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Pedepar:

1. Incepranifina po60Ta IPUCBIYE€HA BUBYEHHIO METOy OYMILEHHS CTIYHUX BOJ, Bifl iOHiB Ba)KKUX METAJiB, a CaMe
Cu2+ ta Pb2+, npupogHuMu Ta MOAM(piKOBaHMMU COPOLIITHMMY MaTepialaMy Ha OCHOBI LI€OTy -
KJIMHOIITUJIOJNITY, Ta IJIMHUCTOrO MiHepasy - ryaykoHiTy. O6’eKTOM JOCIifKeHHs € 3a6pyLHEHHS IPUPOAHUX BOJL
BRXKMMU METaJIaMU BHACJIIOK TipHUY0400YBHOI [isIbHOCTI Ta 60MOBUX Aill. BHacimoOK orsgy ocTaHHIx
IOCJIiIKEHD BIJIMBY BiiBajIiB BYTiJIbHUX 1IAaXT HA HABKOJIMIIIHE CEPENOBUILE OYJI0 BCTAHOBJIEHO, 1[0 BMICT
MIOTEHIIITHO TOKCUYHYX €JIEMEHTIB, 30KpeMa BaXKKUX METAJIB, y TPYHTaX [IPUJIETJIMX TEPUTOPIii Ta Y
MiJTEpUKOHOBUX BOJAX € JJOCTATHIM 711 CTBOPEHHS TPUBAJOi 3arpo3u. Hapasi He iCHye CUCTEMHOTO MiAXo4y 10
BUpilll€HHs IPO6JIeMU NTOBOPKEHHS 3 BiiBajlaMy LIaXT, OKPiM PeKyJbTUBALi. 3 TOYaTKOM IOBHOMACIITAaOHOTO
BTOprHeHHs y 2022 poli Ha BeJMKiil 4acTrHi TepuTopii YKpaiHu BUHUKIIY [i/ISTHKY, 3a0pyIHEHI BigxoaamMu 60M0BUX

Iili, SIKi MICTSITh OKPIiM iHIIIOTO iI0HM TaKuX BaXXKUX MeTasiB sk Cu2+ ta Pb2+. Take 3a0pyHeHHs 30epiraeTbcs



