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Pedepar:

1. Ha ocHOBI orzsy cy4aCHUX T€XHOJIOTiH OKpaIleHHs! COPOLiIHUX BIACTUBOCTEN Pi3HMX NPUPOJHUX MiHEPaliB
OyJ10 BUiJIeHO TPU HAMOI/IbLI [1IePCIEKTUBHUX METOIY, 30KpeMa TepMidHa Ta MiKpOXBUJIbOBA aKTUBALLisl, & TAKOX
00po6Ka METaJIOBMICHUMU XiMiYHUMHU peareHTaMu. OTPUMAaHO NapTii JocaigHuX MOaU(IiKOBaHUX 3Pa3KiB 1
371i/ICHEHHS TPETMHHOIO OYMILEHHS BOJIH Bifl €eBTPO(]IKYIUMX areHTiB, 30kpema ¢ocdartiB Ta i0HiB aMOHiI0, Ha
OCHOBI KJINHOIITUJIOJNITY Ta rayKoHITy. MonndikoBanuii ionamu 3amisa (Fe3+) Ta nmposkapeHui KIIMHOITUIIOJIT
IoKasayy HaiBUILY aicOPOLiHY 30aTHICTb MO BifHOmeEeHH0 1o NH4+. Haiikpaui copOuiiiHi XapaKTepUCTHUKU 110
BigHOWEHHIO 10 pocdaTtiB mae Fe-, Cu-mopnudikoBaHi Ta OIpOMiHEHUI MiKPOXBUJIbOBUM BUIIPOMiHIOBAaHHSIM
KJIMHONTUJIONIT. [TpokapeHui 3pa3oK rJIayKOHITy IIPOsIBIIsie HAalHIKYY aficOpOLiiiHy 3naTHICTD 10 ¢ocdaris. Ha

IIPOTUBATY 1[bOMY, 3061/1bLIyETHCS afCcOPOLIiiHA 30aTHICTb 3pa3Ka o0 aMoHilo. | HaBnaky, [11s 3paskKa,



OTIPOMiHEHOTO B MiKpOXBUJIBOBIH I1eui, afgcop6iifiHa 3gaTHICTb mono ¢ocdartiB 3pocTae, ToAi SK o010 aMOHII0
3a7IMIIAETHCS Ha TOMY X PiBHi. BUMipIOBaHHS IMTOMOI IOBEPXHI [T0OKA3aJI0, 1110 MiKPOXBUJILOBE ONPOMiHEHHS
npu3BeJio 1o ii 3MeHmeHHs 3 18,254 M2 /1 no 11,658 m? /1. Pesynbratu afcop6buii 6ysiu mpomoesboBaHi B paMKax
TEOPETUYHUX MOJeJIeN i30TepM ancopbuii. Ancop6buis PO43- Ha ycix 3pa3kax, a Takox agcop6uis NH4+ Ha
IIPUPOJHUX, OTIPOMiHEeHUX Ta Fe-moandikoBaHMX 3pa3Kax HalKpalle OMMCyeThCs MOEIIo JIeHrMiopa-
®peiinnixa, asne Ha orpomiHeHoMy Ta Cu-MoaudikoBaHOMY KJIMHONTUIIOJNITI afgcop6buist NH4+ kpaie
XapakTepuayeTbcst moaesnio dpeiHaixa. Fe-monudikoBaHuil Ta ONpOMiHEHNI KJIIMHONTUIIOJNIT II0Ka3auu
HaWBUIY MaKCUMaJIbHY COpOLiiiHy eMHICTh mono NH4+, a came 4,375 mr/T Ta 2,879 Mr /T BifnoBinHo. 3pa3ky,
OIIPOMiHEHi MiKpOXBUJISIMH, ITPOIEMOHCTPYBAJIM HAaHMXYY copoOLiiiny eMHicTb 0,875 mr NH4+ /T. Copb1iiiHa
eMHicTb mon0 gpocdartiB MmeranoBmicHux 3paskis (800,62 mr/r Cu-moaudikosanoro ta 813,14 mr/t Fe-

