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Pedepar:

1. Y 3B'13Ky i3 mocusieHHsIM ITpo6sieMy 3a6pyLHEHHS [PYHTIB XIMIYHUMH pe4uOBHHAMH, 3POCTAE KiIbKICTh
IOCJIiIKeHb, I0B’13aHUX 3 PO3BUTKOM Ta yIOCKOHAJIIEHHSIM €KOJIOTiYHO 0€3[1eYHUX Ta €KOHOMIYHO BUTiIHUX
TEXHOJIOTi} BiIHOBJIEHHS I'PYHTIB. 3aCTOCYBaHHS TPAAULiHUX (Pi3MYHUX Ta XIM{UYHUX METO[IiB BilIHOBJIEHHSI IDYHTIB
MaloTb IE€BHI HEMIOJIIKY, 1110 XapaKTEPHI BUCOKOIO BapTiCTIO, EHEPrOBUTPATHICTIO Ta MOXKJIMBICTL IIOBTOPHOTO
3a0pyJHEHHS eKOCHCTeM. 3 OrJIsily Ha Iie, TOMYJIIPHOCTI HabyBaloTh 6i0XiMidHI METOY 3aXUCTy HABKOJIMIIHBOTO
cepenoBula, 0co6IMBO GiocopoLifiHa TexHooris. Came TOMy, AucepTaliiiHa po6oTa CIIpsSIMOBaHa Ha
OOIPYHTYBaHHS, PO3PO06JIEHHS Ta BIIPOBA/IP)KEHHS HAMOiIbII ONTUMAaIbHOI 610COPOLIifiHOI TEXHOJIOTII 4151 yCYHEHHS
€KOJIOTIYHMX PUBHUKIB, IO MOB'SI3aHi 3 XiMiYHUM 3a0pyIHEHHSIM I'PYHTY. MeTOI0 IOCTiIKEeHHS € OO PYHTYBaHHS
€KOJIOTi4HOi 6e3reKy 6i0cop6b1ifiHoi TexHOIOTil pemenialii I'pyHTIB, 3a0pyIHEHUX XIMIUYHUMU pe4YOBUHAMY, i3
3aCTOCYBaHHSM PO3pO06JIEHOr0 6i0OKOMIIO3UTY HAa OCHOBI gurectary ta ¢pocdorincy. Brepuie reopetnuHo
OOGI'PYHTOBAHO CUHEPreTUYHui eeKT Bif 3acTocyBaHHs GOCQOrincy Ta aHaepOOHOro JUrecTary y CKuami