IIPOTSITOM JIECSITUIIITh i CTBOPIOE 3arpo3y IJ1s1 iCHYBaHHSI €KOCUCTEM Ta 3[JOPOB’s JIIofAel. 3 oIy Ha 1e, 6yJo
[IpUIHATE pillleHHs po3WMpUTH chepy nociinkeHb. TexHosorii 3MeHIIeHHs 3a0pyIHEHHS BaXXKUMU MeTajlaMU
MO>KHA PO3JIJINTU Ha [IBi IPYIM: BilKadyBaHH 3 [IOJAJIbIIMM OYMILEHHSM IIiI3€MHUX BOJ, €X Situ, Ta CIIOPYI KEHHS
IIPOHMKHOTO afcopbuiitHoro 6ap'epy (I1AB) nys peabisnitauii in situ. Cepeq, TEXHOJIOTIH ex Situ BaXXJIMBe MiclLie
3aliMal0Th METOIM A[ICOPOLIIHOrO BUJIy4Y€HHS BAKKAX METaJiB. SIK OrjaMHadi BAKOPUCTOBYIOTh Pi3HOMAHITHI
Marepiaju 3 pO3BUHEHOIO IIOBEPXHEIO, 30KpeMa LIe0JIiTU Ta IIIMHUCTI MiHepanu. Haibinbu nonysspHuUM cepeq,
MIPUPOTHUX LEOJITIB € KNUHONTUMOMNIT. OfHAK 1ii MaTepiasy BUMaraloTh 10JaTKOBOi 06pOOKY [1J1s1 TOKpAIleHHS ixX
COpOLIMHUX BIACTUBOCTEN. 36ibLIeHHS COPOLiIIHOI 30aTHOCTI MPUPOSHUX MiHEpaJliB TaKOX JaCTb 3MOTY
3aCTOCOBYBATH iX y TEXHOJIOTISIX in Situ B IKOCTi afcopOLiliHuX 6ap'epiB [j1 yCyHEHHS] KOHKPETHUX €KOJIOTIYHUX
npo6seM abo ajanrauii 10 6inblI CKIAAHUX YMOB Y IIiI3EMHUX BOJax. B IKOCTi copOLiliHMX MaTepiaiB migyac
€KCIIepUMEHTAJIbHUX JIOCiPKEeHb BUKOPUCTOBYBAJIM IPUPOIHUIN KIMHONTUIOMIT (PH BogHOI BUTSDKKYU - 7,75;
HacuIHa rycTusa - 947 kr/m3) Ta riaykoHit (pH BogHoi BUTSDKKH - 8,6; HacunHa ryctuHa - 1049,85 kr/m3). s
MOKpaIeHHS afCcOPOLiTHMX BIaCTUBOCTEN NPUPOAHI 3pa3Ku MornepegHb0o 06pobJIsIin: TpoXkaproBaHHIM npu 550°C
IIPOTSIroM 3 roiUH 260 0O6POOKOI0 MIKPOXBUJISIMU ITPOTSroM 10 XBUIMH NOTY>KHicTIO 790 BT. [l gociimKeHHs
CTPYKTYPH Ta CKJIaAy €KCIIepUMEHTAIbHUX 3Pa3KiB COPOLIMHMX MaTepialiB 3aCTOCOBYBAIM METOIU
peHTreHOo(IIyOpeCLieHTHOT0, pEHTreHOPa30BoOro aHai3iB, eJIeKTpoHHOI Mikpockorii. KoHueHnTpaniio ionis Cu2+ ta
Pb2+ Bu3Hauyanau METONOM IIPSIMOI MOTeHLioMeTpii. [y onucy afgcopouii y cTaTHYHUX yMOBax 6yJ10 00paHO YOTUPU
IBonapameTpuyHi (Jlenrmiopa, dperiHaixa, Temkina, [lyonHina-PanymkeBrya) Ta 'siTb TPUIIAPaMETPUYHNX
(Tenrmiopa-®peiingmixa, Pennixa-Tletepcona, Toca, ApaHoBuua, Xinna) isorepmiuHux mogesneil. HeniHiliHe
MOZIeJII0BaHHS 0yJI0 BUKOHAHO 32 I0IIOMOrolo rnporpamuoro npoaykry GraphPad Prism 9.0. KineTuky cop6uii