Mo 1(piKOBaHOTO 3pa3Ka) BUSIBUIIACS BUILOIO 32 BiANOBigHE 3HAaYEHHS [JIs1 IPUPOLHOrO KIMHONTUIIOMITY (280,86
MT/T) Ta opoMiHeHOro 3pa3ska (713,568 mr/r). KineTuuHi 3a1€;KHOCTI orsimHaHHs GocdatiB Ha KJIMHONTUIIONITI Ta
ftoro TepMmivHO MopMdikoBaHil Bepcii BKa3yloTh Ha JBOCTaAiIHUI XapaKTep POLeCy, 3 IePexXoloM Bif
30BHIIIHBOIUPY3iHOI 10 BHYTPilIHbOAN(Y3iIHOI 0671aCTi, TOZ SIK 1711 aMOHIIO CIIOCTEPIra€ThCs
30BHIIHBOIUQY3IMHUI XapaKTep NPOLECY, WO MigTBEPIKYyEThCS JiHIMHUMU KPUBMMU Mozerti boaa as
HaTypaJIbHOTO Ta TEPMiuHO MOAKN(IKOBAHOTO 3pa3KiB KIMHONTUIIONITY. EKClIeprMeHTaIbHI JOCTiKeHHS B
IVHaMiYHUX YMOBaXx I10Ka3aiy BUCOKY e(deKTUBHICTb afcop6uii ioHiB NH4+ ta PO43- Fe- ta Cu-MoaudikoBanum
KJIMHOITUJIOJNITOM. Lle mocifiskeHHs NifTBepIyKye MOKJIMBICTb OJJHOYACHOTO BUJIyYE€HHSI OCHOBHUX
€BTPOQIKyIOUMX areHTiB y CUCTeMax JOOUNIIEHHS CTiYHUX BOJ. [TapanesbHO 31ilCHIOBANIN JOCTIIKEHHS
IIPUPOJIHOrO, TEPMiYHO, MiKpOXBUIbOBO-, Cu- Ta Fe-monudikoBaHOro raykoHiTy SIK MaTepiajy /Jisl O4ULEeHHS
CTiYHUX BOJ, BiJ, pocdaTis Ta ioHiB aMoHi10. [ToBepxHeBY MOp(Q0JI0Tiio 3pa3KiB AOCiIKyBaIU 3a JJOIIOMOTOI0
CKaHYIOUOTO eJIEKTPOHHOTO Mikpockomny. [TuToMy 1oBepxHIo 3pa3kiB Bu3Havanu 3a metogioMm BET, kpim Toro 6yso
BM3HAYEHO iX OpHUCTiCTh. JJocimKeHHs aficopOLii MpOBOAUINCS B CTATUYHUX Ta AUHAMIYHUX yMoBax. Halikpaie
npoliec afcopOliii B CTAaTUYHUX YMOBax ONUCYyeThCst Monelio Jlenrmopa-®peiinaixa. [TpoxkapeHuil 3pa3ok
[I0Ka3aB HAMHIDKYY COPOLiiHYy eMHicTb mono ¢ocdartis (1,78 Mr/T), asie HalBUILy OA0 aMoHio (20,67 mr/r). [Ins
OIIPOMiHEHOTO 3pa3Ka cOpOLiliHa EMHICTh [0/10 aMOHi0 3pocia 3 0,723 Mr/T 110 4,37 Mr' /T, TOZ| SIK BiITHOCHO
