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Pedepar:

1. Incepraniiina po60Ta IpUCBIY€HA BUBYEHHIO METOY OYMIIEHHS CTIYHUX BOJ, Bifl iOHIB Ba’)KKUX METAaJiB, a came
Cu2+ ta Pb2+, npuposHumu Ta Mogu@ikoBaHMMHU COPOLiTHMMU MaTepiajlaMy Ha OCHOBI LI€OJITY —
KJIMHOIITUJIOJITY, T IJIMHUCTOrO MiHepasy - rJayKoHiTy. O6’eKTOM JOCIiIKEHHS € 3a0pyAHEHHS IPUPOJHUX BOJ
BaXKMMU METaJIaMU BHACJIIOK TipHUYI000YBHOI HisyIbHOCTI Ta 60MOBUX Aill. BHACimOK orisany ocTaHHIx
IOCJIiIKeHb BILJIMBY BiiBaJliB BYTiJIbHUX IIAaXT HA HABKOJIMIIHE CepeloBuUlie 6YI0 BCTAHOBJIEHO, 110 BMICT
IIOTEHLITHO TOKCUYHVX €JIEMEHTIB, 30KpE€Ma BaXKKMX METAJIB, y TPYHTAaX [IPUJIETJIMX TEPUTOPIii Ta Y

MigTepUKOHOBUX BOJAX € NOCTATHIM 711 CTBOPEHHS TPpUBAasoi 3arpo3u. Hapasi He iCHye CUCTEMHOTO MiAX0Ay 10



