (T/M°) 32
nmanumu Jlakunu (2002), BEF — koeditient pos-
MIMpeHHs 0ioMacH.

3a pesynpTaraMu iHBeHTapu3auii Ha 15 mpo-
OHMX MUISHKAaX TPOMHUCIOBOI 30HH M. JKuTto-
mupa Oyno obaikoBano 110 nepes. ennpodiopa
JOCIiTHOI TepuTopii TpezacrasieHa 13 Bumamu
JIEPEBHUX pOCIIMH, sKi Hanexarb a0 11 pomis
Ta 8 poauH. TakCOHOMIYHA CTPYKTypa Xapak-
TEPU3YETHCSI TMEPEBAKAHHAM MOKPUTOHACIHHUX
(Magnoliophyta) — 109 nepes (99,1 %) nan romo-
Hacinaumu (Pinophyta) — 11 gepes (10,0 %).
Cepen MOKpUTOHACIHHUX JOMIHYE€ Ki1ac JIBOJOIBHI
(Magnoliopsida) 3 Hal{O1IBLIOO MPEICTABICHICTIO
pomman bobogi (Fabaceae) — 15 mepeB (13,6 %)
ta BepbOosi (Salicaceae) — 20 nepeB (18,2 %)
(Tabm. 1).

AHaJi3 BUAOBOT CTPYKTYpHU BUSBUB YIiTKE JJOMi-
HYBaHHS YOTHPHOX BUJIB, 5IKi CyMapHO ()OPMYIOTh
59,1 % nepeBoctany: Oepe3a mosucia (Betula
pendula Roth), tomonst 6ima (Populus alba L.),
BepOa miakyya (Salix babylonica), akauis Oina
(Robinia pseudoacacia L.).

AHai3ylouu BIKOBY CTPYKTYpY HacapkeHb
BapTO 3a3HAYMTH, IO JEPEBOCTAH MPOMHUCIIOBO]
30HM M. JKUTOMHpa mpeacTaBleHUuM yciMa BiKO-
BHUMHU KaTeropisimu (Tadi. 2).

CepenHiii BiK OOJIKOBaHMX JEpPEB CTAHOBUTHh
40,1 £ 23,8 pokiB, 10 BKa3ye Ha MPUOIU3HO HOP-
MaJbHUHA PO3MOJILT BIKOBUX MOKa3HUKIB. Monof-
HSKH CTaHOBIATH 28,2 %, cepeaHbOBIKOBI Haca-
JokeHHsT — 26,4 %, npucturatoui — 28,2 %, cturii
Ta nepectiiai — 17,2 %. OTxe, BIKOBa CTPYKTypa
XapaKkTepU3yEThCSI MPUOJIM3HO PIBHOIO MpEICTaB-
JICHICTIO MOJIOAHSKIB, CEpPEeIHHOBIKOBHX Ta HpHU-
CTUTalO4YMX Haca/KeHb, L0 € CHPUSTIMBUM JUIS
3a0e3rnedeHHs1 Oe3mepepBHOCTI HATaHHS EKOCHC-
TEMHUX MOCIYT.

CaHiTapHHWIA CTaH 3€JIEHUX HACA/DKEHb € KPH-
TUYHUM TMOKa3HUKOM iXHBOI 3aTHOCTI HaJaBaTH
€KOCHCTEMHI TOCTYTH, BKIIOYAOYH CEKBECTpa-
1110 ByIVIEL0. 32 pe3yJbTaTaMu Bi3yajbHOi OLIHKH
3rigHo 3 [HCTpyKIiero Ne 226, OUTbIICTE NEepeB
(60,0 %) mepeOyBaroTh y 3aJIOBIILHOMY CTaHi
(Fair), mo cBiguuTh Tpo TMOMipHE OCTaOICHHS
JKUTTEBOCTI BHACIIJIOK HECTIPUSATIUBUX YMOB IIPO-
MUCJIOBOTO cepenoBuia (puc. 3).
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Tabmuig 2
Po3noain nepes 3a BikoBUMH rpynamMu
BikxoBa rpyna Mianason sixy, KinbkicTb, ex3 Yacrka, % Cepenuiil pir, Cepenniii DBH,
poKiB > ’ pPOKiB cM
MoJtoaHsIKH 5-20 31 28,2 13,5+4,6 6,7+3,4

S 21-50 (nuctsini)

CepeHbOBIKOBI 21-60 (xBoiii) 29 26,4 30,9+7,1 19,3+ 14,0
. 41-60 (nuctsni)

[pucruraroui 61-80 (xBoimi) 31 28,2 53,0+ 8,7 23,5+16,9

Crumi i mepecrifimi | 00 (micTani) 19 17,2 762+ 13,2 36,7+ 13,7

>80 (xBoOIiH1)
Pazom 5-100 110 100,0 40,1 £23,8 19,9+ 16,3

4.50%

\

/

= He3anosinbHuil

» NoOpwmii  * 3an0BUIBHUI

Puc. 3 Po3noxis aepeB npoMucI0BOI 30HH
M. ZKuTomMupa 3a KaTeropisiMu CaHiTapHOIo
CTaHy

OTXe, aHAJTI3yIOUW JIaHi JliarpaMyd MO>KHA 3pO-
OWTH BUCHOBOK, ITPO Te, 110 3arajioM 95,5 % neper
nepeOyBaroTh y 100poMy abo 3a0BUTLHOMY CTaHi,
0 € BaXIUBOIO MEPEAYMOBOIO Uil e(eKTuB-
HOTO HaJaHHS CKOCHCTEMHHX MOCIYT, OCKUIBKH
y Metoaosorii i-Tree Eco canitapuuii cTan nepesa

0e3rmocepeHbO BIUIMBAE€ HA PO3PAXyHKH uepes
KOPUTYBaJIbHI KOE(IIIEHTH, 1110 BPaXOBYIOTh 3HU-
JKEHHsT  (i310JIOTIYHOT aKTHBHOCTI OCTaOIeHUX
JIepeB.

3i0paHi TOTBOBI JaHi IMIOPTYBAIKCS B IPO-
rpamauii komruieke i-Tree Eco (Bepcis 6.0.35). 3a
pesyasratamu MozenmtoBanHs i-Tree Eco v.6.0.35,
3araJIbHUi 3anac ByIVICLI0, aKyMyJIbOBaHUH y HaJl-
3eMHI Ta mim3emuiil 6iomaci 110 oOmikoBaHUX
JIepeB TPOMUCIIOBOI 30HH M. JKuTommpa, cTaHO-
BuTh 21,4 T C (METpUYHHX TOHH YHCTOTO BYT-
neiro), mo exsiBageHTHO 78,5 T CO,. Cepenniit
MOKa3HUK aKyMyJSlii BYIJICIIO Ha OJHE JEpPeBO
ckimagae 194,5 xr C (tabn. 3). Mogens i-Tree
Eco posmoninse ByrieneBuil 3amac MiX KOMIIO-
HeHTaMu: cToBOYyp (50-65 %), rinku (15-25 %),
kopiaHs (15-25 %), mucts (2-5 %). CroBOyp Ta
KOPIHHSI TIPE/ICTABIISIIOTh JTOBIOCTPOKOBUH ByTJIe-
IIEBUH pe3epByap 3 MepioloM 000pOTYy B JACCATKH-
COTHI POKIB.

Tabnuus 3
BauioBuii 3anac Byriienio y 0iomaci 1epeB npoMmc/ioBoi 30H4 M. 2Kutomupa 3a Bugammu
Bux KinbkicTs, | 3anmac ‘IaﬁTKa, ExBiBajenrt (;;Il:::zc":;
IIT. CT Y% CO, T 1epeBo, kr C
Axaris Oina (Robinia pseudoacacia) 15 6,7 31,5 24,7 446,7
Bep06a mnaxyya (Salix babylonica) 15 6,7 31,3 24,6 446,7
Bepesa nosucna (Betula pendula) 20 2,6 12,2 9,6 130,0
CocHa 3Buy4aiina (Pinus sylvestris) 10 2,3 10,6 8,3 230,0
Tomons Gina (Populus alba) 15 1,2 5,4 43 80,0
Jy6 3Buuaitauii (Quercus robur) 5 0,8 3,5 2,8 160,0
Karmuran xincbkuii (Aesculus hippocastanum) 5 0,5 2,5 1,9 100,0
Knen rocrponucruii (Acer platanoides) 6 0,2 0,7 0,6 33,3
Tomnons kanaznceka (Populus deltoides) 5 0,2 0,9 0,7 40,0
Jluna mwupoxonucra (7ilia platyphyllos) 4 0,1 0,7 0,5 25,0
Jluna npionomucra (Tilia cordata) 5 0,1 0,4 0,3 20,0
Tnwi euou™ 5 0,0 0,2 0,2 4,0
Pazom 110 21,4 100,0 78,5 194,5

Ipumitka: * [Hii Buau BriIo4aoTs [opoduna 3sudaiina (Sorbus aucuparia) Ta By3ok 3suuaiinuii (Syringa vulgaris).
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AHaNi3yroun JaHi TaOMUIll MOXKHA 3pOOHUTH
BHCHOBOK, 1110 AKartist 0ina (Robinia pseudoacacia)
taBepOamakyda(Salixbabylonica) IleMOHCTPYIOTh
HaWBUINMK cepeHii 3amnac (1o 446,7 kr C/nepeBo)
3aBISIKM HAsBHOCTI CTApOBIKOBUX EK3EMILUIIPIB
BEJIMKOTO po3Mipy. 30KpemMa, ofHa BepOa BiKOM
60 pokiB 3 miametpom 104,42 cMm akymyIiroe
16-19 % Bix 3arajbHOTO 3amacy JEpeBOCTaHY.
Cocna 3Buuaiina (Pinus sylvestris) IeMOHCTpYye
cepenniit 3anmac 230 xr C/mepeBo. bepesa mosu-
cna (Betula pendula), He3Bakaroun Ha HaWBHIILY
yucenpHICTh (20 ex3eMIUIsipiB), Mae MOMIpHUI
cepenniit 3amac 130 xr C/mepeBo uepe3 mepesa-
YKaHHS MOJIOIUX €K3EMIUISIPIiB, IPOTe 1i 3arajabHui
BHECOK € TpeTiM 3a BenmnuuHowo (2,6 T C, 12,2 %).

Henonopanuii 3anmac 21,4 T C (78,5 t CO,)
NPEACTaBIsI€ CYTTEBUH BHECOK Y IIOM’ SKIICHHS
3MiH Kiimaty. J[1s mopiBHAHHS MaclTadiB: IeH
00CsT eKBIBAJICHTHUI PIYHUM BUKUAAM 17 Jerko-
Bux aBToMoOumB (4,6 T CO,/piK), CITaIOBaHHIO
29 T Byriuist abo 23 T OeH3UHY.

Kpim BamoBoro 3amacy Bymiemwo y Oiomaci
nepeB Oyia oOpaxoBaHa TaKOXK BaJoBa IMOpivHA
CEKBeCTpaIlisl BYIJICIIO IepeBOCTaHOM (Tabd. 4).