docdaris - 3anumuacs NpubIu3HO Ha TOMy X piBHI (101,21 Mr/r). JocminkeHHs MeXaHi3My NnoriuHaHHS pocdaTiB
Ha I'JIayKOHITi, 3rifHo 3 MoJesito boiina, BKazyloTh Ha 6araTocTafiliHuil Ipolec Ha BCix MOgu(iKoBaHUX 3pa3kKax,
Ha BiIIMiHy Bif npupogHoro. lle cBigunThb npo Te, mo MoAUQiKyBaHHS BILIMBA€E HA €(DEKTHUBHICTh T MEXAHI3M
npouecy. MozesitoBaHHS [IPOLieCy MOTJIMHAHHS i0HIB aMOHi0 IpuponHuM Ta Fe-monudikoBanum 3paskamu B
pamMkax mogesielt boiiza Ta BHyTpilmHboNopucToi Audysii BKazye Ha ABOCTaAilHICTh pouecy. Ha noyatkoBomy
eTarli IOIJIMHAHHS JIIMITyeTbCS 30BHIIIHBOIO IU]Y3i€lo, 3 TOJABIINM NTepEeBaKAHHIM IIBKOBOI afcopoLii. ¥
IVHaMiyHuX ymoBax (ocdaru HarlepeKTUBHille YyTPUMYBAIUCS IPUPOIHUM IIayKOHITOM (1ToHaz 60 %), a aMOHill —
IJIAyKOHITOM, SIKUI 6YB TepMiuHO 06pob6sieHuit y MydesbHiil neyi (moHag, 80 %). PesynbTaTul [OCTiAKEHD
IIOKa3yI0Th, 1IJ0 MIKPOXBMJIbOBA Ta TEPMidHA 0OpOOKa [VIAyKOHITY, a TAKOX 0ro MoauQikyBaHHS MeTajlaMy, 3Ha4YHO
MIOKPAILyIOTh HOro ancopobuiiiHi BnacTuBocTi. OcobnnBo edektnBHUME BusBuancs Fe- ta Cu-monudikoBaHi
3pas3Ky, SIKi MaJIi HalBUILy afCcOPOLifiHY €EMHICTh o010 amMOHio Ta ¢pocdarTiB BifmnoBinHO. MiKpoxXBUILOBE
OIIPOMIHEHHS [IPU3BEJIO O 3MEHUIEHHS IMTOMOI [I0BEPXHI IJIAyKOHITY, IPOTE 3HAYHO IOKPAIINJIO MO0
ancopOLiliHi BJIaCTUBOCTI IOA0 aMOHiI0. JI0CIiIpKEHHS TaKOX MTOKa3aly, 1o MogM(piKoBaHi IJ1ayKOHITOBI 3pa3Ku
MaIOTh 3HaYHO BUILy COPOLINHY €MHICTb 010 PocdaTiB NOPIBHSHO 3 HATYpaJbHUMU 260 ONIPOMiHEHUMU. B
IycepTauiiiHiil poboTi 3alIpONIOHOBAHO MIPUPO030€epiraloynii METO, JOOUYHILIEHHS [I0OOYTOBUX CTIYHUX BOJ