aHaJli3yBaJjM 3a IOIIOMOTOI0 YOTUPLOX BilOMUX Mojiesell: mogei boiina, Moppica-Bebepa, monenei
[ICEBMIOIEPUIOro Ta IICEBIOAPYTOro NopaaKy. s mocaimkeHHs epeKTUBHOCTI cOpOLii BaXKKUX MeTaliB
KJIMHOIITUJIOJITOM Y IMHAMIYHUX YMOBax OyB CTBOPEHUI eKCIIepUMEHTAJIbHUI CTeH], 3 YOTUPMa aiCOPOLiTHUMU
KOJIOHKaMU Ta BCTAHOBJIEHUH Yy J1abopaTopii ekosioriyHoi 6e3neky JIbBiBCbKOro 1EepP>KaBHOIO YHIBEPCUTETY Oe3leKu
SKUTTEiSITIbHOCTI. Pe3ysIbTaTi peHTTeHO(PIIyOPECLEHTHOrO aHali3y 10Ka3asy, o copoLiliHa eMHICTb 3pa3KiB
IJIayKOHITy o010 ioHiB Cu2+ nepesullye COpOLiHY éMHICTb KJIMHONTUIIONITOBUX 3pa3KiB. Pe3ynbraTu
BAMIpPIOBaHHS IUIOLi MMTOMOI IIOBEPXHI 32 METOAOM bpyHayepa-Emmera-Tennepa nokasany, o r1ayKOHIT
BOJIOJIi€ CYTTEBO Oi/IBLIOK TMTOMOIO [IOBEPXHEIO, aHK KJIMHONTUIIOJIT. JlocaimkeHHs agcop6uii ionis Cu2+y
CTaTUYHUX YMOBAX II0Ka3ajHy, 10 TEPMiyHa Ta MiKpOXBUJIbOBA OOPOOKA 3HAYHO 36i/blIye afcOpOLiliHy 30aTHICTh
KJIMHOIITUJIOJITY IO BifHOIEHH!O 1o ioHiB Cu2+ Ta HeiCTOTHO 36i7blye afcopOLiliHy 30aTHICTD [JIAyKOHITY.
3HayeHHs1 MaKCUMaJIbHOI aicOPOLIHOI 3IaTHOCTI, BU3Ha4YeHi 3a MofiesUIio JIeHrMIopa, CTaHOBIATh 1,272, 31,051 Ta
9,047 mr /T AJ1s1 IPUPOLHOTO, IPOKAPEHOT0 Ta MiKPOXBUJIBOBOT'O KJIMHOIITUJIONITY BifoBifHO. HaToMiCcThb
3HAYEHHS /111 IPUPOLHOTO, MPOKAPEHOTO Ta OIIPOMIHEHOTO B MiKDOXBUJIbOBIH I1€4i IJIayKOHITy CTaHOBJISATH 5,369,
5,77 ta 7,367 mr /T BignosinHo. OTXe, afcopO1iiliiHa 30aTHICTb NPHUPOAHOTO KIMHONTUIIONITY HUKYA, HIK
IIPUPOJHOrO IJIAYKOHITY, ajie onepeHs 06pobKa 3HauHO ii nifgsuiLye. MoaeoBaHHS €KCIIEPUMEHTAIbHUX
Pe3yJIbTaTiB MOIJIMHAHHS i0HiB Pb2+ B paMKax TEOpeTUYHUX MOJeJel i30TepM ancopOlLiii mokasaso, o HalBUIIi
ancop6uiiiHi emHOCTi nputamandi HBU-onpomiHeHOMy I71ayKOHITY Ta TEPMiYHO 06pOOJIEHOMY KJIMHOITHJIOJITY.
HocnimkeHHs KiHeTUKU afncopo1iii mokasanu, 1m0 o6pobsieHi B MiKpOXBUJIbOBIY Mevi 3pa3Ky MBUIIE B3A€EMOIIIOTh 3
3a6pynHMKOM. Ha 06po6sieHnX 3pa3Kkax BiiOyBaeThcs Oisblla NOBEPXHEBA aicOPOLis, HiXK Ha IPUPOAHUX, OLHAK 3
yacoM BIUIMB BHYTPilHbOI Audysii Ha mpolec afgcopoLii 3pocTaTuMe.