AHaNi3yro4n JaHi TaOMUIll MOXKHA 3pOOHUTH
BHCHOBOK, 1110 aKailist 6isa (Robinia pseudoacacia)
JIEMOHCTPY€E HaBHIIY CEKBECTpALiI0
(186 kr C/pik, 29,8 %) 3aBAsIKM aKTUBHOMY POCTY
JIepeB CEPEAHBOTO BiKY, BUCOKIH IIUTLHOCTI Aepe-
BuHM (710 Kr/M) Ta WBUAKMM TeMIaM pajiallb-
Horo npupocty. bepesa nosucna (Betula pendula)

3a0e3neyye JApYruid 3a BEIWYMHOI BHECOK
(121 kr C/pik, 19,4 %), npote cepeHs cEKBeCTpa-
ist Ha nepeBo € nomipHoto (6,1 kr C/pik) depes
NepeBayKaHHS MOJIONUX €K3EMIUIAPIB, SIKi MOTEH-
IIHHO MOXYTh 30UTBIIUTH TEMITH CEKBECTpaIlii
y HactynHi 10-15 pokiB.

BpaxoBytoun, 110 ajjoMeTpU4Hi piBHIHHS i-Tree
Eco po3po0msuticeh Juisl iHIIUX KIIMaTHYHHAX 1 €KO-
JIOT1YHUX YMOB, 3 METOIO BCTAHOBJICHHS TOCTOBIp-
HOCT1 PE3yJIbTaTiB B YMOBax IMPOMHCIIOBOI 30HH
VYkpainu Oyno mpoBeneHO Bepu(iKaIiio JTaHUX
[UIIXOM TOPIBHSHHS 3 PO3paxyHKaMH 3a BITYH3-
HSHOI0 METOAMKOI JIakuau Asi pernpe3eHTaTHB-
HOi BUOIpKM MonenbHHX nepeB. JlomaTtkoBo Oyio
NPOBECHO TOPIBHIHHS 3 y3araJlbHEHUMH 3HaueH-
usiamu [PCC Guidelines (2019) ans nomipHoi Kiti-
MatuuHoi 30Hu €Bpornu. [PCC po3pobuna cran-
JApPTU30BaHI METOAM OIIIHKU 0i0OMacu Ta BYIVICIIO
JUTST HaIllOHAJILHUX 1HBEHTapH3alliil MapHUKOBUX
ra3iB, sIKi BAKOPUCTOBYIOThCS TToHa 190 kpainamu
ceity st 3BiTHOCTI mepen UNFCCC (PamkoBoro
konBeHuiero OOH npo 3miHy Kitimary).

Pesynbratu MOpiBHAIIBHOTO aHANI3y MPEICTaB-
JIeHO B Tabmnuui 5.

[TopiBHsuTbHMIA aHami3 pe3ynbratiB i-Tree Eco
3 TPaaUIfHOI METOIUKOI OILIHKK (iTOMacu
(Jlakmma, 2002) ans 10 mMomenbHUX JepeB MOKa-
3aB cepenHe BiaxmieHHS +8,6 %, 1110 3HAXOAUTHCS
B MEXax JIOIyCTHMOI METOIMYHOI MOXUOKH aroMe-
TpuaHuX Monene (£10—15 %). s 80 % nocimke-
nux BuaiB (Betula pendula, Robinia pseudoacacia,

Tao6nuns 4
BaJsioBa mopiuHa cekBecTpanis ByIJielnio jiepeBaMu NpoMHCJI0BOi 30HU M. ZKuTomMupa 3a BUjgamMu
Cepenust
Bux KiabkicTb, CeKBeCTp.al.liﬂ, Yacrka, EKBiBaJ‘le'HT ceKBecTpais
IIT. kr C/pik % CO,, 1/pik Ha JiepeBo,
kr C/pik
Axaris 6ina (Robinia pseudoacacia) 15 186 29.8 0,68 12,4
Bep0a mnaxyua (Salix babylonica) 15 70 11,2 0,26 4,7
Bepesa nosucna (Betula pendula) 20 121 19,4 0,44 6,1
CocHna 3Buyvaiina (Pinus sylvestris) 10 68 10,8 0,25 6,8
Tomnons Oina (Populus alba) 15 73 11,6 0,27 4.8
Jy06 3Buyaitnuii (Quercus robur) 5 32 5,1 0,12 6,4
Kamrran kincokuii (Aesculus hippocastanum) 5 22 3,5 0,08 4.4
Knen rocrponuctuii (Acer platanoides) 6 17 2,7 0,06 2.8
Tomonst kanaznckka (Populus deltoides) 5 12 2,0 0,05 2,5
Jluna mmpoxonucra (7ilia platyphyllos) 4 11 1,7 0,04 2,6
Jluna npidnomucra (7ilia cordata) 5 6 1,0 0,02 1,3
Trwi suou™ 5 7 1,1 0,02 1,4
Pazom 110 625 100,0 2,29 5,68

Ipumitka: * [Hii Buay BriIo4aoTs [opoduna 3sudaiina (Sorbus aucuparia) Ta By3ok 3suuaiinuii (Syringa vulgaris).
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Tabmug 5

IMopiBHAABLHMI aHAJII3 OLIHOK HA/I3eMHOI OioMacH Pi3HUMH MeToIaMHu

Bux n i-Tree Eco Jlakupaa (2002) IPCC (2019) Ai-Tree/Jlakuna
(xkr C) (xr C) (xr C) (%)
Robinia pseudoacacia 15 446,7 412,3 389,1 +8,4
Betula pendula 20 150,5 138,2 144,7 +8.,9
Pinus sylvestris 11 230,0 248.5 265,3 -7.5
Populus spp. 18 193.3 175,8 167,2 +9,9
Salix babylonica 2 446,7 401,8 378.,6 +11,2
CepenHe 3BaxKeHe 110 194,5 179,6 173,4 +8,6

Populus spp., Salix babylonica) BigxuneHns He
nepeBuiryBaio £10 %, mo miaTBeppKye 06i0a0riuHy
a/IeKBaTHICTh MOJIENI JUII MAacOBUX BHJIIB MICHKUX
Haca/DKeHb YKpaiHu. BuHsATOK cTraHoBHTH Pinus
sylvestris 3 BimxuieHHsM — 7,5 %, 110 MOSICHIOETHCA
BUAOCTICIIM(DIYHUMHU OCOOIMBOCTSIMHU aAPXITEKTypH
KPOHU €BPOTIEHCHKOI COCHH TIOPIBHSHO 3 MIBHIYHOA-
MEPUKAHCHKHMH aHAJIOTaMH.

[opiBHSIHHSL 3 y3araJlbHEHUMH HOpPMaTHBAMU
IPCC Guidelines (2019) BusiBWIO CepemHe Bif-
xuneHHst +12,2 %, 1m0 € MeTOA0JIIOTIYHO O0TpyH-
TOBaHWUM 3 OISy Ha Pi3HI T 3aCTOCYBaHHS:
IPCC opieHTOBaHa Ha KOHCEPBAaTUBHY OLIHKY JUIs
MDKHApOJHOI 3BITHOCTI Ha HAI[lOHAJIBHOMY DiBHI
(Tier 1 approach), Toxi sik i-Tree Eco npusnauena
JUISL IETANbHOI OIIHKH JIOKaJbHUX MICBKHMX Haca-
JOKEHB 3 ypaxyBaHHSIM BU0BOT crieli(iku, BIKOBOT
CTPYKTYpH Ta iHJAMBIIyaJbHUX TTApaMETPIiB JICPEB.
Toii dakrt, mo pesynasratu i-Tree Eco 3naxomstbes
MiX omiHkaMu 3a Jlakumoro (HaitOmmxk4i) Ta KOH-
cepatuBHUMH 3HadeHHAMU [PCC  (HaitHmxui),
CBIJIUUTH MPO BUCOKHUI CTYIiHb HaJIHHOCTI OTPH-
MaHHX JaHUX.

BucHoBKH i nepcneKTHBY MOAAIbIINX JI0CTi-
nxkeHb. [IpoBeneHe MOCIIKEHHS TOBEIO MOXKIIU-
BicTh ycmimHoi amanTarii moxaeni i-Tree Eco mst
OLIHKU JIETIOHYBaHHS BYIJIEII0 MICBKHUMHU 3eJe-
HUMHU HAcaJUKCHHAMH YKpaiHu. [lopiBHIbHUI
aHaJli3 pe3yJabTaTiB 13 BITYM3HSHOI METOIUKOIO
Jlakumn (Bimxunenas +8,6 %) Ta HOpMaTuBamMH
IPCC Guidelines (Bigxwienns +12,2 %) miareep-
B O10JIOTIYHY aJCKBaTHICTh MOJEI, OCKUIBKH
00u/1Ba TIOKA3HUKHU 3HAXOMAATHCS B MEXax JIOIyC-
TUMOI METOAMYHOI TTOXUOKH aTOMETPHYHUX MOJIe-
neit. st 80 % mociiKeHUX BU/IIB BIAXUICHHS HE

nepesuiryBano 10 %, 1mo cBiTYUTH MPO KOPEK-
THICTb 3aCTOCYBaHHS IiBHIYHOAMEPHKAHCHKUX
AJOMETPUYHHUX PIBHSIHB JUISI €BPONEHCHKUX BHUIIB
3a YMOBH HaJICKHOI ileHTUdIKaIlii Ta TOYHOCTI
MOJIbOBUX BUMIPIOBaHb.

Armnpo0arriss METOIUKM Ha TPHUKIAAl MTPOMHUC-
noBoi 30HU M. JKutomupa mokaszaina, mo Jepe-
BocTtaH i3 110 mepes 13 BuaiB akymymtoe 21,4 T
Byriento (78,5 T CO,-ekBiBaJIeHTY) 13 CepelHIM
nokazHukoM 194,5 kr C Ha aepeBo, a IoOpiyHa
cekBecTpauis craHoBuTh 625 kr C/pik. Lli mokas-
HUK{ Y3TO/KYIOTHCSI 3 MIKHAPOJHUMHU JTaHUMH
JUTSl MICBKMX HacapKeHb MOMIpHOI KJIIMaTUYHOT
30HU Ta MiATBEPKYIOTh 3HAUYILY POJIb 3€JIEHUX
HACA/KEHb MPOMUCIOBHUX TEPHUTOPIH y peryiro-
BaHHI BYIJICIIEBOTO OalaHCy ypOaHi30BaHUX €KO-
CUCTEM.

BusiBiena BUCOKa KOHIIGHTpALlis BYIJIELIEBOTO
3amacy y CTapOBIKOBHX €K3eMIUIIpax — akallist Oi1a
Ta BepOa IuUIakyda aKyMynowoTh 62,6 % 3arainb-
HOTO 3aracy npu yucenbHocTi aume 27,3 % — mae
BA)XJIMBE MPAKTUYHE 3HAYCHHS Ui (HOPMYBAHHS
CTpaTerii ympaBIiHHS MICBKUM O3€JICHEHHSIM.
3 TOYKH 30py KIIMATUYHOI ITOJIITHKH, TPIOPUTETOM
Mae OyTH MaKCUMAJIbHE TIPOJIOBKEHHS )KUTTS ICHY-
I0YUX JIEPEeB, OCKUIBKU BUAAJICHHS OHOTO CTOJIT-
HBOTO €K3EMIUIspa €KBiBaJICHTHE BTpaTi ByTJIele-
BOTO 3a1acy KUTbKOX MOJIOJIUX JEPEB.