CIIPSIMOBaHMI Ha BUJIyYeHHs €BTPOQiKyI0UMX areHTiB, a came ioHiB PO43- i NH4+.

2. Based on a review of modern technologies for improving the sorption properties of various natural minerals,
three most promising methods were identified, including thermal and microwave activation, as well as treatment
with metal-containing chemicals. Batches of experimental modified samples for tertiary water purification from
eutrophic agents, in particular phosphates and ammonium ions, based on clinoptilolite and glauconite were
obtained. The Fe-modified and calcined clinoptilolite showed the highest adsorption capacity for NH4+. Fe-, Cu-
modified and microwave-irradiated clinoptilolite have the best sorption characteristics for phosphate. The



calcined glauconite sample reveals shows the lowest adsorption capacity for phosphate, but calcination increases
its capacity for ammonium increases. Conversely, for the microwave irradiated sample, the adsorption capacity for
phosphate increases, while that for ammonium remains at the same level. Measurements of the BET surface area
showed that microwave irradiation resulted in its decrease from 18,254 m? /g to 11,658 m? /g. The adsorption
results were fitted to theoretical models of adsorption isotherms. PO43- adsorption on all samples, as well as NH4+
adsorption on natural, irradiated and Fe-modified samples, is best described by the Langmuir-Freundlich model,
but on irradiated and copper-modified clinoptilolite, NH4+ adsorption is better described by the Freundlich
isotherm model. The Fe-modified and irradiated clinoptilolite showed the highest maximum sorption capacity for
NH4+, namely 4.375 mg/g and 2.879 mg/g, respectively. The samples modified by microwave irradiation showed
the lowest sorption capacity of 0.875 mg NH4+/g. The sorption capacity for phosphate of metal-containing
samples (from 800.62 mg/g for Cu sample to 813.14 mg/g for Fe modified) was higher than the corresponding
value for natural clinoptilolite (280.86 mg/g) and irradiated sample (713.568 mg/g). The kinetic dependences of
phosphate adsorption on clinoptilolite and its heat-modified version indicate a two-stage process, with a
transition from the external diffusion to the internal diffusion area, while for ammonium the diffusion nature of the
process is observed, which is confirmed by the linear curves of the Boyd model for natural and calcined
clinoptilolite samples. Experimental studies under dynamic conditions have shown high efficiency of adsorption of
NH4+ and PO43- by Fe- and Cu- clinoptilolite. This study confirms the possibility of simultaneous removal of the
main eutrophic agents in wastewater treatment systems. In parallel, we studied natural, calcined, microwave-, Cu-
, and Fe-modified glauconite as a material for wastewater treatment from phosphates and ammonium ions. The
surface morphology of the samples was studied using a scanning electron microscope. The specific surface area of
the samples was determined by the BET method, and their porosity was also determined. The adsorption studies
were carried out under static and dynamic conditions. The adsorption process under static conditions is best
described by the Langmuir-Freundlich model. The irradiated sample showed the lowest sorption capacity for
phosphate (1.78 mg/g), but the highest for ammonium (20.67 mg/g). For the irradiated sample, the sorption
capacity for ammonium increased from 0.723 mg/g to 4.37 mg/g, while for phosphate it remained approximately
the same (101.21 mg/g). Studies of the mechanism of phosphate absorption on glauconite, according to the Boyd
model, indicate a multi-stage process on all modified samples, in contrast to the natural one. This indicates that
modification affects the efficiency and mechanism of the process. The process of ammonium ion adsorption by
natural and Fe-modified samples was fitted to Boyd and intraparticle distribution models, which indicate a two-
stage process. At the initial stage, the adsorption is limited by external diffusion, followed by the predominance of
film adsorption. Under dynamic conditions, phosphate phosphorus was most effectively retained by natural
glauconite (over 60 %), and ammonium nitrogen by glauconite treated in a muffle furnace (over 80 %). The
research results show that microwave and heat treatment of glauconite, as well as its modification with metals,
significantly improve its adsorption properties. The Fe- and Cu-modified samples were particularly effective,
having the highest adsorption capacity for ammonium and phosphate, respectively. Microwave irradiation led to a
decrease in the specific surface area of glauconite, but significantly improved its adsorption properties for
ammonium. Studies have also shown that the modified glauconite samples have a significantly higher sorption
capacity for phosphate compared to natural or irradiated samples. The thesis proposes an environmentally friendly
method of domestic wastewater treatment aimed at removing eutrophic agents, namely PO43- and NH4+.
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niaTepukoHOBUX BoJ. Ekosorictuka. Teopid i npakTuKa ynpasiiHHs cMiTTe3Banumamu / 3a peq,. B. B.
[Tonosuy, O. Tensk, O. B. MenbmukoBa. Bapmasa, 2021. C. 169-181.