BUPIlLIEHHS [TPO6JIEMU [TOBOJIKEHHS 3 Bif]BaJlaMU MIAXT, OKPiM PEKYJbTHUBALliL. 3 TOYaTKOM OBHOMACHITAaGHOTO
BTOprHeHHs y 2022 poui Ha BeuKil yacTuHi Teputopii YKpaiHy BUHUKIIU JiSTHKY, 3a0pyiHEH] Bigxomamu 6010BUX
Iili, SIKi MICTSITh OKPIiM iHIIIOTO i0HM TaKuX BaXXKUX MeTaiB sik Cu2+ ta Pb2+. Take 3a0pyHeHHs 30epiraeTbcst
IIPOTSITOM JIECSITUIIITh i CTBOPIOE 3arpo3y AJIs1 iCHYBaHHSI €KOCUCTEM Ta 3[JOPOB’s JiIofel. 3 orjsay Ha 1e, 6yJo
NPUIHATE pillleHHs] po3MUPUTHU chepy AociaxkeHb. TeXHOOorii 3MeHIIeHHs 3a0pyJHEHHS BXXKUMU MeTajlaMu
MOJKHA PO3[iJINTH HA JBi TPYIN: BijKavyyBaHHS 3 IOJAJBIIMM OYMINEHHSM ITiI3€MHUX BOJ, €X Situ, Ta CIIOPYA>KEHHS
IIPOHMKHOTO afcopbuiiiHoro 6ap'epy (I1AB) nys peabinirauii in situ. Cepep, TEXHOJIOTIH €x Situ BaXXJIMBe Miclie
3alIMalOTh METOU a[ICOPOLIMHOIO BUIy4€HHS BAXKKMX METAJIiB. SIK OIrJIMHAYi BUKOPUCTOBYIOTh Pi3HOMAHITHI
marepiany 3 pO3BUHEHOIO [TOBEPXHEI0, 30KpeMa LIeOJIiTH Ta IMIMHUCTI MiHepasnu. Hali6inbi nomnyasipHuM cepef,
MIPUPOJHUX LIEOJITIB € KINMHONTUIMOMNIT. OHAK 1ii MaTepiasy BUMaraloTh 10JaTKOBOi 06pOOKY [1J1s1 TOKpAIleHHS ix
COPOLiNHUX BJIACTUBOCTEN. 36i/bLIEHHS COPOLINHOI 3IaTHOCTI IPUPOJHUAX MiHEPaJliB TAKOX AACTb 3MOTY
3aCTOCOBYBATH iX y TEXHOJIOTISIX in situ B IKOCTi acOPOLitHUX 6ap’epiB 1J151 yCYHEHHSI KOHKPETHUX €KOJIOTiYHUX
npo6seM abo ajanrauii 10 6isblI CKIAIHUX YMOB Y IiI3eMHUX BOJlax. B IKOCTi copOLiliHMX MaTepiaiB migyac
€KCIIEPMMEHTAJIbHUX JI0CIIiI)KEHb BUKOPUCTOBYBAJIU IPUPOAHUI KIMHONTUIIOMIT (pH BOgHOI BUTSIKKY - 7,75;
HacuIHa rycTuHa - 947 kr/m3) Ta ryaykoHit (pH BogHoi BUTSDKKY - 8,6; HacunHa ryctuHa - 1049,85 kr/m3). s
MOKPaIeHHS afCOPOLiTHUX BIACTUBOCTEN NIPUPOAHI 3pa3Ku MornepegHb0 06pobIsIn: TpoXkaproBaHHIM rpu 550°C
IIPOTSroM 3 ToiUH 260 0O6POOKOI0 MIKPOXBUIISIMU ITPOTIroM 10 XBUIMH NOTY>KHiCcTIO 790 BT. [l gociimkeHHs
CTPYKTYpH Ta CKJIaAy €KCIIepUMEHTAIbHMX 3Pa3KiB COPOLIMHMX MaTepialiB 3aCTOCOBYBAJIM METOU
peHTreHo(dIIyOopeCceHTHOT0, PEHTreHO(Pa30Boro aHai3iB, eJIeKTpOHHOI Mikpockorii. KonueHnTpaniio ionis Cu2+ ta
Pb2+ Bu3Hayanau MeTOIOM IIPSIMOI ITOTeHLioMeTpil. [y onucy afgcopouii y cTaTHYHUX yMOBax 6yJ10 00paHO YOTUPU
IBonapameTpuyHi (Jlenrmiopa, @periHaixa, Temkina, [lyonnina-PanymkeBrya) Ta 'siTb TPUIIAPaMETPUYHUX
(Tenrmiopa-®peiingmixa, Pegnixa-Tletepcona, Toca, ApaHoBuua, Xinsna) isorepmiunux mogesneil. HeniHiline
MOJeJIIOBaHHS 6yJI0 BUKOHAHO 3a AOIIOMOrolo mporpamHoro npoaykry GraphPad Prism 9.0. KineTuky cop6uii
aHaJli3yBaJju 3a [IOIIOMOTOI0 YOTUPLOX BiloMUX Mogesell: mozesi boiina, Moppica-Bebepa, moneneil
IICEBONEPLIOro Ta ICEBIOAPYTOro NOpsaaKxy. s nocaimKeHHs e(peKTUBHOCTI COpOLii BaXXKKMUX METaliB
KJIMHONTUJIONITOM Y IMHAMIYHUX YMOBaX OyB CTBOPEHMI €KCIIEPUMEHTAJILHUAN CTEH, 3 YOTUPMa afCOPOLitHUMU
KOJIOHKaMU Ta BCTAHOBJIEHUH Y J1abopaTopii ekosioriyHoi 6e3neky JIbBiBCbKOro 1ep>kaBHOIO YHIBEpCUTETY Oe3reKu
SKUTTEiSITIbHOCTI. Pe3ysIbTaTH pEHTreHO(IIyOPECLEHTHOTO aHasli3y 10Kasasy, o copobliiliHa eMHICTb 3pa3KiB
IJIayKOHITY o010 ioHiB Cu2+ nepesulllye COpOLiHY eMHICTb KJIMHONTUIIONITOBUX 3pa3KiB. Pe3ysbTaTu
BUMIpPIOBaHHS IO MMTOMOI IIOBEPXHI 32 METOAOM bpyHayepa-Emmera-Tennepa nokasany, o rIayKoOHIT
BOJIOJIi€ CYTTEBO Oi/IBIIOK TMTOMOIO IIOBEPXHEIO, aHK KJIMHONTUIOJIT. JlocaimpkeHHs agcop6uii ionis Cu2+y
CTaTMYHMX YMOBAX I10Ka3ajy, 0 TEPMiUHa Ta MiKPOXBUJIbOBA 0OPOOKA 3HAYHO 30i7bIllye afcOPOLiiHY 30aTHICTD
KJIMHOIITUJIOJITY IO BifHOIIEHHIO 1o ioHiB Cu2+ Ta HeiCTOTHO 36i7bIye afcopOLiliHy 30aTHICTh [TIAyKOHITY.
3HayeHHs1 MaKCUMAaJIbHOI aicCOPOLIHOI 3IaTHOCTI, BU3HA4YeHi 32 Mofie U0 JIeHrMIopa, CTaHOBIATH 1,272, 31,051 Ta
9,047 mr /T AJ11 IPUPOLHOTO, IPOKAPEHOT0 Ta MiKPOXBUJILOBOI'O KJIIMHOIITUJIONITY BifoBifHO. HaToMicThb
3HAYE€HHS 111 IPUPOLHOTO, TPOKAPEHOT0 Ta OIIPOMIHEHOTO B MiKDOXBUJIbOBIH I1€4i IJIayKOHITy CTaHOBJISATH 5,369,
5,77 ta 7,367 mr /T BignosinHo. OTXe, afncop6b1iiiHa 30aTHICTh MPUPOAHOTO KIMHOINTUIIONITY HIKYA, HIX
IIPUPOJIHOrO IJIAYKOHITY, ajie nornepeHs o6pobKa 3HavHO ii nifgsuilye. MoaeoBaHHS €KCIIEPUMEHTAIbLHUX
Pe3yJbTaTiB NOTJIMHAHHS i0HiB Pb2+ B pamMKax TEOPETMYHUX MOJieieH i30TepM afcopouii mokasaso, o HalBuIi
azcopbuiiiHi emHOCTi puTamanHi HBY-onpomiHeHOMy IJ1ayKOHITY Ta TEPMiYHO 06PO6JIEHOMY KIIMHONTUIIOJITY.
HocnimkeHHs KiHeTUKY afcopo1ii mokasanu, mo o6pobsieHi B MiKpOXBUJIbOBIH edi 3pa3Ky MBUIIE B3aEMOIIIOTh 3
3a6pynHuKoM. Ha 06po6sieHnx 3pasKkax BiioyBaeThcs Oisibla IOBEPXHEBA aficOPOLisl, HiXK Ha IPUPOAHUX, OLHAK 3
4acoM BIUIMB BHYTPIilIHbOI IUQy3ii Ha npouec ancopoLii 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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KBasigikamnis: . r. u., mou,., 05.17.08
Imentudikarop ORCHID ID: 0000-0002-2082-9524