0i0KOMIIO3UTY, 110 BOJIOi€ 6i0COPOLITHMMY BJIACTUBOCTSIMMU I10 BiHOIIEHHIO [I0 IOHIB BXXKHX METaJIiB Ta



PalioHYKJIiiB. 3 METOIO MiIBUILIEHHS PiBHS €KOJIOTIYHOI 6€3MeKU I'PYHTIB IIiJ] Yac 3aCTOCYBaHHS 610COPOLiHOI
TEXHOJIOTii TEOPETUYHO OOI'PYHTOBAHO MEXaHi3MU KOMILJIEKCOYTBOPEHHS BAXXKUX MeTaJliB 3 GIyopecLieHTHUMU
KOMIIOHEHTaMHU PO3YMHEHOI OPraHivHOi PEYOBMHU JUTECTATy Ta €KCIIEPMMEHTAJILHO MifTBEPIKEHO HU3bKUI
CTYIiHb (PITOTOKCMYHOCTI 6i0KOMIIO3UTY 3a PE3YJIbTaTaMU (PiTOTECTYBaHHS, 110 4O3BOJIMJIO BCTAHOBUTHU
ONITUMAJIbHI CyOCTpaTH 1171 KOT0 ofiepKaHHs. PO3po6sieHO MEeTO0JIOTiYHI 3acajii 10 OLiHKY €KOJIOTiYHOi 6e3eKu
I'PYHTIB BHACJIiIOK 3aCTOCYBaHHS 6i0COPOLiIiHOI TeXHOJIOTiI Ha OCHOBI 610KOMII03UTY 3 aHAEPOOHOT'O JUTreCTaTy Ta
docdorincy mnsxom baleciBCcbKoro nigxony [0 aHali3y €KOJOTiYHOTO PU3UKY I'PYHTIB, 3a0pyHEHUX BAKKUMU
MeTasiamu. Habyiu nojansuoro po3BUTKYy HAyKOBO-MeTOL0JIOTIYHI 3acaiy o040 OLiHIOBAHHS €KOJIOr0-
€KOHOMIYHOi e(peKTHBHOCTI 6i0COpOLIiHOI TEXHOJIOT], 110 LO3BOJISIE OOIPYHTYBATH AOLIJIBHICTh 3aCTOCYBaHHS
TEXHOJIOTII y KOMIIJIEKCHIN CHCTEMI BiJHOBJIEHHS ['PYHTIB, IOPYLIEHNX BHACJIiOK BOEHHUX Jill. BIOCKOHAaNIEHO
HAyKOBUM MifXif 10 po3p006JIeHHs Ta BIPOBAXXEHHS TEXHOJIOTIYHOTO PillleHHSI IOA0 6i0COpOLiitHOI TEXHOJIOTI] 3
BUKOPUCTAHHSIM 6iOKOMIIO3UTY Ha OCHOBI (pocorirncy Ta aHaepo6HOro aurecraty. [IpoaHasnizoBaHo MexaHizMu
KOMILJIEKCOYTBOPEHHS BaXKKUX METAJIB 3 PO3YMHEHOIO OPTraHiyHOI0 PEYOBMHOIO IUT€CTaTy Ta BCTAHOBJIEHO, 110
ryMiHOIOAi6HI peuoBMHY HallKpalle 3B's13yI0ThCs 3 ioHamu Cu2+ Ta Zn2+, a QpyJIbBONOAIOHI PEYOBUHU — 3 iOHaMU
Cr3+ ta Pb2+; noegHanHs QyabBONOAIOHUX i 6iTKOBONIOAIGHUX PEYOBUH 3HIKY€E CTAOLIbHICTD 3B'SI3yBaHHS BCiX i0HIB
BaXXKMX METaJliB; CTabi/IbHi KOMIIJIEKCU PO3YMHEHOI OpraHiyHOi pe4oBUHU 3 ioHaMu Fe3+ yTBOPIOIOTHCS He3aJ1e>KHO
Bifl, [OMiHYI0UMX OpraHiYHMX KOMIIOHEHTIB; KOHCTaHTa YMOBHOI CTabi/IbHOCTI 6iKOBOIIOAI6HMX i ryMiHONOAIOHUX
KOMIIOHEHTIB Bulle 3a pH, 6J1M3bKOr0 10 HENTPaIbHOTO, HixX Ipy KucaoMy pH. TeopeTryHe MOAEII0OBaHHS Ta
aHaJi3 QpJyopecLeHTHUX KOMIIOHEHTIB Ta OPraHiuHMX (PYHKILIOHAJIBbHUX IPYI, IO 3B'I3YI0Th BaXKKi MeTalH,
T03BOJINJIN TIPUITYCTUTH, 10 KyPSYUI MOCIIif, 6y/ie Kpalllol CUPOBUHOIO [1J1s aHA€POOHOr0 306pOKyBaHHS, HixX ocaz,
CTIYHMX BOJ, SIKIIO METOIO € OTPUMAaHHS AUTeCTaTy 3 BUCOKUM BMICTOM T'YMiHOBUX PE€YOBHUH i TapHUMU
BJIACTUBOCTSIMU 3B’s13yBaHHSI BOXKMX MeTasliB. Ha mizncrasi ogepskaHux pe3ysbTatiB GpiToTecTyBaHHS 6yj10
BCTaHOBJIEHO, 1110 OOMBA BUAU JUTrecTaTy (Ha OCHOBI Kypsi4Oro MOoCJifly Ta ocazly CTiYHUX BOJ) sIK 06pO0JieHi
docdorincoMm, Tak i HEO6POOIIEH] € €KOJIOTiYHO 6€3MIeYHMMHU, OCKIJIBKY iHJEKC IPOPOCTAHHS HACiHHS NepliB 6yB
Buiuit 50 %. O6GIpyHTOBAaHO MO>KJIMBICTb BUKOPUCTAHHS JAHUX BUJIB CyOCTPATIB y CKia/i 6i0KOMIIO3UTY 6e3
TOKCUYHOTO BIIJIMBY Ha I'PYHT Ta 6€3110Ce€peHbO POCIMHHY NPOAYKIil0. OLiHEHO piBeHb €KOJIOTiYHOTO PU3UKY IS
TPbOX CLieHapiiB po3BUTKY MOZil: AJ1s cueHapiio 1 (3abpynHeHul 'aTbMa BaKKUMU MeTanamu (Zn, Ni, Cd, Cu ta Pb)
I'PYHT y MiCIIsIX TOpPiHHS BiliCbKOBOI TeXHiKM) iHAEKC MOTeHI[ifHOr0 eKOJIOTiYHOTO PU3UKY CKJaB 155,64+23,17, mo
BiATIOBiJlae€ MOMIPHOMY PiBHIO PU3HUKY; IJIs1 CLIeHapiiB 2 Ta 3 (y pasi 3acTOCyBaHHS 0i0KOMIIO3UTY Ha OCHOBi Kypsl40TrO
[IOCJIiy Ta ocamy CTIYHMX BOJ, BiANOBIAHO) iHAEKC MOTEHLIHHOT0 eKOJIOTiYHOTO pru3uKy ckias 50,55+7,99 ta
58,33+9,14, w0 BifIOBia€ HU3bKOMY PiBHIO pU3KMKy. Y pe3ysbTaTi 3aCTOCyBaHHs balleCiBCbKOTO MifXoAy O OLiHKU
€KOJIOTIYHOTO PU3UKY 3 YPaXyBaHHSIM PO3PO0JIEHOI CUCTEMMU SIKICHUX [TOKAa3HMKIB, BCTAHOBJIEHO 3HVDKEHHS PiBHS
PUBUKY Bifi BUCOKOTO O cepeHboro. TakuM YMHOM, BCTAHOBJIEHO, IO 3aIIPOIIOHOBaHA 6i0COPOLIifiHA TEXHOJIOTs
Mae 3Ha4YHMI IOTEHLliajl O OYMIIEHHS I'PYHTIB Bifi B&XKKMX METAJIiB 3a PaXyHOK 3B'SI3yBaJIbHUX BJIACTUBOCTEN
OpraHiyHOI peYOBUHY AUreCcTaTy Ta COpOLiiHOi 31aTHOCTI Pocdorimcy i NOKUBHOMY CepeOBULLY [JIs ITiABUILIEHHS
MiKpOOHOI aKTMBHOCTI.