HaykoBa (HayKOBO-TeXHi4Ha) MPOAYKILisl: maTepianu; meToau, TeOpii, rinoresu
ComiasibHO-eKOHOMIYHA CIPSIMOBAHICTb: NOJINIIEHHS CTaHy HABKOJIMIIHLOTO CEPEIOBUIIA

OxopoHHi gokymeHTH Ha OIIIB:

Bukonanug

Haykosi crarTi
BrnpoBaaKeHHS pe3yJIbTaTiB AHCEPTalii: BuposamkeHo

3B'A30K 3 HAYKOBHMH TeMaMH: 0121U111559, 0123U104056

VI. BizomocCTi Ipo HayKOBOr0 KepPiBHHKA /KEPiBHUKIB (KOHCYJIbTaHTA)
Baacue IlpizBume Im'a Ilo-6aTbKOBI:

1. Ky3uk AHppit JJaHnioBu4

2. Andrii D. Kuzyk

KBasigikanis: n. c.-r. u., npodecop, 06.03.03

InenTudgikarop ORCID ID: 0000-0003-0118-9493

JoparkoBa iHpopMmauist: https://www.scopus.com /authid /detail.uri?authorld=16421030600;
https:/ /scholar.google.com.ua/citations?hl=ua&user=hHW-AdIAAAAJ,
https: / /www.webofscience.com /wos /author /record /1722609

IToBHE HaﬁMeHyBaHHﬂ IOPUIHUYHOL 0CO0H: JIbBiBCHKUIT [IepKaBHUI1 YHIBEPCUTET 6e3TeKn

SKUTTEIISITBHOCTI

Kopg 3a €IPIIOY: 08571340

Micue3HaxoaKeHHS: ByJ1. KnenapiBceka, 6ya. 35, JIbBiB, 79007, VkpaiHna
dopma BiracHOCTI: JlepxasHa

Cdepa ynpaBiriHHSL: [lepkaBHa ciyx6a YKpaiHy 3 HAA3BUYaNHNX CUTYaLii

InenTudikarop ROR:

BiacHe IIpizBuie Im'sa I1o-6aTbKOBI:

1. Crenosa KarepuHa BikTopiBHa



2. Kateryna V. Stepova

KBasigikanis: . . 1., gou., 05.17.08
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: By Knenapischka, 6y1. 35, JIbsis, 79007, Ykpaina
dopma ByacHOCTI: Jlepxkasna

Cdepa ynpaBiriHHS: [lepkaBHa ciyx6a YKpaiHy 3 HaI3BUYANHNUX CUTYaLii

InenTudikarop ROR:

VII. BizomocTi npo odiliiHUX OTIOHEHTIB Ta pelleH3€eHTiB
OdiuiiiHi OTIOHEHTH

Baacwue IlpizBume Im'a Ilo-6aTbKOBI:

1. FOpuenko BanentuHa OsnekcaHapiBHA

2. Valentyna O. Yurchenko

KBasidikamis: 1. 1. ., npodecop, 05.23.04

Imentudikarop ORCID ID: 0000-0001-7123-710X

JoparkoBa iHpopMmawist: https://scholar.google.com.ua/citations?user=s6nOIGoAAAAJ&hl=uk;
https:/ /www.scopus.com/authid /detail.uri?authorld=55904046900;
https: / /www.webofscience.com /wos/author /record /329790

IToBHe HafIMeHyBaHHSI IOpH,ZII/I‘IHOi ocoou: XapkiBcbKuUil HallioHAJIbHUI yHiBEpCUTET OYyIiBHULITBA Ta

apxiTeKTypu

Kopg, 3a €IPIIOY: 02071174

MicueSHaxo,vieHHﬂ: ByJ. Cymchka, 6yn. 40, XapkiB, XapkiBcbkuil p-H., 61002, Ykpaina
dopma BiracHOCTI: /lepxasHa

Cdepa ynpaBiriHHS: MiHicTrepcTBO OCBiTH i HayKu YKpaiHu

InenTudikarop ROR:

BiacHe IIpizBuie Im'sa I1o-6aTbKOBI:
1. Cabapam Bipa BacuniBHa

2.Vira V. Sabadash

KBasigikamis: n. 1. u., npodecop, 05.17.08



InenTudikarop ORCID ID: 0000-0002-6091-4053

JoparkoBa iHpopMmanist: https://scholar.google.com.ua/citations?user=guTogMUAAAAJ&hl=uk;
https:/ /www.scopus.com/authid /detail.uri?authorld=57193995645;
https: / /www.webofscience.com /wos /author /record /1104505