2. The dissertation is devoted to the study of the method of wastewater treatment from heavy metal ions, namely
Cu2+ and Pb2+, using natural and modified sorption materials based on zeolite - clinoptilolite, and clay mineral -
glauconite. The object of the study is the pollution of natural waters with heavy metals as a result of mining
activities and hostilities. A review of recent studies on the environmental impact of coal mine dumps has found
that the content of potentially toxic elements in the soils of adjacent territories and in sub-terranean waters is
sufficient to pose a long-term threat. Currently, there is no systematic approach to the problem of mine dumps
management other than reclamation. With the start of the full-scale invasion in 2022, large parts of Ukraine were
contaminated with war waste containing, among other things, heavy metal ions such as copper and lead, which has



persisted for decades and poses a threat to ecosystems and human health. With this in mind, it was decided to
expand the scope of research. Technologies for reducing heavy metal contamination can be divided into two
groups: ex situ pumping with subsequent groundwater treatment, and construction of a permeable adsorption
barrier (PAB) for in situ remediation. Among ex situ technologies, adsorption methods of heavy metal extraction
play an important role. Various materials with a developed surface are used as adsorbents, including zeolites and
clay minerals. The most popular natural zeolite is clinoptilolite. However, these materials require additional
processing to improve their sorption properties. Increasing the sorption capacity of natural minerals will also
make it possible to use them in in situ technologies as adsorption barriers to address specific environmental
problems or adapt to more difficult conditions in groundwater. The sorption materials used were natural
clinoptilolite (pH of the water extract, 7.75; bulk density, 947 kg /m3) and glauconite (pH of the water extract, 8.6;
bulk density, 1049.85 kg/m3). To improve the adsorption properties, the natural samples were pretreated by
calcination at 550 °C for 3 hours or microwave treatment for 10 minutes at 790 W. Methods of X-ray fluorescence,
X-ray phase analysis, and electron microscopy were used to study the structure and composition of the
experimental samples of sorption materials. The concentration of Cu and Pb ions was determined by direct
potentiometry. Four two-parameter (Langmuir, Freundlich, Temkin, Dubinin-Radushkevich) and five three-
parameter (Langmuir-Freundlich, Redlich-Peterson, Toth, Aranovich, and Hill) isothermal models were chosen to
describe adsorption under static conditions. Nonlinear modelling was performed using GraphPad Prism 9.0
software. The sorption kinetics was analysed using four well-known models: Boyd, Morris-Weber, pseudo-first-
order and pseudo-second-order models. To investigate the efficiency of heavy metal sorption by clinoptilolite
under dynamic conditions, an experimental stand with four adsorption columns was assembled and installed in the
Laboratory of Environmental Safety of the Lviv State University of Life Safety. The results of the XRD analysis
showed that the sorption capacity of glauconite samples for copper exceeded that of clinoptilolite samples. BET
surface measurements showed that glauconite has a significantly higher specific surface area than clinoptilolite.
Studies of copper adsorption under static conditions have shown that heat and microwave treatment significantly
increases the adsorption capacity of clinoptilolite to copper ions and slightly increases the adsorption capacity of
glauconite. The values of the maximum adsorption capacity determined by the Langmuir model are 1.272, 31.051
and 9.047 mg /¢ for natural, calcined and microwave clinoptilolite, respectively. In contrast, the values for natural,
calcined and microwave irradiated glauconite are 5.369, 5.77 and 7.367 mg /g, respectively. Thus, the adsorption
capacity of natural clinoptilolite is lower than that of natural glauconite, but pretreatment significantly increases it.
Modelling of the experimental results of lead absorption within the framework of theoretical models of adsorption
isotherms showed that the highest adsorption capacities are inherent in microwave-irradiated glauconite and
heat-treated clinoptilolite. Studies of adsorption kinetics have shown that microwave-treated samples interact
with the pollutant faster. The surface adsorption on the treated samples is higher than on natural samples, but the
influence of internal diffusion on the adsorption process will increase over time.
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ImenTudikarop ORCID ID: 0000-0002-2082-9524

JoparkoBa iHpopmawist: https://scholar.google.com.ua/citations?user=Qs85Q0IAAAAJ&hl=uk&oi=ao;
https:/ /www.scopus.com/authid /detail.uri?authorld=57201620500;
https: / /www.webofscience.com /wos /author /record /J-5675-2017

IloBHe HaliMeHYBaHHSI IOPHUAHUYHOI OCOOH: JIbBiBCHKMIT IepPKaBHUI yHIBEPCUTET 6e3MeEKH

KUTTENISIIBHOCTI

Kopg 3a €IPIIOY: 08571340

Micue3Haxoa KeHHS: sy Kienapischka, 6y1. 35, JIbsis, 79007, Ykpaina
dopma ByacHOCTI: [lepxasna

Cdepa ynpaBiriHHS: [lepkaBHa ciyx6a YKpaiHy 3 HaI3BUYANHNUX CUTYaLiil

InenTudikarop ROR:

VII. BimomocTi npo odiliiHUX OTIOHEHTIB Ta pelleH3€eHTiB

OdiuiiiHi OTIOHEHTH



Baacwue IlpizBumie Im's Ilo-6aTbKOBI:

1. ITaBnm4yeHKo ApTem BonoaumMuposuy

2. Artem V. Pavlychenko

KBasigikamis: 1. 1. 1., npodecop, 21.06.01
ImenTudikarop ORCID ID: 0000-0003-4652-9180

HoparkoBa iHpopmawuist: https://scholar.google.com.ua/citations?user=72Zq-KEAAAAJ&hl=uk;
https:/ /www.scopus.com /authid /detail.uri?authorld=55522742000;
https: / /www.webofscience.com /wos/author /record /736291

IloBHe HaliMeHYBaHHSI IOPHUAHUYHOI 0COOM: HaujoHanbHuil TeXHIYHMI yHiBepCHUTeT "JIHIMPOBCHKA

MOJITEXHIKa"

Kopg 3a €IPIIOY: 02070743

Micqesﬂaxo,lpKeHHﬂ: npocnekT JImutpa SIBopHUIEKOTO, 6y1. 19, IHinpo, [JHinposcbkuil p-H., 49005, Ykpaina
dopma ByacHOCTI: [lepxasna

Cdepa ynpaBitiHHS: MiHicrepcTBo OCBiTH i HayKu YKpaiHu

InenTudikarop ROR:

BaacHe IlpizBume Im's I10-6aTbKOBI:

