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Cmapxo 1. FO. CuHTe3, CTPYKTYpHO-MOP(OJOriuyHI XapaKTePUCTUKUA Ta
aacopOuiitni BiactuBocTi La- 1 Gd-BMICHMX HiKeNnb-KOOAIbTOBUX (EPUTIB. —
KgpanidikaiiitHa HaykoBa mpaiis Ha IpaBax PyKOMUCY.

Huceprariss Ha 3700yTTa CcTyneHs noktopa (imocodii B ramysi 3uanp 10
[Tpupoguuyi Hayku 3a cremianbHicTio 102 Ximisa. — [IpukapnaTchkuii HaIliOHATBHUMA
yHiBepcuTeT iMeHi Bacwis Credanuka, MiHICTEpCTBO OCBITH 1 HayKd YKpaiHu, M.
IBano-®pankiBcek, 2025.

HucepTartiiiHa poboTta mpucBsiueHa cUHTE3y Me3onopuctux La- 1 Gd- BMicHUX
HIKeJIb-KOOAIbTOBUX (eputiB, a Takox BBy 1oHiB La(lll) Ta Gd(IIl) =Ha
CTPYKTYpHO-MOP(OJIOTIYHI, aACOpOIiAHI Ta KaTaJiTU4YHI BJIACTUBOCTI HIKENb-
K0OanbTOBUX (hepuTiB. Y poOoTi cuHTe30BaHO La- Ta Gd-BMICHI HiKeNb-KOOAIbTOBI
deputr ABOMA METONAMH: 30JIb-T€Ih CaMO3alMaHHSAM Ta METOJOM BiJIHOBHOTO
cniBocakeHHs. JlochnipKeHo CTPYKTYpY, MOP(]OI0rito, BETUUMHY TUTOMOI TOBEPXHI,
azcopOuiiiH1 (BugajieHHs OapBHHMKAa Ta aHTUOIOTMKA 3 BOJAHOTO PO3YMHY) Ta
KaTtamiTh4dHi (PO3KJIaj T1IAPOTeH MEPOKCHTY) BIACTUBOCTI qociimxkyBanux La- ta Gd-
BMICHHX HIKeJIb-KOOAIhTOBUX (DEpPUTIB.

AKTyaJIbHICTh ~ AUCEPTAIIIHHOTO JOCHIDKCHHSI IIOJSATaE€ B HEOOXI1THOCTI
CTBOPEHHSI ~ HOBUX  ()YHKIIIOHAJIbHUX  MaTepiaiB 13  KOHTPOJIbOBAaHUMU
MOP(OJIOTTYHUMHU TTapaMeTpaMH JJIsl BAKOPUCTAHHSI Y aJICOPOIIIHHUX Ta KaTATITUYHUX
mpoiiecax 3 METOI OUYHUILEHHS 3a0pyaHeHo1 Boau. [Ipu 11boMy BUKOPUCTAHHSI HIKEJIb-
KOOaIbTOBOTO (hepuUTy, sIK 0230BOT0, € JOIUIBHUM 13 KIJTbKOX MPUYHH: BIH Ma€ BUCOKY
HAMAarHi4eHICTh HACHYEHHS, IO JO03BOJISI€ BUKOPUCTOBYBATH MArHITHY cemnapariiro
micis npoteciB aacop6ii un karamzy; ioHd Ni(Il) Ta Co(Il) MoxyTh po3noguisiTucs
MK A- Ta B-mo3uriissiMu mmiHenpHOT IPpaTKy, 3a0€3MeTyr0un 10HHUA 0OMIH Ta BUCOKY
MPOBITHICTh; Ma€ BUCOKY TEPMIYHY Ta XIMIUHY CTaOUIbHICTD 1 30epirae CTpykTypy B
yMOBaxX arpeCUBHHUX CEPEIOBHII; JIETKO IMIIA€ThCs MoAu(DiKaIlii, Mo BaKJIUBO TPH
BBCJICHHI 10HIB PIAKICHO3EMEIbHHUX €JIEMEHTIB 3 METOK PEryJIloBaHHS HOro

MOBEPXHEBUX Ta aJICOPOIINHUX XapaKTEPUCTUK IUISIXOM 130MOP(HOTO 3aMIIIECHHS.
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Tomy cuHTe3 Me3omopuctux ¢GepuTiB, SKI MICTATh 10HM PIAKICHO3EMEIbHUX
€JIIEMCHTIB, YIOCKOHAJICHUMH METOAaMH 3 METOIO 1X 3aCTOCYBaHHS y OUMIIEHH] BOJIH i
00yYMOBWJIO aKTYaJIbHICTh JUCEPTAILIMHOTO TOCTIIKEHHS.