[lepcniekTHBH TONATBIINX JAOCIIKEHb OB’ 5I-
3aHi 3 PO3MUPEHHAM Teorpadii armpobarrii Moxei
Ha 1HII KJIIMaTUYHI 30HM YKpaiHW, PO3pPOOKOIO
perioHabHUX MOMPABOYHUX KOC(DIIIEHTIB s
OCHOBHHX BHJIIB MICBKMX HACaJ)KeHb Ta CTBO-
PEHHSAM HaIlIOHAIBHOT 0a3M JaHUX EKOCHCTEMHHX
MOCIyT ypOaHi30BaHUX TEPUTOPIi.
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BIOJIOT'TYHE 3ABPYJHEHHA 3BIPIBCHbKOI'O JIICHUIITBA
HA NPUKJAAI HIKITHUKIB TA 3AXBOPIOBAHDb JTEPEBHUX POCJ/IMH

L Ixionuxu (komaxi) ma 3ax60pI0BAHHS ICOBUX HACADIICEHb — € OOHUMU 3 HAUHeDe3NeUHIUUX YUHHUKIG, W0 He2amus-
HO 8NAUBAIOMb HA CMAH MA CIMIUKICIb TICo8uxX ekocucmem. Bonu cnpuuunsiomy ocriabienus ma sazubenv 0epes, npu-
360054U 00 de2padayii 1iCo8UX MACUBIE.

3sipiscoke TiCHUYMBO, K YACMUHA IC08020 YOHOY YKPaiHu, BUKOHYE 8ANCIUSY NPUPOOOOXOPOHHY OISIbHICINb, OOHAK
TMAKOJIC 3A3HAE HE2AMUBHO20 BNIUGY Uepe3 WKIOHUKIE, HANIBNapasumis, Heinekyitini ma iHpeKyiiHi 3aX60PIO6AHHS.

Memoro pobomu € 00cidNCeH s, 810068020 CKAADY WKIOHUKIB, HANIBNAPA3UMIE ma Xe0pob depegrux nopio y 36ipis-
CbKOMY JIICHUYMEL.

Ho ocnognux acnexmig 00CTIONCEHHA HANENHCUND AHANI3 NOUWKOOINCEHHS NICOBUX HACAOICEHb, d MAKONC OYiHKA iX
6NUBY HA cman aicogux exocucmem. [ docseHenHs nocmasienoi memu 6y1n0 npoeeoeHo KOMNIEKCHULl aHani3, AKull
BKIIOUAE: BUSHAUEHHSA OCHOBHUX BUOI8 WKIOHUKIB, HANIBNAPA3UMIE MA 3aX60PHO6AHb, W0 NOWIUPEHT Ha mepumopii 36ipie-
CbKO2O NICHUYMBA Ma OYiHKA iX WKIONUEOCHI, PO3POOKY peKoMeHOayitl, w000 3MeHULEeHHA NOUKOONCEH s ma 3az2ubeni
JIICOBUX MACUBIB.

Hocnioscenns nposedero 6 nepioo 2024-2025 pp. ¥V pobomi docniosxiceno ma cucmemamuzo8aHo 6U008ULl CK1aod OCHO-
BHUX WKIOHUKIB, HANIGNAPA3UMIE Ma 3aX60pPI06aHb 0epesHUX nopio y 38ipiecokomy aichuymsi. 1Ipu ybomy 3acmoco8ano
Cyuacui Memoou MOHIMOPUH2Y CIMAHy AiCOB8UX HACAOICEHb, HA OCHOBI AKUX OYIHEHO NOUWKOONCEHHS OePESHUX POCTUH.

Pesynomamu 0ocniooicenns ceiouamv, wo HabOibuLy wkody 6 36IpiecbKomy JICHUYMSE 3a80au KOMAXU — JHCYKU-
movunvhuxu (Ptinidae Latreille), eepxiskosuii kopoio (Ips acuminatus) ma in.

Kntouosi cnosa: 6ionociune 3a0pyOHenHs, TICHUYME0, JiC, 0EPe6Hi POCTUHU, WKIOHUKU, KOMAXU, HANIGnapasumu,
3aX60PIOBAHHS.

© JI. CaBuyk, O. Kapaiwm, 3. Jlapuntoxk, P. lllynuna, 2025
Crarrs nommproetses Ha ymoBax Jtitiensii CC BY 4.0
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BIOLOGICAL CONTAMINATION OF ZVIRIVSKE FORESTRY:
A CASE STUDY OF FOREST PESTS AND TREE DISEASES

Forest pests (insects) and diseases are among the most significant factors negatively affecting the condition and
resilience of forest ecosystems. They weaken and damage trees, ultimately leading to forest degradation.

Zvirivske Forestry, as part of Ukraine s forest fund, plays an important environmental role; however, it also experiences
substantial pressure from insect pests, hemi-parasitic plants, and both infectious and non-infectious diseases.

The purpose of this study is to investigate the species composition of pests, hemi-parasites, and diseases affecting
woody plants within Zvirivske Forestry. The main research tasks include assessing the extent of forest stand damage and
evaluating its impact on forest ecosystem sustainability. To achieve this goal, a comprehensive analysis was conducted,
including the identification of key pest species, hemi-parasites, and pathogens present in the forestry, as well as an
assessment of their harmfulness and the development of recommendations aimed at reducing forest damage and mortality.

The study was carried out during 2024-2025. It systematizes the species diversity of major pests, hemi-parasites, and
diseases of woody plants in the Zvirivske Forestry. Modern forest condition monitoring methods were applied to evaluate
tree damage.

The results indicate that the greatest harm within the forestry was caused by insect pests—particularly powderpost
beetles (Ptinidae Latreille), the pine shoot beetle (Ips acuminatus), among others.

Keywords: biological damage, forestry, forest, woody plants, pests, insects, hemi-parasites, diseases.

AKTyanbHicTh npodaemu. [IpobGiema mommu- AKXTyalbHICTb JOCIIIKEHHS 3yMOBJIEHa HEO00-
peHHs IIKIJHUKIB Ta 3aXBOPIOBAaHb Yy JIicax  XIJHICTIO MOHITOPHUHIY CTaHy JICiB, CBOEYACHOTO
€ HeOe3NeYHOI 3arpo30i0 A JICOBHX MacH-  BHSBJICHHS HEOE3NEUHUX OCEPE/KiB MOIIKOKEHHS
BiB. [lOIIKO/KEHHSI J1€pPEeBOCTAHIB NPHU3BOAUTH  Ta BIPOBAIKEHHS €(DEKTUBHUX METOJIB 3aXHUCTY.
70 ocnalleHHs, 3HWKEHHA MNPOXYKTUBHOCTI Ta  KomIjiekcHe BHBYEHHs ILIKIJHUKIB, HamiBIapa-
BTpaTy 010pi3HOMAHITTS. 3UTIB Ta 3aXBOPIOBaHb JIICY JO3BOJISE€ BU3HAUUTH

PO3MHOMKEHHS LIKIHUKIB, MOLIMPEHHS 3aXBO-  OCHOBHI TEHAEHIII iX pO3BUTKY, 110 3abe3medye
pIOBaHb, A TAKOX BIUIMB KIIMAaTHYHUX 3MIH Ta  PO3POOKY MI€BUX 3aXOIiB 30€peKeHHs 1 MiABH-
AQHTPOTIOTCHHUX HABAHTAXXCHb CIIPHUUYUHSIOTH CYyT-  IIEHHS CTIMKOCTI JIICOBUX MacHUBIB 3BipiBCHKOTO
TEBE MOTIPLICHHS CTaHy JICOBUX HACa[)KEHb. JICHULITBA.
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AHaNi3 ocTaHHIX A0OCJHiKeHb Ta My0Jika-
uiif. Exonoriuni qocimipkeHHsT BIUTMBY 3aXBOPIO-
BaHb Ta WHIKIJHUKIB Ha CTaH JEPEBHHUX POCIIHH,
Ta HanpsSIMKH 3MEHIICHHS TaHUX 3arpo3 BHUCBIT-
neno y npaiix (Casuyk, lynuna, 2024; CaBuyk,
Hlynuna, 2025). MOHITOPUHT €KOJIOTIYHOTO CTaHY
JicoBUX pecypciB ¢inii «PadaniBebke J1icoBe roc-
nomapctBoy 3xaiiicaeno ([Ixam, Jlax, Kapaiwm, Jlas-
puntok, 2024). EKomoro-cTaTUCTUYHHUNA aHami3
JIICOBIZTHOBITIOBAJIBHOT JisUIbHOCTI Yy BonmHCBKIM
oOmacTi npezacTasieHo B po6oTi (JIaBpuHiok, Boii-
nexoBchbkui, ['ymait, Kapaim, [xawm, 2024). Oco-
OMMBOCTI ypakKeHHs Haca/KeHb COCHHM 3BHYANHOL
30ymHUKOM KopeHeBoi ry0ku y JKuTomMupchkoMy
[Momicci  pocmimxkeno (BumneBcwhkuii, Typko,
[eens, Bimacrok, 2022). CTiHKICTh COCHOBHX
HacaKeHb J10 KopeHeBoi ryoku B ymoBax Ilomices
BucBiTieno B mpami (Typxo, 2023). Omnak oco-
OMMBOCTAM MOHITOPUHTY BIUIMBY IIKIJHUKIB Ta
3aXBOPIOBAHb HA JIICOBI MAaCHUBU Yy 3BipIBCHKOMY
JICHULITBI MPUILJICHO HEIOCTAaTHbO YBar.

MeTo10 AOCTiUKeHHsI € aHali3 TOIMIMPEHHS
LIKITHUKIB, HaMiBOApa3uTIB Ta 3aXBOPIOBAHb
JepeB y 3BipiBCBKOMY JIICHHUIITBI, BH3HAYCHHS
OCHOBHHUX MpPHUYMH iX BHUHMKHEHHS Ta PO3poOKa
pEeKOMeHIaIii MO0 3MEHIICHHS iXHBOTO Hera-
TUBHOTO BILJIUBY.

BukJjiax 0CHOBHOTO MaTepiay 10CTizKeHHsI.
VY 3BipiBCbKOMY JICHHMIITBI JTOCIHIKEHHS MPOBO-
JMITUCS Y MEXaxX Pi3HUX KBapTalliB 3 METOIO BUSB-
JICHHSI O3HAK IMOIKO/UKEHHS JiepeBocTaniB. OTpu-
MaHi JTaHi TO3BOJIWIIN 3MIMCHATH CHCTEMATH3AIII0
ITK1THUKIB, HAIIBMApa3UTIB Ta 3aXBOPIOBaHb, 110
HasIBHI B JTICOBOMY T'OCIIO/IapCTBI.

V 3BipiBCHKOMY JICHMIITBI HAMH BUSBIICHO TaKl
BUIM IIKITHUKIB:

— KYKU-TOUWIbHUKU (Ptinidae Latreille) —
MOTIIKO/DKYIOTh JISPEBHUHY B JTicax, CKJIaaax i OymiB-
JsIX, TMPOrPU3AI0YU XOOU Yy CTOBOypax, KoJo-
Jax, JepeB’sIHMX KOHCTPYKIIfAX i BUpoGax. Ixmi
JUYMHKUA SKUBJISITBCS CyXO, a0o0 0cClabieHoo
JIEPEBUHOIO, Yepe3 1110, BiOYBAEThCS PyHHYBaHHS
11 CTPYKTYpH;

— BepxiBKOBUH kopoin (Ips acuminatus) —
MOILIKO/DKYE COCHOBI JIICH, COPUYUHSIOUN MacOBY
3aru0esb J1epes;

— mectusyouit kopoin (Ips sexdentatus) — ata-
Ky€ ocia0ieHi COCHOBI HACAPKEHHS, BUKJIIMKAIOUH
1X BCUXaHHS;

— HemnapHu# moBkonpan (Lymantria dispar) —
00’inae nucts ny6a 3Buuaiinoro (Quercus robur),
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rpaba 3BuuaitHoro (Carpinus betulus) Ta HIIAX
JUCTSHUX TIOPiJT ACPEB;

— xopoin-tuniorpad (Ips typographus) — Haline-
OE3MEeYHIIINIA IIKITHHUK SUTHHU €BPOTIeNCHKOI (Picea
abies). TlomkomkeHi nepeBa 3MIHIOIOTH 3a0apB-
JICHHSI XBOT Ha 4epPBOHO-0ype, Ta MIBUIKO THHYTH;
HIOBKOMPSII-MOHAIITKA (Lymantria
monacha) — XABUTHCS XBOEK COCHU 3BHYANHOT
(Pinus sylvestris) ta P. Abies;

— cocHoBui mmAbIUK (Diprion  pini)
JKUBHUTHCS P, sylvestris.