1. YensguH Jliobomup IBaHOBUY

2. Liubomyr I. Cheliadyn

KBasigikamis: n. 1. u., npodecop, 21.06.01
InenTudikarop ORCID ID: 0000-0003-3360-7274

JoaparkoBa iHpopmanist: https://www.scopus.com/authid /detail.uri?authorld=57218688226;
https:/ /scholar.google.com.ua/citations?hl=uk&user=I5JP070AAAATJ;
https:/ /www.webofscience.com /wos /author /record /54784309

IloBHE HaliMEeHYBaHHS IOPUAHYHOL 0C00H: IBano-PpaHKiBChbKUI HAI[IOHATLHUI TEXHIYHUIA YHIBEPCUTET

Ha(TH i razy

Kopg 3a €IPIIOY: 02070855

Micue3HaxoaKeHHS: sy Kapnarchka, 6y, 15, IBano-®Ppankischbk, 76019, Ykpaina
dopma BracHOCTI: JlepxasHa

Cdepa yllpaBJIiHHﬂ: MiHicTepcTBO OCBiTH i HayK1 YKpaiHu

InenTudikarop ROR:

Baacue IlpizBume Im's Ilo-6aTbKOBI:

1. ManboBanuit Mupocnas CtenanoBuy

2. Myroslav S. Malovanyi

KBasidikamis: 1. 1. 1., npodecop, 05.17.01, 05.17.08

Inentudikarop ORCID ID: 0000-0002-3868-1070



JoparkoBa iHpopMamist: https://scholar.google.com.ua/citations?hl=uk&user=x8jiXksAAAAJ;
https:/ /www.webofscience.com /wos /author /record /746093;
https:/ /www.scopus.com /authid /detail.uri?authorld=55866662500

IloBHe HaliMeHYBaHHSI IOPHUAHUYHOI 0COOHM: HaujonanbHuil yHiBepcuteT "JIbBiBCbKa MOTTITEXHIKA"
Kopg, 3a € IPITIOY: 02071010

Micue3HaxoaKeHHS: ByJ. CrenaHa banpepuy, 6yz. 12, JIbBiB, 79013, YkpaiHa

dopma ByacHOCTI: Jlepxasna

Cdepa ynpaBiriHHS: MiHicTepCcTBO OCBIiTH i HayKu YKpaiHu

InenTudikarop ROR:

PeuenszeHnTu

BiacHe IIpizBuie Im'sa I1o-6aTbKOBI:

1. Ilyriar Tapac IropoBruy

2. Taras I. Shuplat

KBasigikanis: k. c.-r. 1., 03.00.16
InenTudikarop ORCID ID: 0000-0003-3497-2636

JoparkoBa iHdopmanist: https://www.scopus.com/authid /detail.uri?authorld=57214818437;
https:/ /scholar.google.com.ua/citations?hl=uk&user=078 0T4YAAAAIJ;
https:/ /www.webofscience.com/wos /author /record /3628368

IloBHe HaﬁMeHyBaHHH lOpI/I,ILH'{HOi 0COOM: JILBIBCLKMIA IepKaBHUI yHiBEpCUTET 6E3MeKN

SKUTTENiSINbHOCTI

Kopg 3a €IPIIOY: 08571340

Micue3Haxoa KeHHS: By/1. Knenapiscbka, 6y, 35, JIbBiB, 79007, Ykpaina
dopma BracHOCTI: JlepxasHa

Cdepa ynpaBiriHHS: [lepkaBHa ciyx6a YKpaiHy 3 HA3BUYANHUX CUTYALLil

InenTudikarop ROR:

VIII. 3aKkJII04Hi BiZoMOCTi

Biacue IlpizBuie Im's ITo-6aTbKOBI Kapabus Bacusb Bacunbosiy
rOJIOBH pajgu

ByiacHe IlpizBume Im's I1o-6aThKOBI Kapa6un Bacuib BacunboBuy
roJIOBYIOYOTO Ha 3aCiflaHHi

BigmoBigasbHUH 32 MiATOTOBKY Oenis Ipuna

00JIIKOBHX JOKYMEHTIB

PeectpaTop YkpIHTEI



KepiBHuk Bigginy YKpIHTEI, mpo €
BiZITIOBiZaIBHUM 3a peecTpallilo HayKoBoi IOpuenko TeTsHa AHaTosiiBHA

JisiIbHOCTI