VY aucepramiiiniii po6oti cunte3oBaHo La-BmicHi Ni-Co ¢eputu ckiany
Nip sCop sLaxFe;xO4 (x=0; 0,01; 0,025; 0,05) MmeTo0M 305b-Tellb caMO3aiiMaHHsl, K1
JOCTI/DKYBalIA K aACOpPOCHTH il BuUAajdeHHS OapBHHKa KOHTo uepBOHOro 1 sk
KaTai3aTopu po3kiany rigporex nepokcuny. Hassaicts ioHiB La(Ill) mpusBoauna go
3MEHILICHHS SIK TTapaMeTpa eJIeMEHTapHOI KOMIPKH, TaK 1 po3Mipy KpUCTaTITIB 3 45 110
23 um. IY crekTpu BUABMIIM JBi CMyrd MOrIMHAHHA B aianaszoni 400-600 cm !, o
BKa3ye Ha (popMyBaHHS CTPYKTYpH HimiHeNi Ta BBeneHHs 10H1B La(Ill) B kpucrtamiuny
rpaTky. AgncopOuiitHi gociipkeHHs, mpoBeaeHi Ha La-BmicHux Ni-Co depurax,
nokasanu, 1o HasBHICTh 10HIB La(Ill) moxpariye ix agcopOriiiHi BIaCTUBOCTI MO0
BujaneHHs OapBHuka KoHro uepBoHoro. MakcumanbHa ajacopOuiifHa 3/1aTHICTb
crioctepiraerbest Juis 3paska 3 x(La)=0,025 ta cranoButh 39 mr/r. OTpumani gaHi
no0pe y3rokyroThes 3 Moaento Jlearmiopa. Po3paxyHok BUIbHOI eHeprii aacopOrii
(22-25 x/Ix/monp) Bkazye Ha xemocopOiito monekyn Konro gepBonoro na La-
BMicHUX ¢epurax. EdekTuBHICTh BumaneHHs OapBHHKAa KOHro uepBOHOro st
HallaKTUBHIMIOr0 3pa3ka jocsria 98%. B mporeci po3kiany TiApOreH MEPOKCHUIY
HallakTUBHIIIMM BusiBUBCS 3pa3ok NiCoLa-25, skuii po3kinaB H,O; Ha 94%.

Hocmimxkeno, mo ioH Gd(I1I) mae 3HayHUi BIUIUB HAa CTPYKTYPY, MOPGOJIOTi O
Ta ajacopOiiiini BiaactuBocTi Ni-Co ¢eputy, CMHTE30BaHOTO METOJO0M 30JIb—Telb
caMoO3aiiMaHHs 3 BUKOPHUCTAHHSIM IOJIBIHUIOBOTO CHUPTY SK XEJIATyHYOro areHTa.
[IponopuiiitHe 3pocTaHHs TapameTpa eJIeMEHTapHOT KOMIPKH 13 301UIBIIIEHHSIM BMICTY
Gd(III) cBiguuts mpo te, mo 10Hu Gd(III) piBHOMIpHO 3aMIIAIOTh OKTaeAPUYHI 10HU
Fe(Ill). NonmaBanns Gd no matpuii NiCoFe 36inbnrye miomty nmoBepxui BET na 50%
(3 48 1o 72 M*/r) Ta cpuse YTBOPEHHIO ME3OMOP i3 cepennim paaiycom Bix 3,9 no 4,9
oM. 3HaueHHs pHrys Gd-BMicHux (epuTiB, 3HaAXOAATHCSA B JianaszoHi 7,22—7,39, mo
o3Hayvae, 110 (pepuToBa MOBEPXHS HAOyBa€ MO3ZUTHUBHOTO 3apsiAy MPU HEUTPATLHOMY

pH, mo cnpusie ancopo6iii anionHoro OapBHHKa KoHro yepBoHoro. AmcopOiiiiHi
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TOCHIDKeHHST mokazanu, 1o KutbkicTh GA(III) € BaxiamBow s BIUIMBY Ha
azicopOiiHy €MHICTh, 1 3pa3ok 25La-NiCoFe € nalikpamum ajacopOeHTOM cepen
CUHTE30BaHUX (GEpUTIB  ((eexen=03,38 Mr/r). AncopOuis Mosekya OapBHHUKA
CYNPOBO/IKYETHCS YTBOPEHHSIM XIMIYHUX 3B’A3KIB 13 TIOBEpXHEIO (epury, U0
MiATBEPKEHO PO3PaxXyHKOM BUIbHOI eHeprii agcop6omii (E>16 k/[x/monp) Tta IU-
CHEKTpPOCKoMi€to. BcTaHoBieHO, 1m0 30UTBIIEHHS IUIONII TMOBEPXHI Ta YTBOPEHHS
ME30II0p BIAITPAIOTh BHUPIMIANBHY pPOJIb y MIABUINEHHI aacoOpOIiHHOT 37aTHOCTI
3pa3kiB. Takok BaKJIMBO BPaxOBYBaTH ONTHUMAIbHY KUIBKICTh 10HIB TaJOJIHIIO IS
BBEJICHHS B CTPYKTYypY HimiHeni, 1mo aopiBHioe 0,025 monb (3pazok 25Gd-NiCoFe),
OCKUIBKU TOJAJbIIE BBEAEHHS MPU3BOAUTH JO 3MEHIIEHHS MUTOMOI MOBEPXHI Ta
a7IcOpOIIIMHOT 3JaTHOCTI.