VY NiCHUITBI HassBHUI TaKW{ HAIiBIIApa3uUT, K
omena 3Buuaiina (Viscum album) — He cupuuuHse
MEBHOI XBOPOOHU, KUBUTHCS COKaMU JIEpPEB, Tepe-
Ba)KHO JIMCTSHHX TTOPiJ], BUCHAXKYE iX.

A TakoX, TNPHUCYTHIH psaa HeiH(eKuiiHuX
3aXBOPIOBAHb:

— MOp03000THH — Ha CTOBOypax 3’ SIBISIOTHCS
TPIIIUHHA KOPH, SIKI 3 4acOM 301IBIIYIOTHCS, BHA-
CJIIJIOK PI3KUX INEpernajiB TeMIeparyp, 0CoOIuBO
B3UMKY Ta BECHOIO;

— COHSYHI OMNIKM KOpH — KOpa Ha CTOBOYypi
MOIIKO/KYETHCS, 3HEOApPBIIOETHCS, BiAMIAPOBY-
€TbCs1, BHACIII/IOK MIEpErpiBy Bijl COHAYHUX IPOMe-
HIB y 3MMOBO-BECHSIHHH MTEPioj;

— HEKpOo3 JHUCTI — XBos, abo nuctsa Oypie,
nepeyacHo OMaiae, y JepeB TalbMYEThCS PiCT,
BHACJIIJI0K TPUBAJIOi BIJICYTHICTh ONaJiB, BUCOKUX
TEMIIepaTyp Ta HU3bKOI BOJIOTOCTI.

Indexuiiini 3aXBOpIOBaHHS JIiCY MOIUISAIOTH Ha:

1. I'pubkoBI:

— Ol1a THWIB, Ky CIIPUUYUHSIE TPYTOBUK CIIPaB-
XHiN (Fomes fomentarius), Mo 3yCcTpiYaeThCcs Ha
Oepesi nosuciii (Betula pendula) Ta iHmmx nuc-
TSHHX JIEPEBHUX MOPOJax, 3aBIAIOYHN IIKOIAH LIS
XOM pYWHYBaHHSI IEPEBUHU 3 CEPEINHMY;

— KOpeHeBa THHWJIb, II0 BHHUKAE BHACIHIJOK
NEepPEe3BOJIOKEHHS IPYHTY, Ta PO3BUTKY OIIEHbKa
ociHHborO (Armillaria mellea), sxwii TPOHHWKAE
B KOPEHEBY CHCTEMY JepeB, Ta IMPU3BOAUTH [0
3aru0e;

— THWIb CTOBOYpIB JIepeB, BHACIIIOK PO3BU-
TKy Tpuba uaru (Inonotus obliquus);

— ip)Ka COCHM 3BHYAWHOI — CHPUYUHSETHCS
rpubamu pony Melampsora. Ha xBoi Ta maronax
YTBOPIOIOTHCS JKOBTOTApsdl 31yTTS, SIKI 3 4acoM
HaOyBalOTh pynoro 3abapBieHHs. XBopoOa MpH-
3BOJIUTH /10 OCJa0NeHHsI (POTOCHHTE3Y, OmNalaHHs
XBO1 Ta BiIMUpPaHHS TUIOK;

— WIIOTT€ COCHU — CIPHYUHSAETHCS TPHUO-
KOBUM 30ymHUKOM Lophodermium seditiosum,



ISSN: 2786-4669 (Print), 2786-4677 (Online)

B pe3yybTari il SKOTO, BiIOyBa€ThCS OIATaHHSI
XBO1 y HACa KEHHSIX;

— TIOTEpPeYHU pak ay0a, TMPUYUHOIO SKOTO
€ rpubu poxy Cytospora, 1m0 NPU3BOIUTH 10 Bif-
MUpPaHHS TKaHWH, IIOPYIICHHS MIPOBITHOI CUCTEMH
JiepeB, iX ocaa0eHHs, BTPAaTH TOCIOAaPChKOI ITiH-
HOCTI Ta MOCTYIOBOTO BCUXaHHS;

— OopomHHEcTa 1y0OBa poca, IO CHPUYHHS-
etbest Erysiphe alphitoides, B pe3ynbTari Jii SKOTO
JIUCTSI BKPUBAETHCS OLIOI0 TUIIBKOIO, MEperdacHo
orajae, MopymyeThest POTOCUHTE3 Ta PICT IEPEB;

— Oypa IUIIMHUCTICTh TUCTKIB 6€pe3u — yTBOPIO-
€ThCs 3aBIAKH i Tpuda Gloeosporium betulinum.
[Ipu3BOaUTH 10 MEPEaIaCHOTO BCHXAHHS Ta Olla-
JTAHHSI JTUCTSL.

2. bakrepianbHi:

— OakTepiajbHa BOISHKA — CHPUYHHSIE OaKTe-
pisi Enterobacter nimipressuralis. BHacmigok mii
SIKO1 BiZOYBa€ThCS BUAUICHHS PITUHHU 4Yepe3 Tpi-
IIMHU KOPH, IO MPU3BOAUTH JI0 MOPYUICHHS PYXY
BOJIY 1 TIO)KMBHHUX PEYOBUH Y CTOBOYPI.

3. BipycHi, 3axBOproBaHHs y 3BipIBCBKOMY JIiC-
HUIITBI BiJICYTHI.

BucHOBKM i epcneKTHBH MOAAJIbIINX A0CJTi-
nxeHb. Ha OCHOBI TIpOBENEHOTO JTOCIIHKCHHS
MOXKHA 3pOOWTH BHUCHOBOK, IO IIKIJIHUKH, HaITiB-
Mapa3uTH Ta 3aXBOPIOBAHHS € OJHUMH 3 TOJJOBHUX
YUHHHKIB, SIKI HEraTUBHO BIUIMBAIOTh HA CTaH JIiCO-
BHX €KOCHCTeM 3BipiBCHKOIO JIiCHHIITBA. IX HasB-
HICTh CIIPUYMHSE OCIIA0JICHHS IEPEBOCTaHIB, TIOPY-
IICHHS TPOIIECIB POCTY Ta BTPATy TOCIOAAPCHKOT
miHHocTi. BusiBeHHs maHuX BHIIB, @ TAKOXK aHaI3
MacmTadiB X MONIMPEHHS JO03BOJISIOTH OILIHUTH

piBEHB 3arpo3u JIJIS JTICOBUX HAcapPKeHb Ta BU3HA-
YUTH HEOOXIITHI 3aX00U UIS IX 3MEHIIICHHS.

Jlis  ToKpaleHHs CTaHy JICOBHX MAacCHBIB
y 3BipiBCHKOMY JIICHUIITBI IPOBOSTHCS BUOIPKOBI
W CyIUIBHO-CaHITapHI PYOKH, BIPOBAKYOTHCS
Oionoriuni Meroau OOpOoTHOM 31 IIKITHUKAMH,
a TaKOK 3IIHCHIOETBCS TOCTIHHMNA MOHITOPUHT
MOIIMPEHHS XBOpoO aepeBHux nopix. Li aii cipu-
SFOTh 30€PEKEHHIO JKUTTE3AATHOCTI JIICIB 1 ITiIBHU-
MIEHHIO X CTIMKOCTI JJO HECHPHUITIUBUX TPHPOJI-
HUX 1 aHTPOTIOTCHHUX (PaKTOPIB.

OnHak, 1JIs TOCSITHEHHS JOBMOTPUBAJIOL €KOJIO-
riYHOT piBHOBarW, HEOOXiTHE TOAAJBIIE BIOCKO-
HaJICHHS CHUCTEMH JIICO3aXMCHHMX 3aXOiB, Cepell
SKUX KITIOUOBUMH €:

1. PosmmpenHss mMepexi MOHITOPUHTY CTaHy
JICOBHX HACAJKCHb, 110 3a0€3MEYUTh CBOEYACHE
BUSIBJICHHSI OCEpEAKIB IOIIMPEHHS IIKiTHUKIB
1 3aXBOPIOBaHb.

2. IligBumeHHs: e()eKTUBHOCTI MpodiTaKkTHy-
HUX 3aXOJliB, CIPSMOBAHMX HA TOMCPEIHKCHHS
MacOBOIO PO3MHOXEHHS HIKIJHUKIB Ta PO3BUTKY
IpUOKOBHX 1H(EKITIH.

3. BnpoBamkeHHsT OUTBIIOI KUIBKOCTI €KOJIO-
TIYHO OE3MEeYHUX METO/IIB 3aXHUCTY JICY 3 BUKOPHC-
TaHHSIM O10JIOTIYHUX 3aCO0IB KOHTPOJIK YHCENb-
HOCTI IIIKITHUKIB Ta 3aXBOPIOBaHb.

[lepcrieKTUBHUMH ~ HANpPSIMKAMH  TTOAJIbIINAX
JOCIIDKEHb € POo3po0Ka MPHUPOTOOXOPOHHUX
nporpam YINpaBlIiHHA JIICOBUMU E€KOCHCTEMaMH,
MOKPAIICHHSI METOJIIB BUSBIICHHS 3arpo3 Ta BIIPO-
Ba/PKEHHS IHHOBAIITHUX TEXHOJIOTIN y cdepi tico-
BiJTHOBJICHHS Ta 3aXUCTY JIICIB.
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Bioaiorpadgiunnii onuc crarri: Tpimeukina, O., ['ynaii, O., Penpko, O. (2025). Anani3 eeKTUBHOCTI
BukopuctanHs mwiatrgopm Moodle, Google Classroom Ta Zoom y 3MimaHoMy HaBYaHHi. [IpoOremu ximii
ma cmanozo possumxy, 4, 131-138, doi: https://doi.org/10.32782/pcsd-2025-4-16

AHAJII3 EPEKTUBHOCTI BUKOPUCTAHHSA IIVIAT®OPM MOODLE, GOOGLE
CLASSROOM TA ZOOM Y 3MIIIAHOMY HABYAHHI

Y emammi 30iticneno ananiz epekmusrnocmi suxopucmanns naameopm Moodle, Google Classroom ma Zoom y 3miwa-
HOMY HABYAHHI Y 3aK1a0ax euyoi oceimu. Baxcnusum axyenmom danoi pobomu € oyinka nomenyiany niamgopm 3 mouxu
30py IHKTIO3UBHOCHI, NeAa202IHHOL OOYLIbHOCNI, PO3GUMKY YUDPOBUX KOMNEMEeHMHOCMel UKAA0AYI8 ma CmyOeHmis.
Cmamms cnpsmosana He iuule Ha BUABTEHHS ICHYIOUUX NPAKMUK, ajle 1l HA NPONOHYBAHHA PiuleHb O IX YOOCKOHAIeHHS.
6 ymosax yughposoi mpancgopmayii oceimu. Busnaueno nepeeacu i HEOOMIKU KONCHOI 3 naameopm, npoananizoeano
MOJCTUBOCI IX NOCOHAHHS OISl CIBOPEHHS CHYYKO20 Ui e(heKmUBH020 Ha8uanbHo20 cepedosuuya. QOTPYHMOBAHo poib
yuhposux iHcmpymenmie y niosuweHHi AKOCmi 0C8imu, 0CoOIUBO 8 YMOBAX OUCMAHYILIHO20 YU 2IOPUOHO20 (hopmamy.
Busnaueno, wo Moodle € nomyscnum cepedosuiyem 05 CmMeopens CUCEMHO20 KypCy 3 2IUOOKUM KOHMPONeM HABYATb-
Hoi disnvrocmi; Google Classroom 3abe3neuye onepamugricmy, eHYUKICIb ma 0OCYNHICMYb YNPABIIHHA 3080AHHAMIU
Ul KoMyHIKayiero, Z0om HAOAE MONCIUBICTNG CUHXPOHHOL 83AEMOOIT 8 PeanbHOMY YacCi, WO € KPUMUUHO 8ANCIUBUM O
3miwanoeo HasuanHa. Taxe iHmezposare BUKOPUCTNAHHS YUDPOBUX THCMPYMEHINIG SHAYHO NIOGUULYE SHYUKICIb OCBIM-
Hb020 npoyecy, 0de 3M02y A0Anmy8amuy HaguanHs 00 IHOUGIOYAIbHUX NOmMped CMyoeHmis, niompumye be3nepepeHicns
HABUAHHS HABIMb 30 YMO8 HAO3BUUATIHUX 0OCMABUH, 30KpeMa, 00MexceHb B0EHHO20 cmany 8 Yrpaini. Okpemy yeaey npu-
OLIeHO BUKIUKAM YNPOBAOIICEHHS MAKUX NAAM@POpM ma wiasxam ix nooonanus. Buceimneno nepcnekmusu nooanbuiix
docniddicens y nanpami inmeepayii IKT y cyyachy nedazoeiuny npakmuxy.