JoparkoBa iHpopMamist: 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 HafIMeHyBaHHSI IOPUIUYHOL 0CO0H: JIbBiBCHKUIT [IepKaBHUIT YHIBEPCUTET 6e3TeKn

KUTTENiSITIBHOCTI

Kopg 3a €IPIIOY: 08571340

Micue3Haxoa KeHHS: By Knenapicbka, 6y, 35, JIbsis, 79007, Ykpaina
dopma B1aCHOCTI: JlepxaBHa

Cdepa ynpaBiiHHSL: [lepkaBHa ciyx6a YKpaiHy 3 HaI3BUYANHNUX CUTYaLii



InenTudikarop ROR:

CeKTop HayKH: YHiBEepCUTETCHKUI

VII. BizomocTi npo odiliiHUX OTIOHEHTIB Ta pelleH3€HTiB
OdiuiiiHi OIOHEHTH

BaacHe IlpizBume Im's I1o-6aThKOBI:

1. IlaBnnyeHKo ApTem Bosogumnposud

2. Artem V. Pavlychenko

KBasigikamis: n. 1. 1., npodecop, 21.06.01

InenTudgikarop ORCHID ID: 0000-0003-4652-9180

JoparkoBa iHdpopmanist: 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 HaliMEeHYBaHHS IOPUAHYHOL 0CO0H: HanioHanbHuii TexHiuHMil yHiBepcuTeT "JIHImpoBCchka

NoJliTexHika"

Kopg 3a €IPIIOY: 02070743

MicneSHaxo,IpKeHHﬂ: npocnekt JImutpa SIBopHULpKOrO, 6y1. 19, IHinpo, JHinposcbkuil p-H., 49005, Ykpaina
dopma BracHOCTI: JlepxaBHa