2. In connection with the strengthening of the problem of soil contamination by chemical substances, the number
of studies related to the development and improvement of environmentally safe and economically beneficial soil
restoration technologies is increasing. The use of traditional physical and chemical methods of soil restoration
have certain disadvantages, which are characterized by high cost, energy consumption and the possibility of
repeated pollution of ecosystems. Given this, biochemical methods of environmental protection, especially
biosorption technology, are gaining popularity. That is why the thesis is aimed at substantiation, development and
implementation of the optimal biosorption technology to eliminate environmental risks associated with chemical
soil pollution. The purpose of the study is to substantiate the ecological safety of the biosorption technology for
the remediation of soils contaminated with chemical substances, using the developed biocomposite based on
digestate and phosphogypsum. For the first time, the synergistic effect of using phosphogypsum and anaerobic
digestate as part of a biocomposite with biosorption properties for heavy metal ions and radionuclides has been
theoretically substantiated. In order to increase the level of ecological safety of soils when using biosorption



technology, the mechanisms of complexation of heavy metals with fluorescent components of dissolved organic
matter of digestate were theoretically substantiated and the low degree of phytotoxicity of the biocomposite was
experimentally confirmed based on the results of phytotesting. Methodological principles for assessing the
ecological safety of soils as a result of the application of biosorption technology based on a biocomposite of
anaerobic digestate and phosphogypsum through the Bayesian approach to the analysis of the ecological risk of
soils contaminated with heavy metals have been developed. The scientific and methodological principles for
evaluating the ecological and economic efficiency of biosorption technology have gained further development,
which makes it possible to justify the feasibility of using the technology in a complex system of restoring soils
disturbed as a result of military actions. The scientific approach to the development and implementation of a
technological solution for biosorption technology using a biocomposite based on phosphogypsum and anaerobic
digestate has been improved. The mechanisms of complex formation of heavy metals with dissolved organic
matter of the digestate were analyzed and it was established that humic substances bind best to Cu2+ and Zn2+
ions, and fulvic substances - to Cr3+ and Pb2+ ions; the combination of fulvic-like and protein-like substances
reduces the binding stability of all heavy metal ions; stable complexes of dissolved organic matter with Fe3+ ions
are formed independently of the dominant organic components; the conditional stability constant of
proteinaceous and humic components is higher at pH close to neutral than at acidic pH. Theoretical modeling and
analysis of fluorescent components and organic functional groups that bind heavy metals suggested that chicken
manure would be a better raw material for anaerobic digestion than sewage sludge if the goal is to obtain a
digestate with a high content of humic substances and good binding properties. heavy metal leaching. Based on
the phytotesting results, it was established that both types of digestate (based on chicken droppings and sewage
sludge), both treated with phosphogypsum and untreated, are ecologically safe, since the germination index of
pepper seeds was higher than 50%. The possibility of using these types of substrates as part of a biocomposite
without toxic effects on the soil and directly on plant products is substantiated. The level of environmental risk
was assessed for three scenarios of the development of events: for scenario 1 (soil contaminated by five heavy
metals (Zn, Ni, Cd, Cu and Pb) in the places where military equipment is burned) the potential ecological risk index
is 155.64+23.17, which corresponds to a moderate risk level; for scenarios 2 and 3 (in the case of using a
biocomposite based on chicken manure and sewage sludge, respectively) the potential ecological risk index is
50.55+7.99 and the potential ecological risk index is 58.33+9.14, which corresponds to a low level of risk. As a result
of the application of the Bayesian approach to environmental risk assessment, considering the developed system of
qualitative indicators, a reduction in the level of risk from high to medium has been established. Thus, it was
established that the proposed biosorption technology has a significant potential for soil purification from heavy
metals due to the binding properties of the organic matter of the digestate and the sorption capacity of
phosphogypsum and the nutrient medium to increase microbial activity.
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rOJIOBYIOYOrO Ha 3acCimaHHi

BiamoBigasibHUE 32 MiZTOTOBKY Boiiko AHTOH O7eKCaHapOBUY
00JIiIKOBHX JOKYMEHTIB

PeeCTpaTop FOpuenko TetsiHa AHaToJiiBHA

KepiBHuKk Bigginy YKpIHTEI, mpo €
BiJIIOBiZaJIbHUM 3a peE:CTpaI.lilO HayKOBO'l' Opuenko TersiHa AHaToJIiBHA

OisIIBHOCTI