IloBHe HaliMeHYBaHHSI IOPHUAHUYHOI 0COOM: HaujoHanbHuil yHiBepcuteT "JIbBiBCbKA MOTITEXHIKA"
Kopg 3a €IPIIOY: 02071010

Micqesﬂaxon)KeHHﬂ: ByJ. Crenana Bangepwy, 6yz. 12, JIbgis, 79013, Ykpaina

dopma ByacHOCTI: [lepxasna

Cdepa ynpaBitiHHS: MiHictepcTBo OCBiTH i HayKu YKpaiHu

InenTudikarop ROR:

PeueHnzeHTn

BiacHe IIpizBuie Im'sa I1o-6aTbKOBI:

1. Kapabun Bacunib BacunboBuy

2. Vasyl V. Karabyn

KBasigikamis: x. 1. u., npodecop, 21.02.03
InenTudikarop ORCID ID: 0000-0002-8337-5355

HoparkoBa iHpopmamist: https://scholar.google.com.ua/citations?user=xwnQYFwAAAAJ&hl=uk;
https:/ /www.scopus.com/authid /detail.uri?authorld=57188718040;
https:/ /www.webofscience.com /wos /author /record /736340

IloBHe HaiMEeHYBaHHSI IOPUIHUYHOI OCOOH: JIbBiBCHKUIL IEpPKaBHUI yHIBEPCUTET 6E3MeKH

SKUTTENiIMbHOCTI

Kopg 3a €IPIIOY: 08571340

Micue3HaxoaKeHHS: Bys1. Knenapiscbka, 6y, 35, JIbBiB, 79007, Ykpaina
dopma BracHOCTI: JlepxaBHa

Cdepa ynpaBiHHS: [lepkasHa ciayx6a YKpaiHu 3 HAA3BYaHHUX CUTYyaLLii

Inentudikarop ROR:

Baacue IlpizBume Im'a Ilo-6aTbKOBI:
1. Mlynat Tapac IropoBuy

2. Taras I. Shuplat
KBasigikanis: k. c.-r. u., 03.00.16
InenTudgikarop ORCID ID: 0000-0003-3497-2636

JoaparkoBa iHdopmauist: https://www.scopus.com /authid /detail.uri?authorld=57214818437;
https:/ /scholar.google.com.ua/citations?hl=uk&user=078 0T4YAAAAI;
https:/ /www.webofscience.com /wos /author /record /3628368

IToBHE HaﬁMeHYBaHHﬂ IOPUIHUYHOL 0CO0H: JIbBiBCHKMIl [IepKaBHUIT YHIBEPCUTET 6€3TeKU

SKUTTENiSITIBHOCTI



Kopg 3a €IPIIOY: 08571340

Micue3Haxoa KeHHS: sy/. Knenapichka, 6y7. 35, JIbsis, 79007, Ykpaina
dopma ByacHOCTI: Jlepxkasna

Cdepa ynpaBiiHHS: [lepkasHa ciyx6a YKpaiHu 3 HAA3BUYalHUX CUTYaLLii

InenTudikarop ROR:

VIII. 3aKkJIl04Hi BiZOMOCTi

Bsacue IlpisBume Im'st [To-6aThKOBI Honoswrs Bacnik BacunboBnd
rOJIOBH pagu

Biacue IlpisBuiie Im's ITo-6aTbKOBI [omosu Bacunb Bacumbosi
rOJIOBYIOYOTO Ha 3aciJaHHi

BignoBigasibHuUI 3a MiATOTOBKY ®epnis Ipuna

00JIIKOBHX JOKYMEHTIB

PeecTtparop VYkpIHTEI

KepiBHuKk Bigginy YKpIHTEI, mpo €
BiZIOBiZaJIbHUM 32 peecTpallilo HayKOBOIi IOpuenko TeTsHa AHaTosiiBHA

OisIIBHOCTI




