O0Js1ikoBa KapTKa aucepTaii

I. 3arasibHi BimOMOCTI

Jep>kaBHHH 00J1iKOBHI HOMep: 0825U000143
Oco006J1uBi TO3HAYKH: BinKpura

JaTa peecrtpamnii: 10-01-2025

Craryc: 3amanoBana

PexBi3utu Hakasy MOH / Haka3y 3aKjazy:

I1. BizomocrTi nipo 3700yBaya

Baacue IlpizBume Im'a Ilo-6aTbKOBI:
1. By6esa I'anuna CepriiBHa

2. Halyna Bubela

KBasidikawis: 1.dpinocod, 102

InenTudikarop ORCID ID: 0000-0002-1487-6375
Bupg, pucepranii: nokrop dinocodii
AcnipaHTypa/JIOKTOpPaHTypa: Tak

IIndp HayKoBOi ceniaJabHOCTI: 102

Ha3Ba HayKOBOIi CIIeNiaJIbHOCTI: Ximis

I‘a.nysb / I‘aJIy3i 3HaHb. NpUPOIHUYI HAYKN
OcCBiTHBO-HAayKOBa porpama 3i creniaJbHOCTI: Ximia
JaTa 3axHcTy: 09-02-2024

CreniaJbHICTh 32 OCBITOIO: 102 Ximis

Micue po6oTu 3400yBayva:

Kop 3a €IPIIOY:

Micue3HaxoaKeHHS:

dopma BaacHOCTI:

Cdepa ynpasiriHHS:

ImenTudikarop ROR: He zacrocoyerbcs



I11. BimomMocTi mpo opranizariiio, e Big0OyBcsl 3aXHCT

Iudp cnenianizoBaHoi BYUEHOI pagH (pa30Boi CleliaJai30BaHOi BYE€HOI pazu). PhD 3737
IloBHe HaliMeHYBaHHSI IOPHUAHUYHOI 0COOM: HauioHanbuuii yHiBepcuTeT "KueBo-MorunsgHcbka akagemis’”
Kopg, 3a €IPIIOY: 16459396

Micue3HaxoaKeHHS: ByJ. I'. CkoBopoay, 6yz. 2, Kuis, 04070, Ykpaina

dopma BracHOCTI: JlepxaBHa

Cdepa ynpaBiriHHS: MiHicTepCTBO OCBITH i HayKK YKpaiHu

InenTudikarop ROR:

IV. BimomocTi Ipo niznpueMcTBO, YCTaHOBY, OpraHi3alliio, B sIKi# 0yJ10
BHKOHAHO JHCEPTaIlilo

IIoBHe HaﬁMeHyBaHHﬂ lOpI/I,ZLH‘IHO'l' 0COOM: HanjoHambHuit yHiBepcuret "KueBo-MoruisiHCcbKa akagemis”
Kopg 3a €IPIIOY: 16459396

Micue3HaxoaKeHHS: ByJ. . CkoBopoay, 6yz. 2, Kuis, 04070, Ykpaina

dopma BracHOCTI: JlepxaBHa

Cdepa yIIpaBJIiHHﬂ: MiHicTepcTBO OCBiTH i HayKU YKpaiHu

InenTudikarop ROR:

V. BizomocTi Ipo aucepTailiio
MoBga guceprTallii: Vkpaincoka
Koau remaTHYHHX py6an: 31, 31.25.15.05, 61.13.19, 31.01, 31.01.05

Tema gucepranii:
1. dyHkuioHasni3auis noiBiHinineHpIyopugHuX MeMbpaH

2. Functionalization of polyvinylidene fluoride membranes

Pedepar:

1. By6ena I'.C. dyHkuioHamnizauis nonisiHininendayopugHux mem6pan. — KsasidikauiiHa HaykoBa mpars Ha IIpaBax
pykonucy. [lucepralist Ha 30,00yTTsI HAYKOBOTO CTyIeHs JokTopa ¢dinocodii 3a cnewianbHicTio «102 - Ximis» (ramysb
3HaHb - «10 - [IpupopHndi Haykn»). Hatjonansuuil yHiBepcureT «KueBo-MorussiHebKa akagemis», MiHictepcTBo
ocBitu i Hayku Ykpainu, Kui, 2023. JluceprauiiiHa po60Ta IPUCBsIY€HA PO3POOJIEHHIO METOiB MOAU(IKyBaHHS
noBepxHi nosisiHininenpayopunnux (I1BJM) membpaH 3 MeTOI0 HaJlaHHS iM O0akaHUX XapaKTePUCTUK, a CaMe:
IIOCUJIEHOI CTIMKOCTi 10 3a6pyAHEHHS i POTOKATaNIYHUX BIACTUBOCTEN; & TAKOXK JOCJIiIKEHHIO iX I0BEPXHEBUX,
MOpGOJIOTiYHUX i TPAHCTIOPTHUX NapaMeTpiB. OKpiM TOTo, JOCTiIKEHO MOXKJINBOCTI 3aCTOCYBaHHS MO (PiKOBaHUX
[IBI® membpaH [ poLeciB BUAaIeHHs HaJJIMIIKOBOro 3ajisa (Fe2+) 3 Bonu, ¢ppakuionyBaHHS OiJIKiB i
pO3KJIailaHHs 6apBHUKIB (Ha npukiani pogaminy b i popaminy XK). [lng HagaHHs komepuiinum [1BJ® memb6panam
MarHiTO-aKTUBHUX BJIACTUBOCTEN 3aMIPONIOHOBAHO ITPOCTUM METO MOAM(DIKYBaHHS i3 BUKOPUCTAHHSM [IE€LIEBUX i
HearpeCrBHUX PEareHTiB: HAHOYACTUHOK MarHeTuty (Fe304), a TakoX MoJieTUIEeHIMiHY, SIK TOJIIMEPHOTO JIIHKEPY

MDX roBepxHero mem6Opanu i Fe304. 3aBzsku 3maTHOCTi HaHOYaCcTHHOK Fe304 1o pyxy 3a HassBHOCTI 30BHIIIHBOTO



MAarHiTHOTO T0JIs1 Ta JOJATKOBOI TypOyJtizanii y npumembpannomy audysiiHoMy mapi, Moau@ikoBaHi
nosiBiHinineHdayopugHi MeMOpaHU XapaKTepU3yBaIUCh KPALUMMHU TPAHCIIOPTHUMU XapaKTepucTukamu (45
n1-M-2-ton-1-6ap-1 gnsa komepuitinoi [IBI® meM6panu i 72 1-m-2-ron-1-6ap-1 ais mogudikoBanoi [1BAD
MeMOpaHU) i MOCUIIEHOIO CTIMKICTIO 10 3a6pyAHEHHsI. Jlo TOro X MarHiToakTuBHI KomepuiitHi [TBJIO mem6panu
0yJ10 YCIIIIHO 3aCTOCOBAHO 10 NIPOLECY PO3iseHHs i GpakLioHyBaHHS 6ifKiB (koedillieHT 3aTPUMYyBaHHS Ji30LUMY
5,3 % nipu pH 12,0). JlonaTtkoBo, po3pobieHuil MeTo, 6yJI0 3aCTOCOBAHO 1711 MOAUQIKyBaHHS IOBEPXHi
dopmosanux [1BIO membOpaH 3 06'eMHUM MOIMPIKYBaHHSIM (10 IOJIiIMEPHOI MaTpUlli MemOpaHu 6yJI0 10LaHO
Fe304). Ctpykrypy Ta MOpQOJIOTiio JOCTiI)KyBaHUX MeMOpaH 0yJ10 0XapaKTepU30BaHO i3 BUKOPHUCTAHHSIM
pizHOMaHiTHHUX MeTofiB (IY ciekTpocKorii, CkaHyBasIbHOI eJIeKTPOHHOI MiKpOCKoTIii, eHeprogucnepriiiHoi
PEHTTeHiBChKOi CIIEKTPOCKOIIii, aTOMHOI CUJI0OBOi CIEKTPOCKOTIii TOIIO), 110 MifTBEPAUIO, III0 HAHOYACTUHKHU
MarHeTuTy OyJiv YCIIIIHO iHTerpOBaHi B MaTPUII0 MEMOPaHH i Ha ii NoBepxHIO. BcTaHOB/IEHO, 0 MOAN(IKYyBaHHS
IIOBEPXHI NIPUBEJIO [0 rigpodinizanii noBepxHi MeMOpaHu (KOHTAKTHUI KyT 3Mo4yBaHHs 17151 [IBJIO membpanu
106,1° = 3, Toni sik mJist MmopudikosaHoi [IBI® membpanu 74,8° + 2). locaimkysani [1BJ® membpanu 6yso
3aCTOCOBAHO JJ1s1 OYMILEHHS BOJH Bifi HanmuiKy pepymy (Fe2+) y npoueci yapTpadinbTpallii i3 BAKOPUCTaHHSIM
0J1iaKPUJIOBOI KUCJIOTH, SIK CIIOJIYKU 3[ATHOI 10 3B’13yBaHHs Fe2+ y MoslieseKTpoJIiTHUI KOMILTIEKC. BUKOpUCTaHHS
mopudixoanux IIBII® membpan no3Bosisie Bupanuty (Fe2+) mo konuenTpanii 0,08 mr-i-1, mo Bignosinae
cTaHjapTaM BcecBiTHbOI opradisaliii oxoponu 3n0pos’s (0,3 mr-i-1) i PernamenTy €sponeiicbkoro Cooay (0,2 mri-
1). IToniBiHinigeHdIyOopUIHI MEMOPAHM i3 POTOKATANITUYHUMY BIIACTUBOCTSIMU OYJI0 OJIEP>KaHO 3aBISIKU