Kntouosi cnosa: Moodle, Google Classroom, Zoom, yughposi oceimui niameopmu, euwya océima, oceimHuiii npoyec.
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ANALYSIS OF THE EFFECTIVENESS OF THE USE OF MOODLE, GOOGLE
CLASSROOM AND ZOOM PLATFORMS IN BLENDED LEARNING

The article analyzes the effectiveness of using the Moodle, Google Classroom and Zoom platforms in blended learning
in higher education institutions. An important emphasis of this work is to assess the potential of the platforms in terms
of inclusiveness, pedagogical feasibility, and development of digital competencies of teachers and students. The article
aims not only to identify existing practices but also to propose solutions for their improvement in the context of the digital
transformation of education. The advantages and disadvantages of each platform are identified, and the possibilities
of combining them to create a flexible and effective learning environment are analyzed.

The role of digital tools in improving the quality of education, especially in a distance or hybrid format, is substantiated.
1t is determined that Moodle is a powerful environment for creating a systematic course with deep control of learning
activities;, Google Classroom provides efficiency, flexibility and accessibility of task management and communication;
Zoom provides the possibility of synchronous interaction in real time, which is critical for blended learning. This integrated
use of digital tools significantly increases the flexibility of the educational process, allows for adaptation of learning
to individual student needs, and supports the continuity of learning even in emergency circumstances, including the
restrictions of martial law in Ukraine. Special attention is paid to the challenges of implementing such platforms and
ways to overcome them. Prospects for further research in the area of ICT integration into modern pedagogical practice
are highlighted.

Keywords: Moodle, Google Classroom, Zoom, digital educational platforms, higher education, educational process.

AKTyaJbHicTh MPoOaeMu. 3 Oy Ha PO3- OpHak eQeKTUBHICTh peaiizalli 3MIIIaHOro
BUTOK iH(OpMAaIiHUX TEXHOJOTIH Ta nudpo-  HaBYaHHSI OE3MOCEPEAHBO 3AJECKHUTH B SIKOCTI
Bi3aIli}0 OCBITHHOTO MPOCTOPY, MEpe] BUILMMH  BHOpAaHUX IHCTPYMEHTIB Ta CTYNEHS IX 1HTerpauii
HaBUAJIbHUMH 3aKJIaJlaMH CTOITh 3aBJaHHS He B HaB4danbHUH mporec. Moodle, Google Classroom
Junie ajanTanii 70 HOBUX YMOB, a MW mepeo-  Ta Zoom MPONOHYIOTH Pi3HI (PyHKIIOHATBHI MOXK-
CMHUCIICHHSI METOOJIOT1i HaBYAJIBHOTO TPOIECY.  JIMBOCTI — BiJl KEpYBaHHS HABYAIIBHUM KOHTCHTOM
B 11pomy KOHTEKCTI 3MilllaHe HAaBYaHHS PO3IVIsA- 1 3aBJAaHHSAMM JI0 OpTaHi3allii CHHXpOHHOI B3aEMO-
Ja€eThesl SIK €(heKTUBHA CTpATEris, M0 MOETHYE  Jii MK yYaCHMKaMHU OCBITHbOTO Tpouecy. [lonmpu
Kpalli eJIEeMEHTH TPaJMI[IMHOT Ta AUCTAHIINHOT  IIe, KOKHA 3 MIargopM Mae cBOi 0OMEKEHHSs, Kl
ocBiTu. OcHOBHa mepeBara 3MimaHoro (op-  MOXYTh SIK CHPHUSATH, TaK 1 TajlbMyBaTH JOCST-
MaTy TOJISiTa€ y THYYKOCTI Ta 1HJWBiAyami3amii ~ HEHHS I[iJIcH HaBUAHHS.

HaBYaHHS, IO BIAMOBITa€ MOTpedaM CydyacHOTO Takox BapTo BpaxoByBaTH piBEHb IH(PPOBOT
CTYyJEHTA. KOMIIETEHTHOCT] SIK BUKJIaJadiB, TaK 1 CTYJACHTIB,
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[0 BIUIMBA€ HA 3/AaTHICTh €(EKTHBHO BUKOPHUC-
TOByBaTd IIaTGOpMHU. YCIIIIHE BIPOBAIKCHHS
3MIIIAHOTO HABYAHHS BUMArae BiIIOBiAHOI ITiATO-
TOBKH, METOMYHO] i ITPUMKH Ta ajanTarii 0CcBiT-
HBOTO KOHTEHTY. JI0 I[bOTO JONAIOThCS COLiaIbHI
W TICHXOJIOTIYHI aCMeKTH HaBYaJbHOTO TMPOIIECY,
[I0B’s13aH1 3 BIIJAJIEHOI0 B3a€MOIIEI0, SHUKEHHIM
MOTHBallii Ta TPYIHOIIAMHU 3 OpraHi3ali€lo camo-
CTiitHOi pobotn crtyneHTiB. KpiM Toro, akryaib-
HICTB MPOOJIEMU 3yMOBJIEHA 1 MOTPEOOI0 y HAYKOBO
OOTpYHTOBaHUX ITIXO/aX JI0 OILIHIOBAHHS €(]eK-
TUBHOCTI BUKOPUCTAHHS KOHKPETHHUX IUIaT(OPM.
[Tonpu BeNMKY KUTBKICTh TOCIIIKECHD, SIKI BUCBIT-
JIOIOTh OKPEMi acMeKTH AMCTAHIIIHHOT YK 3Milia-
HOT OCBIiTH, iCHY€ TIOTpeOa B KOMIICKCHOMY aHa-
mi3i pyHKIioHamy, mepesar i HemoidikiB Moodle,
Google Classroom Ta Zoom came B KOHTEKCTI 3Mi-
maHoro popmary HaB4aHHS.

VYpaxoByrouu BUIII€3a3HAYCHE, MOCTaE
00’exTHBHA TOoTpeba y cucreMarusallii HasBHOTO
JIOCBIly Ta HAyKOBOMY OCMHCJICHHI €(EKTHB-
HOCT1 BUKOpUCTaHHS 1uX Tuiatdopm. Came Takuii
aHaJTi3 € HEOOXITHUM KPOKOM JI0 BIIOCKOHAJICHHS
METOJIMK 3MIIIAHOTO HABUAHHS Yy 3aKjaJiaX BHUILOL
OCBITH YKpaiHu.

AHaJi3 OCTaHHIX [JOCJilKeHb Ta myoOJiika-
Hiii. YIOpomoBX OCTaHHBOTO IECATHIITTS CIIO-
CTEpIraeThcs CTPIMKE 3POCTAHHS 3aIliKaBJICHOCTI
HAyKOBOI CIUIBHOTH J0 BUBYCHHS MPOIECIB IU}-
poBi3aIlii OCBiTH, 30KpeMa y KOHTEKCTI 3ampoBa-
JDKEHHSI 3MIIIAHOTO HaBYaHHA B 3aKJIa/axX BHUILOL
ocsitu (['ymait, 2022; Tpyckasenpka, 2023). AKTy-
QJBHICTD IIi€1 TEMaTHUKU 0COOJIMBO 3pOCIIa ITiJ| Yac
maugemii COVID-19, xonu BMHMKIA HarajbHa
nmotpeda B Mepexo/i Ha AWCTAHIIKWHI Ta TiOpUIHI
(hopmu opranizailii 0OCBITHROTO MTPOLIECY.

Tax, 1. B. T'ynena, I. M. ﬁopaaH i H. B. Jleme-
IIeBa PO3MVISIAI0TH IHHOBAIIMHI ITiIXO/IU JI0 OpraHi-
3aril JUCTAHIIMHOIO HABYAHHS K BAXKIVMBHUI 4YMH-
HUK MOJIEpHi3allii BUIOi OCBiTH B YKpaini. Ha ixHro
nyMky (I'ynbnia, 2024), BAKOPUCTaHHS €IEKTPOHHHUX
miargopmM, 30kpema Moodle, n03Boiiste HE JUIIIe
30epiraru Oe3nepepBHICTh OCBITHBOTO MPOIIECY, ajie
1 3HAYHO PO3IIMPIOE MOKIIUBOCTI JUTS 1HMBITyaTi-
3arrii Ta qudepeniianii HapdanHs. Moodle, sik 3a3Ha-
YaloTh aBTOPH, 3a0e3reuye 3pydHuid iHTepdenc s
oprasizaiiii Kypcy, I0CTyII JI0 HaB4aJIbHUX Marepia-
JIB, CHCTEMaTUYHUI KOHTPOJIb 3HaHb Ta peasTi3allito
IHTEpaKTUBHUX (OPM 3BOPOTHOTO 3B’ SI3KY.

O. II. KoBanb, anamizytoun crenudiky miaro-
TOBKH MaliOyTHIX yUUTEINIB iH)OPMATHKH, 3BEPTAE
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yBary Ha Te, 110 3MilllaHe HABYAHHS BHMAarae Bij
Me/IaroriB HOBUX IMIJIXOIB J0 OpraHizamii OCBIT-
HBOTO CepeoBHINa. BiH mimkpeciroe, mo mud-
posi iardopmu tury Google Classroom 1 Zoom
MaroTh BHUKOPUCTOBYBAaTUCh HE JIMIIE SIK 3aCO0H
iHpopmariiitHoro oOMiHy, ajne i SK MOBHOIIHHI
IHCTpYMEHTH (HOpMYyBaHHS MOTHBAIIl, PO3BUTKY
CaMOCTIMHOCTI, KpUTUYHOTO MHUCJICHHSI Ta ITUPPO-
Bo1 kommereHTHOCTI (KoBamb, 2025). JlociimHuk
TAaKOXXK aKLEHTye yBary Ha HEOOX1JHOCTI iHTerpa-
1ii MUPPOBUX CEPBICIB Y HABYAIHLHUI TPOIIEC HE
(parMeHTapHO, a CUCTEMHO, i3 3a0e3NEUYCHHIM
METOIUYHOI Ta TEXHIYHOI MIATPUMKH JUIS BHUKJIA-
JIa4iB 1 CTYJCHTIB.