Cdepa praBJIiHHﬂ: MiHicTepcTBO OCBiTH 1 HayKU YKpaiHu

InenTudikarop ROR:

CeKTOop HayKH: YHiBepCUTETChKUI

Baacwue IlpizBume Im'a Ilo-6aTbKOBI:

1. Yensauu Jlro6bomup [BaHOBUY

2. Liubomyr I. Cheliadyn

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

JoparkoBa iHpopMmamist: https://www.scopus.com /authid /detail.uri?authorld=57218688226;
https://scholar.google.com.ua/citations?hl=uk&user=15JP070AAAAJ;
https:/ /www.webofscience.com /wos /author /record /54784309

IloBHE HaliIMeHYBaHHS IOPUAHYHOL 0C00H: IBaHO-PpaHKiBChKUI HAl[iOHATBLHUI TEXHIYHMIA YHIBEPCUTET

Ha(TH i razy

Kopg 3a € IPIIOY: 02070855

Micue3HaxoaKeHHS: ByJ1. KapnaTceka, 6ya. 15, IBano-®pankiBeek, 76019, Ykpaina
dopma BiracHOCTI: /lepxasHa

Cdepa yIIpaBJIiHHﬂ: MiHicTepcTBO OCBiTH 1 HayKU YKpaiHu



InenTudikarop ROR:

CeKTop HayKH: YHiBEepCUTETCHKUI

BsacHe IIpizBuie Im'sa I1o-6aThKOBI:
1. ManboBanuit Mupocias CTenaHoBAY

2. Myroslav S. Malovanyi

KBasigikamis: 1. 1. u., npodecop, 05.17.01, 05.17.08
Inentudikarop ORCHID ID: 0000-0002-3868-1070

JoparkoBa iHopmawist: 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

TloBHe HaiMEeHYBaHHS IOPHIUYHOI 0COOM: HanjionanbHuii yHiBepcutet "JIbBiBCbKaA MOMTiTEXHIKA"
Kopg 3a €IPIIOY: 02071010

MicueSHaxo,T.pKeHHﬂ: ByJ. CrenaHa BaHgepy, 6yz. 12, JIbBiB, 79013, Ykpaina

dopma BracHOCTI: JlepxasHa

Cdepa ynpaBiriHHS: MiHicTepcTBO OCBIiTH i HAayKu YKpaiHu

InenTudikarop ROR:

CeKTOop HayKH:. YHiBEpPCUTETCHKUI

PeuenseHTu

BaacHe IlpizBume Im's I10-6aTbKOBI:

1. Ilyriar Tapac IropoBuy

2. Taras I. Shuplat

KBasigikanis: k. c.-r. 1., 03.00.16

InenTudikarop ORCHID 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 HaﬁMeHyBaHHﬂ lOpI/I,ZLH‘IHO'l' 0COOM: JILBiBCHKMIA Ilep>kaBHUM YHIBEPCUTET G€3MeKu

SKUTTENiISINbHOCTI

Kopg 3a €IPIIOY: 08571340

Micue3HaxoaKeHHS: ByJ. KnenapiBceka, 6ya. 35, JIbBiB, 79007, YkpaiHna
dopma BracHOCTI: JlepxaBHa

Cdepa praBJIiHHﬂZ JepkaBHa ciay>x6a YKpaiHy 3 HaI3BU4aHUX CUTYalill
InenTudikarop ROR:

CeKTop HayKH: YHiBEepCUTETChKUI



VIII. 3akr04Hi BimoMocTi
BiiacHe IIpizBuie Im'sa ITo-6aTbKOBI

TOJIOBH paju

BaacHe IlpizBuiie Im's ITo-6aTbKOBI

rOJIOBYIOYOTO Ha 3acCifiaHHi

BinmoBigasbHUH 3a MiATOTOBKY

00JIIKOBHX JOKYMEHTIB

Peectpartop

KepiBHuKk Bigginy YKpIHTEI, mpo €
BiZIIOBiZaJIbHUM 32 peECTpallil0o HAyKOBOIi

OisIJIbHOCTI

Kapabun Bacunb BacunboBuy

Kapabun Bacunb BacunboBuy

®epniB IpuHa

VkpIHTEI

FOpuenko TetsaHa AHaToiiBHA