Mo (IKYBaHHIO [TIOBEPXHI i3 BUKOPUCTAHHSAM rpagiToBoro Hirpuay Byriewo (g-C3N4), a TakoX HOro NoxigHux,
JieroBaHux 3asnizom. ortokarasnizaTopu 6yJ0 OTPMMAHO METOLOM TEPMIYHOTO MipoJIi3y MeJlaMiHy, a y BUIIAAKY
KaTaJli3aTopiB JIeroBaHUX 3aJ1i30M: TEPMIYHOTO MipoJli3y MejaMiHy i3 BinnosigHoto cimmo (pepym (I11) xnopug,
rekcarigpar). [lng nigreepakeHHs cuHTe3y g-C3N4 i 1oro noxigHux 0yJ10 BAKOPUCTAHO TPAHCMICIHY €JIEKTPOHHY
CIIEKTPOCKOIIiIO, IY CIIeKTPOCKOIIiI0, pEHTT€HOCTPYKTYPHUII aHai3 Towo. [lomanbuie MmonuQikyBaHHS MOBEPXHi
komepuiitHoi [IBJJ® meMmbpanu i3 BifcikanpHOI0 3naTHiCTIO 150 K/la 3#iiiCHIOBANM MiCJI aKTUBYBaHHS [TOBEPXHI
MeMOpaHU KapOOHAaTHUM Oy(depOM, YHACIILOK MOro BilOyBaIOCh NETiIporajJoreHyBaHHs i yTBOPEHHS IO BIHUX
3B'3KiB Ha IoBepxHi MeMOpaHu. OKpiM Toro, A1 epeKTUBHOI afcop6Lii poToKaTasnizaTopiB Ha NOBEPXHi 6YJI0
3acTOCOBaHO MeToJ, GizuyHOro MoauQiKyBaHHs 10BEPXHi MoiBiHiNiAeHdIyopruIHOI MEMOpPaH!U MOJiIONIaMIHOM.
JocnipxeHo aacop6uito popaminy b Ta pogaminy K Ha mopudikoBaHrnx MemOpaHax Ta ix ojasblie po3KIaiaHHs
Ha nosepxHi poroxatanituuHoi [IBID memb6panu nif onpoMiHeHHSIM BUAUMUM CBiTIOM. KoedilienTu
3aTpuMyBaHHs pogaminy b i pogaminy JK ctanoBuinu 96 i 94% BinnosinHo. Po3kianaHHs 6apBHUKIB CTAHOBUIIO
6su3bKo 80% i 85% 1151 popaminy b i pomaminy X BignoBinHO AJ1s1 KOHLEHTpallii 6apBHUKIB Bif 5 70 50 mr--1.
Mem6panu I1BJd-g-C3N4 xapakTepu3yOTbCsl BUCOKOIO CTabiIbHICTIO Ta MIPUAATHICTIO O IOBTOPHOTO
BUKOPUCTAHHS B IIpoLeci yapTpadinbrpalii 6apBHUKIB y IPOTOYHOMY PEXXHMI. BTpata MeMOpaHHOi akTUBHOCTI
nicss 5 nuKiiB yasTpadinerpauii (3aranbHa TpusaicTs 10 rox) cranosuiia npubansHo 15%. Kiovosi cioBa:
MeMmOpaHu, MmoangiKyBaHHS I0BEPXHi [I0JiIMEPHUX MeMOpaH, NoiBiHinizedayopruIHi MEMOPaHU, HAHOUYACTUHKHU
MarHeTUTy, MarHiTOAKTUBHI MeMOpaHu, rpadiToBuil HiTpup Byruento, GpoTokaTamlis, yapTpadiabTpalis,
KOHILIEHTpaLiiiHa Mmossipusanis, GpakuioHyBaHHs 6isKiB, OUMIeHHS BOAY Bifl 6apBHUKIB, TOCUJIEHA
yabTpadinbTpalis, O4nLeHHS BOOY, OUUIIEHHS BOJHUX PO3YMHIB.