V¥ cBoro uepry, O. Kyuaii ta A. Jlem’siHIOK PO3-
VISIAI0Th 3MilIaHe HaBYaHHS K GopMy B3aeMOJIil
MDK TPaJULIHHUMH Ta €JIEKTPOHHUMH 3ac0o0aMu
nojaHHs mMarepiany. Bonu Bka3yroots, mo Moodle,
Google Classroom i Zoom MarTh pi3HY (YHKIIIO-
HaJIbHY CTIPSIMOBAHICTh, OTHAK y KOMILJIEKC1 3/1aTHI
3a0e3MeYnTH BICOKY SIKICTh HAaBUYAHHS 33 YMOB iX
ONTHUMAJILHOTO MoeaHaHHs. HaykoBii Haromomry-
to1h (Kyuaii, 2021), mo Moodle nalikparie rmi-
XOIUTh JUISI CTBOPEHHS JTOBFOTPUBAIHMX KYpPCIB
3 KOHTpoJsieM 3HaHb, Google Classroom — asist THy4-
Kol opraHizalii MaTepiaiiB i 3aBaHb, a Z00om — IS
IHTEPaKTUBHOTO CHUIKYBAaHHS Yy PEXHMI pealib-
HOT'O 4acy.

OcobnuBy yBary NpakTHYHOMY  JIOCBimy
3actocyBaHHsl Tuiarpopmu Moodle TpUILISIOTH
T. A. Menpnuk i I K. BomukoBa. Bonu 3a3naua-
I0Th, IO I CHCTEMa J03BOJIsiE POpPMYBaTH 3Mic-
TOBHO HACHYEHE OCBITHE CEpEOBHIIE, SKE ajarl-
TY€ThCS 10 MOTPed sIK BUKJIa/naya, Tak i CTyIeHTa
(Menbauk, 2021). Moodle mMae ¢yHKIioHAT IS
CTBOpPEHHS TECTiB, JEeKIiH, (HOpyMmiB, ONMUTYBAaHb
1 eJIEKTPOHHOTO XXYpHaJy, IO 3a0e3Medye BHCO-
KU piB€Hb KOHTPOJIO 32 HaBYAJILHUM IPOILIECOM.
ABTOpPKH TaKOX TMiJAKPECIIOITh, M0 YCIIIIHICTh
BUKOpUCTaHHs Moodle 3HauHOI0 MipOIO 3aJIeKHUTh
BiJl KOMIICTEHTHOCTI BUKJIa1ada y cepi mudponoi
TMe/IaroTiKy.

Y MDKHapoOAHHUX JOCTIDKCHHSX TaKOX CIIO-
CTEepIra€TbCs aKTUBHE BHUBUEHHS €(QEKTUBHOCTI
okpemux 1wiatpopm. Tak, G. R. Dantes Ta criiBas-
TOPH 30CEPEIKYIOThCS Ha aHali31 Zoom siK 3aco0y
BiJIcO3B’ 13Ky Yy AMCTaHIiiHOMY HaBuaHHI (Dantes,
2022). Born BUAUISIOTH KIIFOYOBI MepeBard INiel
w1aTOpMU: CHHXPOHHA KOMYHIKAIisl, (YHKIIis
3aMucy 3aHATh, BIPTyaJibHI JOIIKH, CECIHHI 3ajIu
Ui TpymnoBoi pobotu. Bopnowac 3BepraeThcs
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yBara Ha BHKJIUKU 30KpeMa, HecTadibHe
IHTepHeT-3’€HAHHS Ta OOMEXKEHUH IHTEepaKTHB-
HUI MOTEHIiaJl PU MAaCUBHOMY BUKOPHCTAHHI.

[lixaBi BucHOBKM mojatorh V. L. Dudar Ta
KOJIETH, SIK1 po3nisaaaroTh Zoom i Google Classroom
SIK IHCTPYMEHTH KOMIUTIEKCHOT I(pOBOi B3aeMOiT
(Dudar, 2021). Boru cTBepIKyIOTh, 1110 CaMe iHTe-
rpOBaHe 3aCTOCYBaHHS KIJIBKOX IIaT(GOpM cripusie
30epeKECHHIO aKaIeMIYHOI YCIIITHOCTI CTY/ICHTIB,
JI03BOJISIE BUKJIaJadaM BapiroBaTH METOJM BHKJIA-
JIaHHS Ta OI[IHIOBAaHHS, a TaKoX 3alesmneuye Oe3-
MIEPEPBHICTH 3BOPOTHOTO 3B’ SI3KY.

VY KOHTEKCTI MOYaTKOBOI IIKOJIM Bi3HAYarOTh
(Mahendra, 2021) 3HauyHWil TO3UTHBHHUIA BIUIMB
Google Classroom i Zoom Ha SIKICTh HaBYaJIbHUX
JOCSATHEeHb. 30KpeMa, 3a3HaYa€ThCS, 10 PETYIISIPHE
BUKOPHCTAHHS IMX IUIATGOPM CIPHUSE PO3BUTKY
camooprasizamii y4HiB i (popMye HaBHUUKU BiAIO-
BiJJAJILHOTO CTaBJICHHS JI0 HABYAIBHOTO MPOIIECY.

VY nocmipkenHi S.A. Maesaroh 1 L. Marlena
3po0JICHO TOPIBHSJIBHUM aHalli3 eQEeKTUBHOCTI
mwiarpopm Google Classroom ta Zoom y BUKIIa-
JaHHI MareMaTHUKU. ABTOpPHU MIMIUIM BUCHOBKY
(Maesaroh, 2022), mo omHo4YacHe 3aCTOCYBaHHS
000x TuTaTOpM 3HAYHO MIJBHIILYE PE3yIbTaTHB-
HICTh HaBYaHHS, OCKIJIBKH JI03BOJISIE€ IIOE€JIHATH
THYYKICTh y TIOa4i Marepially 3 MOXJIMBICTIO
YKHBOTO CITIJIKYBaHHSI Ta MOSICHEHHS CKJIQJIHUX TEM.

Takoxx BaxxymBuMHU € BHUCHOBKH W. Reviandani,
sIKa JOCITIPKY€E e(heKTHBHICTh 3MILIIAHOTO HABYAHHS
3 pukopucTanasM Google Classroom i Zoom y cTap-
mux knacax. Bona migkpeciroe (Reviandani, 2021),
o0 TOE€THAHHS acUHXpoHHOro (uepe3 Google
Classroom) 1 cuaxpoHHOTO (4epe3 Zoom) ¢opma-
TiB 3a0€e311euy€e THYYKICTh, aIallTHBHICTh Ta 1HIWBI-
JyaJnizallilo HaBYaHHS, 110 MO3UTHBHO BIUTUBA€E Ha
PIBCHB 3aCBOEHHS MaTepialy Ta 3aJIy4eHICTh YUHIB.

TakuM 4MHOM, aHaJi3 HAYKOBHX JDKEPEI CBIJ-
YUTh MPO HASBHICTh IPYHTOBHHUX JOCIIKEHb
1010 MOXKITUBOCTEH Okpemux 1uiatdopm. OmHak
BapTO 3a3HAYMUTH, [0 KOMIUIEKCHE BUBUCHHS
onHowyacHoro 3actocyBaHHs Moodle, Google
Classroom Ta Zoom y 3MimaHoMy (opMari 3aiu-
IIA€THCSI HEOCTATHBO MPEACTABICHUM, 0COOINBO
B KOHTEKCTI YKpPaTHChKUX 3aKJIaJiB BHIIOI OCBITH.
Ile 1 BU3HAYa€e aKTyaJIbHICThH MONAJIBIIOTO AOCTIi-
JDKEHHS y IbOMY HarmpsiMi.

MeTta crarTi — BceOIUHE JOCIIDKEHHS edek-
TUBHOCTI BHWKOpHCTaHHsA Iutatpopm Moodle,
Google Classroom i Zoom y 3MillIaHOMY HaBYaHHI,
30KpeMa 3 TOYKH 30py peaizallii OCBITHIX IIiJICH,

134

B3a€EMOJIIi MK YYaCHHKaMH TIPOIIECY, 3pYYHOCTI
KOPHCTYBaHHSI, a TAKOXK BIUTMBY Ha MOTHBALIIO Ta
aKaJieMiuHI pe3yJbTaTh CTYACHTIB. 3Ba)Kalouu Ha
e, 00’€KTOM JOCIHIKEHHS € 3MIlIaHe HaBYaHHS
y 3aKiajax BHUILOI OCBITH, a IPEAMETOM — (yHK-
IiOHAJIbHI, METOAWYHI W OpraHizariiiHi acmekTH
3aCTOCYBAHHS BKa3aHHX ILIAT(HOPM.

MeToamn nociiaxKeHHs] — CHCTEMHO-CTPYKTYp-
HUI aHai3, y3araJbHEeHHS i cuCTeMaTH3allis Hay-
KOBHX 1JIeil Ta MPaKkTUYHUX pilieHb. BaxmuBum
aKIEHTOM JaHO1 POOOTH € TAKOXK OIIHKA IOTEHIIi-
aiy maar(opm 3 TOYKH 30pY 1HKJIFO3UBHOCTI, TIe1a-
TOTIYHOT JOIUILHOCTI, PO3BUTKY IH(PPOBUX KOM-
METEeHTHOCTEH BUKIaAadiB Ta crydeHTiB. OTxe,
CTaTTs CIPSIMOBAHA HE JIMIIE Ha BUSBICHHS ICHYTO-
YHX MIPAKTHUK, aJiec i Ha MPOIIOHYBAHHS PIIICHb IS
iX ynmockoHaseHHs1 B yMoBax nupoBoi Tpanchop-
Mmariii ocBitu. YacTrHa marepianis 1€l cTarTi Oyna
HiITOTOBJIEHA 32 JIOTIOMOT'OI0 IITYYHOTO 1HTEJIEKTY
(https://chatgpt.com/g/g-69HnvSsrn-ukrainian-
voice) 3 METOI0 MiJABHUIIEHHS SKOCTI CTPYKTYpY-
BaHHS Ta (OPMYITFOBaHHS HAYKOBOTO TEKCTY.

Bukiax ocHoBHOro marepiaay. Y cydacHiit
OCBITHIN MpakTHII 3MillIaHe HaBYAHHS PO3IIIsja-
€THCS K OfHA 3 HaieeKTHBHIMUX (HOpM OpraHi-
3awii HaBYAJIBHOIO IPOIIECY, 110 MOEAHYE B COO1
nepeBaru TpaauLiiHOTO OYHOTO Ta JUCTAHIIIHOTO
dopmaris. Takuii miaxia J03BOJISE THYUKO aanTy-
BaTH HaBYAJIbHI KypCH JI0 PI3HUX YMOB, 3a0e31ey-
I0YH TIPU IIbOMY CTaJIICTh Ta SIKICTh OCBITH. OIHUM
3 KITIOYOBUX (DaKTOPIiB YCHINIHOT peai3aliii 3mimia-
HOTO HaBYaHHSA € BUOIp 1 IpaBUIIbHE BUKOPUCTAHHS
uGpoBUX TWIATHOPM, SKi 320€31EUYIOTh OCBITHIO
B32a€MOJII10, KOMYHiKalilo, 30epexeHHs i aHali3
pe3yJIbTaTiB HABYAHHSI.

OpHi€ro 3 HAUMOMMPEHI KX MIaTGOPM y BULITI
ocBiTi Ykpainm € Moodle (Modular Object-
Oriented Dynamic Learning Environment) — Biz-
KPUTUH TPOTpaMHHI TPOAYKT MJISI CTBOPEHHS
iHTepaKTHBHMX KypciB. Moro mepeparoio € rHyu-
KICTh HaJIAIITyBaHHS, MOXJIMBICTH OpTaHi3amii
MOBHOLIIHHOTO OCBITHBOTO CEPEIOBHINA 3 PO3IIH-
PCHHM IHCTPYMEHTapie€M JJIsi OILIHIOBAHHS, 3BO-
POTHOTO 3B’S13KY, KOHTPOJIIO BiJIBiTyBaHOCTI, 1HIU-
BiZlyaJIbHOTO MiJXOMy 10 HABYaHHSI. 3a CJIOBaMH
T. A. Menbnauk Ta I. K. BonukoBoi, «...BUKopuc-
tanHs wiargopmu Moodle y Butii mkosi 3a0e3-
nevye IMPOKI MOXKIIMBOCTI aiisi audepeHtianmii
HABYAJILHOTO MPOIIECY, THYYKE YIPABIIHHSA TEM-
namMy HaBYaHHA Ta CTBOPEHHS 1HAMBIIyaTbHUX
Tpaekropiit» (MenbauK, 2021).
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[Ipaktuka 3acrocyBanns Moodle nemoHcTpye
BHUCOKUH pIiBEHb 1HTEPAKTUBHOCTI, OCOOIMBO 3a
YMOBH BHMKOPHCTaHHS BOYJIOBaHUX 3aco0iB Tec-
TyBaHHs, (OPyMiB, ONMTYBaHb, AaHAJTITUKH YCIIiIl-
HocTi (Hulai, 2025). Kpim Toro, Moodle no3Bosie
BUKJIa/lauyy 3aBaHTaKyBaTH HaBYaJbHI MaTepiaju
y pi3HUX (opmarax — TEKCTOBOMY, rpadidHOMY,
BiJIe0O — IO MiJABHUIIYE 1H(POPMATUBHICTH Ta Pi3-
HOMaHITHICTh BUKIanay. OmHak mis e(deKTUBHOT
poboTu 3 mIarGopMor0 HeoOXigHa TeBHA TeX-
HIYHA MMArOTOBKA 3 OOKY SIK BUKJIaja4a, TaK i CTy-
JICHTa, a TaKOX CTaOlIbHE IHTEPHET-3 €HAHHA Ta
CepBepHa MiATPUMKA 3aKJIQAy OCBITH. Y IBOMY
KOHTEKCTI BapTO TaKOX 3a3HauuTH, mo Moodle
€ ONTHUMAJbHUM BHOOPOM IJIsi CTPYKTYpOBAaHUX,
TPHUBAJIMX KypCiB, Je epeadadeHo rMuboKy aHali-
TUKY HaBYQJIbHOT JTisITBHOCTI.

Hacrymnoro BaskiuBoro miardopmoro € Google
Classroom — O€3KOIITOBHUH CEPBIC, IHTErPOBAHHIA
3 iHmwmMmu iHctpymeHtamu Google Workspace,
takumu sk Google Drive, Google Docs, Google
Meet. [Ipocrora inTepdelicy, MBUIKANA TOCTYII,
3pyyHa CHCTEMa KOMYHIKAIii MK ydYaCHHUKaMH
HABYAJIIBHOTO MPOIIECY, ABTOMATUYHE 30epEKECHHSI
poOiT y xmapi — Bce 1ie poouts Google Classroom
MOMYJISIPHUM Cepell BUKJIAQJadiB Ta CTYICHTIB.
[Moromxyemocs i3 TBepmxkeHHsMm, mo Google
Classroom Ma€ «BHUCOKHMI IIOTEHINAN U M-
TPUMKH CTYJICHTIB, OCOOJMBO B TEXHIYHUX CIIEITi-
AIBHOCTSIX, 3aBISKU 3pYUHIN opraHi3allii 3aBIaHb
1 HaJQaHHIO ONEPATUBHOTO 3BOPOTHOTO 3B’SI3KY»
(Maesaroh, 2022).

Google Classroom Mae HU3KY Ba)JIMBUX IEpe-
Bar, 30KpeMa — MiHIMaJbHYy MOTpe0y B TEXHIYHUX
3HaHHIX NPU TOYATKOBOMY HAJAIITYyBaHHI Kypcy,
MIATPUMKY MOOITBHUX MPHUCTPOIB, MUTTEBI CIIO-
BillIlEHHS, aBTOMAaTUYHY TIEPEBIPKY OKPEMHUX THITIB
3aBlaHb, Ta JIETKY IHTErpamil 3 IHIIMMH IUIaT-
¢dhopmamu. OcoOIMBO IIHHOKO € MOYKIJIMBICTh Opra-
HI30ByBaTu CHUIbHY pOOOTY CTYAEHTIB y PEKUMI
peaslbHOTO Yacy — HANpHUKIIAJ, Yepe3 peaaryBaHHs
OIHOTO JIOKyMEHTa KiJIbkoMa KOPHCTyBa4aMu a0o
KOMEHTYBaHHs Tpe3eHTaniil. Lle no3Bossie cTBO-
PIOBATH CEPEOBHIIEC AKTUBHOTO HABUAHHSI, CIIpS-
MOBAHOTO Ha CHIBIPAIO T2 B3a€MHE HaBYaHHS.

Bonnouac, cepen nenomnikiB Google Classroom
MOJKHA BiJJ3HAUUTH OOMEKEHICTh (YHKIIH aHaIi-
THUKH, BIZICYyTHICTh FHYYKHX IHCTPYMEHTIB JUIsl OLi-
HIOBaHHS 32 CKJIQJHUMH IIKAJIaMH, a TAKOXK JIESIKY
3aJIeKHICTh BiJ crabinpHOCTI cepBiciB Google.
[Ipore y moemHaHHi 3 iHmMMMH IIarGopMamu,
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0COONIMBO 3  BiJICOKOH(EPEHII-3B’I3KOM, SK-OT
Zoom, Google Classroom J1eMOHCTpY€ BHCOKY
e(eKTUBHICTh y 3MIIIaHOMY HaBYaHHI, 30KpeMa
MIpU peatizailii Moziesi «IepPeBEePHYTOr0 KIacy».

[Tnarpopma Zoom, X094 1 HE € TOBHOIIHHUM
CepeIOBHILIEM YIIPABIIHHS KypcamH, TI0Ci1a€ BaxK-
JIMBE MICIIC y 3MIIIAaHOMY HaBYaHHI 3aBIIIKH CBOTM
KOMYHIKaI[illHUM MoxuinBoCTsAM. Bona 3a0e3me-
4ye BiZICO3B’SI30K Y PEKUMI PEaTbHOTO Yacy, J1a€
3MOT'y OpPTaHi30BYBaTH JIEK1lii, CeMiHapH, KOHCYIIb-
Tallii, IUCKYyCii Ta HAaBITh 3aXMCTHU HAyKOBUX POOIT.
CyTTeBOIO TIepeBaror Zoom € HasBHICTh (YHKIIIH
JIEMOHCTpaIlii ekpana, podotu B rpynax (breakout
rooms), BOyJJOBaHOI'O yary, 3alKcy ceciit 1 MOXJIn-
BOCTI KOHTPOJIIO IPUCYTHOCTI yYaCHUKIB.

Buxopucranns Zoom CyTT€BO BIUIMBAa€E Ha
piBEHBb 3aIly4EHOCTI CTYASHTIB O HaBYAJIBHOTO
npoIecy, MiABUINYE PIBEHb KOMYHIKallii Ta Jae
3MOTy ONEpPAaTHBHO OTPUMATH 3BOPOTHHH 3B’SI30K
(Dantes, 2022). YcoimHicTh BUKOPUCTAHHS Z00m
3aJIeKUTh HE JIMIIE BiJl TEXHIYHUX XapaKTEPHUCTHK,
asie ¥ Bij Ne1aroriyHoro Ju3aiHy 3aHsTTS — 4ITKO
chopMyIbOBaHUX IIiJICH, CIICHAPIIO, TaHMIHTY,
AKTUBHUX METOIIB B3a€MO/IIi.

[TpoTe Zoom Mmae ii meBHI 0OMEXEHHS, 5Ki CTa-
I0Th OCOOJMBO BIJUYTHUMH IPH IHTEHCUBHOMY
a00 JTOBrOTPUBAJIOMY BHKOPHCTaHHI: BTOMa BiJ
BiJICO3B’ 513Ky, CKJIAJIHICTh y MIATPUMAaHHI MOCTIH-
HOI yBarW CTYIEHTIB, TEXHI4HI 3001, morpeda
B SIKICHOMY iHTepHeTi. Takok oOMexxeHa Bepcis
0e3 mepenmiatd Mae OOMEXKEHHsS y TPUBAJIOCTI
ceanciB (10 40 XBUIWH), 110 1HOAI CTBOPIOE TPYI-
HOII[I TIPY TIPOBE/ICHHI TOBHOIIIHHUX 3aHSATb.

[MopiBustmpHUN aHami3z twiargopm Moodle,
Google Classroom i Zoom (muB. Ta6m. 1) nae
3MOTy 1MO0auuTH, 110 KO)KHA 3 HUX MAa€ CBOI YHi-
KaJbHI (DYHKITIOHATbHI MOXJIMBOCTI, SIKi pOOJISTH
1l IPUIATHOKO 11 BUKOHAHHS IEBHUX IUAAKTUY-
HUX 3aB/IaHb.

Ha ocHOBI HaBeneHOro aHalizy MOXKHa IiHTH
BHCHOBKY, IO JKOJIHA 3 IIaTGopM He 3ade3redye
MOBHOTO CHEKTpa (QYyHKLINA UIsi opraHizamii 3mi-
[IAHOTO HaBYaHHS CAaMOCTIHHO, aje 1X KoMOIHaLis
JTO3BOJISIE KOMIICHCYBAaTH CIAOKi CTOPOHH OJHIET
w1atopMu 3a PaxXyHOK CHJIIBHHX CTOPIH IHIIOI.
Hanpuknan, miaargopma Moodle Mmoke BucTymnatu
SK OCHOBA JJIsi OpraHi3aiii HaB4aJIBLHOTO KYpCY,
Jie 30epiraroThCsl BC1 Marepiaiv, TECTH, 3aBIaHHs
i ominku. Google Classroom MoXe BHUKOPHUCTO-
BYBaTUCh SIK 1HCTPYMEHT MAJsi OUIBLI THYYKOTO
YIPaBIiHHSA TOTOYHOIO iSUTBHICTIO Ta B3a€MOJIIT
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Tabmus 1
[opiBHANbHMIT aHAJII3 iHTEPAKTHUBHUX MJIAT(OPM A5 HABYAHHSA
Ilnardopma IlepeBaru O0MmeskeHHsI
Moodle Po3BuHeHa cucTeMa OIliHIOBaHHS, TecTH, popymu, | CkiaaHila B aMiHICTpyBaHHI, MOTpeOye TeXHIYHOT
IHAUBiyanbHI TPAaeKTOPIil HiATPUMKH
Google IIpocrora inTepdeticy, inTerpanis 3 Google- OOMexeHI MOJKITMBOCTI aHAJIITHKH Ta MIEPCOHATI3AIIIT.
Classroom cepBicaMu, MOOLIBHICTB
Zoom OmnnaifH-3ycTpidi, IHTePaKTUBHICTb, IPyNoBa poboTa | Bucoke HaBaHTaKeHHsI, TOTPeda y MIBUIKOMY IHTEpHETI

y rpymax, a Zoom —sK 3aci® Uil TpOBEICHHS
CUHXPOHHUX 3aHAThH 1 KOHCYJIBTAITI}.