2. Bubela H. Functionalization of polyvinylidene fluoride membranes. - Qualifying scientific work on the rights of
the manuscript. Thesis for scientific degree of Doctor of Philosophy in specialty 102 - Chemistry (10 — Natural
sciences). National University of “Kyiv-Mohyla Academy”, Ministry of Education and Science of Ukraine, Kyiv, 2023.
The thesis is devoted to the development of methods of surface modification of polyvinylidene fluoride (PVDF)
membranes in order to provide them the desired characteristics, namely: enhanced antifouling and photocatalytic
properties; as well as the study of surface, morphological and transport parameters. In addition, the possible usage
of modified PVDF membranes was investigated for water purification from excess of iron (Fe2+) from water,
fractionation of proteins and decomposition of dyes (rhodamine B and rhodamine 6G). To provide magnetic
properties to commercial PVDF membranes, a simple modification method with cheap and non-aggressive
reagents (nanoparticles of magnetite (Fe304) and polyethyleneimine as a polymer linker between the surface of



the membrane and Fe304) was proposed. Owing to the ability of Fe304 nanoparticles to move in the presence of a
magnetic field, and therefore to additional turbulence in the membrane diffusion layer, the modified
polyvinylidene fluoride membranes were characterized by better transport characteristics (45 L-m-2-h-1-bar-1 for
the commercial PVDF membrane and 72 L-m-2-h-1-bar-1 for a modified PVDF membrane) and enhanced antifouling
properties. In addition, magnetically active commercial PVDF membranes were applied in the process of
separation and fractionation of proteins (rejection of lysozyme was only 5.3% at pH 12.0). Furthermore, the
developed method was applied to the surface modification of self-formed PVDF membranes with additional bulk
modification (Fe304 was added to the polymer matrix of the membrane). The structure and morphology of the
investigated membranes were characterized using various methods (IR spectroscopy, scanning electron
microscopy, energy dispersive X-ray spectroscopy, atomic force spectroscopy, etc.), which confirmed that
magnetite nanoparticles were successfully integrated into the membrane matrix and onto its surface. It was
established that the surface modification led to the hydrophilization of the membrane surface (the contact angle
for the PVDF membrane is 106.1° + 3, while for the modified PVDF membrane is 74.8° + 2). The studied PVDF
membranes were used for water purification from iron (Fe2+) excess using the ultrafiltration process with
polyacrylic acid as a compound capable of binding iron (Fe2+) into a polyelectrolyte complex. The application of
modified PVDF membranes allows the removal of the Fe2+ up to a concentration of 0.08 mg-l-1, which meets the
standards of the World Health Organization (0.3 mg-1-1) and the European Union Regulation (0.2 mg'l -1).
Polyvinylidene fluoride membranes with photocatalytic properties were developed owing to the surface
modification method with graphite carbon nitride (g-C3N4), as well as its derivatives doped with iron.
Photocatalysts were obtained via thermal pyrolysis of melamine, and in the case of catalysts doped with iron:
thermal pyrolysis of melamine with the appropriate metal salt (ferric (III) chloride hexahydrate). To confirm the
synthesis of g-C3N4 and its derivatives, transmission electron spectroscopy, IR spectroscopy, and X-ray structural
analysis were used. Subsequent modification of the surface of a commercial PVDF membrane with a cut-off of 150
kDa was carried out after activation of the membrane surface with a carbonate buffer, which resulted in
dehydrohalogenation and the formation of double bonds on the membrane surface. In addition, physical
modification of the polyvinylidene fluoride membrane surface with polydopamine was performed for effective
adsorption of the photocatalyst. Adsorption of Rhodamine B and Rhodamine 6G on modified membranes and their
subsequent decomposition using photocatalytic PVDF membranes under visible light irradiation were investigated.
The retention coefficients of Rhodamine B and Rhodamine 6G were 96 and 94%, respectively. For dye
concentrations from 5 to 50 mg'l-1 decomposition of dyes was about 80% and 85% for Rhodamine B and
Rhodamine 6G, respectively. PVDF-g-C3N4 membranes are characterized by high stability and reusability in the
process of ultrafiltration of dyes in cross-flow mode. The loss of membrane activity after 5 cycles of ultrafiltration
(total duration 50 h) was approximately 15%. Key words: membranes, surface modification of polymer membranes;
polyvinylidene fluoride membranes, magnetite nanoparticles, magnetoactive membranes, graphitic carbon
nitrides, photocatalysis, ultrafiltration, concentration polarization, protein fractionation, water purification from
dyes, enhanced ultrafiltration, water purification, purification of aqueous solutions.
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