EdextuBHe moeqHaHHS muX miarGopM MOXKe
BUIVIAATH HACTYITHHUM YHHOM:

Moodle — 6a3oBa miuardgopma A HaBYaIb-
HOTO KypCy, /¢ BUKJaJad OpPTaHi30BY€ BCi eTamu
HaBYaHHs (MOAYJ1, KOHTPOJIb, MOHITOPHUHT);

Google Classroom — 1jIs1 MBUIKOT B3a€MOJIII,
PO3MOBCIO/PKEHHSI TIOTOYHKX 3aBIaHb, CIIOBIIICHB,
KOMEHTapiB 10 poOiT;

Zoom — JUIsi IPOBEJICHHS CHHXPOHHUX 3aHSTh,
00TOBOpEHB, MPE3CHTAITlIN Ta 3BOPOTHOTO 3B’ S3KY.

Take iHTerpoBaHEe BHKOPUCTAHHS LUPPOBUX
IHCTPYMEHTIB 3HAYHO ITi/IBUIIY€ THYYKICTh OCBIT-
HBOTO TIPOIIECY, Ja€ 3MOTY aJanTyBaTH HaBYAHHS
710 IHIUBITyaJbHUX MOTPEO CTYACHTIB, MiATPUMYE
Oe3nepepBHICTh HABYAHHS HAaBITh 32 YMOB Ha/13BU-
YJaifHUX 0OCTaBHH.

OpnHak, UIst TOCATHEHHS €(EeKTUBHOCTI B TaKiil
MofieNli HeoOXiJHa CHUCTeMHa IiJArOTOBKAa BHKJIA-
na4diB 10 pobotu 3 1iarpopMamu; YiTKa CTPYyK-
Typa KypcCy, IIO BpPaxOBYE OCOOTMBOCTI KOXKHOT
3 1at¢opM; MOTHUBAIISl CTYAEHTIB 0 CaMOCTiH-
HOTO HAaBYAHHS; IHCTUTYIIIITHA MIITPUMKA Ha PiBHI
BUITY (TEXHIYHA, METOWYHA, aMIHICTPATHUBHA).

[lompu uwncneHHi mnepeBard, BIPOBAKCHHS
mwiargopm Moodle, Google Classroom ta Zoom
y 3MilllaHe HABYAHHS CYHMPOBOIXKYETHCS HU3KOIO
npobnem, sIKi MOXKYTh 3HM)KYBaTH €(EKTHBHICTb
OCBITHBOTO TIPOIIECY.

Cepenl OCHOBHHX TPY/IHOIIIB MOXHA BHOKpE-
MUTH HACTYTIHI.

1. Huspkuii piBeHb 1U(GPOBOT KOMIETEHTHOCTI
BHKJIQJ[a4iB 1 CTyAeHTiB. He BCi yJyacHWKH OCBIT-
HBOTO TPOIIECY BOJOMIIOTh HEOOXiTHUMHU HABH-
YKaMHu JUIST €(eKTHMBHOTO BHKOPUCTAHHS IJIar-
dhopm. OcoOIMBO 1€ CTOCYETHCS CKJIQIHIMIAX
cucrtem, sik-or Moodle, ne moTpiOHI 3HaHHS HE
JIAIIIE 3 TIeIaroriku, a i 60a3osi IT-HaBukwy.

2. HecrabimpHe iHTepHET-3’€mHanHsA. [Ipo-
OnemMu 3 JOCTYNIOM 10 Mepexi MOXYyTb OyTu
(daTaJbHUMU TS IPOBEICHHS 3aHATH Y Zoom a0o
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3aBaHTaxkeHHs: MatepianiB y Google Classroom,
10 0OCOOJIMBO aKTyaJIbHO JUIsI CTYACHTIB 13 Bijaa-
JICHUX PETI1OHIB.

3. HagmipHe HaBaHTa)XCHHS Ha BUKJIQJIAdviB.
[MoennanHs MEKTBKOX TUIATGOPM BHUMArae J101ar-
KOBOTO 4acy Ha IUIaHYBaHHs, TEXHIYHE CyIPOBO-
JOKSHHSI, TICPEBIPKY 3aB/JIaHb Ta KOMYHIKAIitO, 110
MOYKE TPU3BECTH J0 POPECIHHOTO BUTOPAHHS.

4. Tlpobnaemu 3 MOTHBAIi€O CTyACHTIB. Jluc-
TaHIIHI (OpPMU HABYAHHS HE 3aBXKIH CIPHUSIIOTH
HiATPUMAaHHIO JUCHUIUTIHA, CaMOKOHTPOJIO Ta
1HTEpecy, 0 YCKIIAJIHIOE TOCATHEHHS HaBUYAIbHUX
pe3ynbTaTiB.

5. BiacyTHICTh €IWHOTO CTaHAAPTY BHKOPHC-
TanHs margopM. Y aesknx 3BO Bukiagadi camo-
CTIfHO OOMpPAarOTh IHCTPYMEHTH, IO TPHU3BOIHTH
JI0 XaOTHUYHOCTI, AyOMtOBaHHS (YHKLIN 1 TPyAHO-
IIiB Y CTYIEHTIB, SIKi MAlOTh CIpPaBy 3 KiTbKOMa
PI3HUMH CHCTEMaMH OJJHOYACHO.

Jlns momonaHHs UX BUKJIMKIB JTOUIIBHO BXKH-

BaTU HACTYIIHI 3aXO/H:
MPOBEACHHS CHCTEMAaTHWYHUX TPCHIHTIB
1 KypciB TiIBUIIIEHHS KBaJTi(hiKallii y1sl BUKIa1aqiB
o0 iHTerpamii mudpoBux mwIathopM y HaBIAIb-
HUI TIPOLIEC;

— po3poOKa METOJMYHUX PEKOMEHIAIIH 100
e(EeKTHBHOTO TOETHAHHA IJIaThOpM, 30Kpema
3 TPUKIAJaMH CIICHApiiB 3aHATh 1 MIa0IIOHAMH
KypCiB;

— IHCTUTYIIHA TATPUMKA Ha PiBHI aaMiHi-
CTpalliii 3aKkyaJiiB BUIOiI OCBITH —TE€XHIYHA JIOTIO-
MOTa, PO3IO/IiT HABAHTAKCHHSI, MOTHBAIIIHA ITi]T-
TPHUMKA;

— MOHITOPHHT Ta aHAJIITHKa OCBITHBOTO TIPO-
necy i3 3anyudennsam IKT ams cBoewacHoro BUSB-
JICHHSI TPOOJIeM 1 KOPEKIIii cTparerii HaBYaHHS;
3ally4eHHs] CTYACHTIB 7O 3BOPOTHOTO
3B 3Ky, aHKETYBaHHsI MO0 3PYYHOCTI miardopm
Ta IX BIUIMBY Ha SIKICTh 3aCBOEHHS Marepialy.

TakuM YHHOM, TIpaBHJIbHA OpTaHi3aIlisi IMpo-
IeCy BIPOBA/DKCHHS IUIATGOpM y 3MilIaHe
HaBYAHHS MO)KE 3HAYHO TABUIIUTH SIKICTh OCBITH,
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32 YMOBHU BpaxyBaHHS HE JIMILE TEXHIYHUX aCIeK-
TiB, @ i1 IICUXO0JIOr0-IIE€IaroriYH1uX 0COOIMBOCTEH.
BucHoBKH i mepcHeKTHBM MOJAJIBIIHX
AOCJKeHb. Y X0/ AOCIIKeHHs Oy/10 BCTAaHOB-
JICHO, 110 BUKOPUCTaHHA HUQPPOBHX IIaThopm
Moodle, Google Classroom Ta Zoom y 3MilIaHOMY
HaBYaHHI BIJKPUBAE MIMPOKI MOXKIUBOCTI JJTSI TTiJT-
BUIICHHS €(EKTHBHOCTI OCBITHHOTO TIPOIIECY.
Koxna 3 mnardgopm mae BiacHy (QyHKIIOHAJIBHY
cnenudiky, sKa T03BOJSE peani3oByBaTh pi3Hi
JUIaKTUYHI 3aBIaHHS —BiJl OpraHizaiii HaBYaJIb-
HOTO KOHTEHTY ¥ OLIIHIOBaHHS N0 3a0e3MeyeHHs
YKUBOT KOMYHIKaIlii Ta MITPUMKHU CTYICHTIB.
Busnauyeno, mo Moodle € motyxxHum cepen-
OBHIIIEM IS CTBOPEHHSI CUCTEMHOTO KypCYy 3 IJIH-
OOKHMM KOHTPOJIEM HaBYaJIbHOI AisIbHOCTI; Google
Classroom 3a0e3rnedye OnepaTuBHICTh, THYYKICTh
Ta JOCTYIHICTb yNpPaBIIiHHS 3aBJaHHAMU U KOMY-
HiKaliewo; Zoom Haga€ MOXJIMBICTb CHHXPOH-
HO1 B3aeMojii B peajJbHOMY 4aci, 10 € KPUTUYHO
BXJIMBUM JJIs1 3MIIIAHOTO HaBYaHHA. Pe3ynbratu
aHaJli3y CBiYaTh, M0 HAWHOUIBINOI e€(EeKTUBHOCTI
MOXHA JIOCATTH 32 YMOBH IHTEerparii nux rJar-
(GopM y €IUHY OCBITHIO MOZEJb, OPIEHTOBAHY Ha

NMoTpeOU CTYIEHTIB, MOXKJIMBOCTI BHKIIAJa4iB Ta
cnenudiky HaBYaTbHUX JUCIHILIIH.

Bonnowac nociiKeHHs TaKOK BUSBUJIO HU3KY
BUKJIMKIB, 110 IOTPeOYyIOTh BHpIIIEHHS: HENO-
cTatHad 1U(ppoBa T'PaMOTHICTh YYaCHHKIB OCBIT-
HBOT'O IIPOILECY, TEXHIYHI OOMEXEHHS, NepeBaH-
Ta)XEHHS BHKJIQJa4iB Ta HEJOCTAaTHS MOTHUBAIIIS
ctyneHTiB. [lomonanus nux 6ap’epiB BUMarae sik
METOJMYHOI, TaK 1 opraHizamiiHoi poOoTH 3 00Ky
OCBITHIX YCTaHOB.

[TepcriekTUBU MOAATBIINAX JOCITIHKEHB TTOJIS-
raloTh y po3poOii Mojenei ONTUMaIbHOTO
MO€ETHAHHS MUPPOBUX TUIAT(HOPM BIAMOBITHO 10
TUIy JUCIUIUIIHU; BUBYCHHI BIUIMBY 3MIIIAHOTO
HaBUAHHS Ha pE3ylbTaTH CTYACHTIB Yy JIOBIO-
TpUBaJiil mepcrnekTuBi; (oOpMyBaHHI CTaHIApPTIB
U (poBOi KOMIIETCHTHOCTI ISl BUKJIaAa4iB; OIli-
HIOBaHHI €KOHOMIYHO{ JOUUIBHOCTI Ta peCypcHOi
e(heKTUBHOCTI BIIPOBAKEHHS 3MilIaHUX (opma-
TiB y 3BO.

Takum yrHOM, U(POBI TIATHOPMU BHCTYIIA-
I0Th HE JIUIIE IHCTPYMEHTOM ajanTaiii 10 HOBUX
YMOB, a i MOTY>KHUM YHHHUKOM TpaHchopmarii
Cy4YacHOI BUIIOi OCBITH.
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