B nucepramiiiHiii poOOTI 3anponOHOBAaHO MOKpAIleHWl METOJ BIAHOBHOTO
criiBocaikeHHs Juis cuHte3y La- ta Gd-BmicHux Ni-Co ¢eputis, sikuil nependaydan
BukopuctanHs NaBHy (sik BiIHOBHMKA) Ta MOCIAOBHI €Tay TEPMIYHOI 0OpOOKH, 10
CHpUSIIOTh  (DOPMYBAHHIO ME30IMOPHCTHX HAHOYACTHMHOK 3 IMHPOKO PO3BUHEHOIO
TUIONICI0 TOBEPXHI Ta MiJBHUINECHUMH aJCOPOIIMHUMH BIacCTUBOCTSAMU. CTpPYKTypa,
Mop(]oJIoTis Ta TEKCTYpHI XapaKTepucTuku ofHodazHux 3pa3kiB NipsCopsLaxFer xOq
(me x=0; 0,02; 0,04; 0,08; 0,12) Oynu moCIIIKEHI 32 JTIOMOMOTO X-TIPOMEHEBOIO
anamizy, [Y-cmekrpockomii, CEM, EJIC ta BET anamizy. BcranoBmeno, mo 3i
30ubeHHsM BmicTy La(Ill) po3mip kpuctainitiB 3MeHiTyBaBcsa Ha 65%, B TOH 4ac sk
IUIOIIa TUTOMOI MOBEPXHI ME3OMOPUCTUX 3pa3KiB 30uIbLIMIacs Mpubdan3HO Ha 82%
nis 3paska 8La-NCF (151 m?/r). Beenenns ionis La(IIl) B crpykrypy Ni-Co ¢epury
MPU3BOJUTH JI0 YTBOPCHHS HAHOCTEP)KHIB, BUTSATHYTHX 1 CHEPUIHUX HAHOYACTUHOK.
V¥ Bunaaky Gd-Bmicuux Ni-Co depuris, 3amimienss 10HiB Fe(Ill) ionamu Gd(I11) Tex
BIUTMHYJIO HA PO3MIPHU KPUCTATITIB, Kl 3MeHIIUIucs 3 14 1o 4 am. Sk 1 y BUnaaxy i3
La-BmicaumMu depuramu, cuHte3oBaHi Gd-BmicHI ¢GepuTH TakoX Malk J00pe
PO3BHHEHY ME30IOPHUCTY CTPYKTYPY Ta 3HAYHO 301JIbIIIEHY TUIOILY MTUTOMOI MTOBEPXHI

(139 M%/r).



HocmimkeHo, mo mnpucyTHiCTh sk La, Tak 1 Gd y CTpyKTypi HIMiHEIBHUX
dbepuTiB, CHUHTE30BaHMX METOJIOM BIJIHOBHOI'O CHIBOCA/KCHHS, 3yMOBJIIOE
NO3UTUBHUM 3apsi (HEepUTOBOI MOBEPXHI, IO BIAIIPAE BAKIUBY POJIb IiJ] YaC a1copOii
aHIOHHMX YacTHMHOK. BcraHoBieHo, 1o 3pa3ok 4La—NCF nemoHcTpye HailBuILy
aacopOmiitHy emHicTh (243 mr/r) mono 6apBHuka KoHro uepBOHOTO, TOMAI SK 3pa30K
12La—NCF wmae HaiBumnyy ancopOuiliHy emHICTE (395 Mr/r) momo Moiekyn
okcuteTpanukiiny. Jna natakrusaimoro Gd-smicHoro ¢pepury S0Gd-NCF 3nauenns
aacopOiitHoi emHocti O0ynu HactynHi: 254 Mr(KY)/r ta 298 mr(OTL)/r, mo y kiabka
pa3iB BHIIE MOPIBHIHO 3 HE3aMIIIEHUM HIKEJIb-KOOAIHTOBUM (DEPHUTOM.

MexaHnizm  afcopOiii  MOJIEKYJ 3a0pyJHIOBadiB TOSICHEHO Ha OCHOBI
a7IcOpOIIIMHUX MOJICJIEH, TaHUX [Y-criekTpockomii Ta X-IIPOMEHEBOT
dotoenekTpoHHoi crekTpockomii. Sk gus La-, Tak 1 g Gd-BMmicHHUX 3pa3KiB
cnocrepiraeTbesi xeMocopOuis KoHro 4epBoHOro Ta OKCUTETPALMKIIHY HA TTOBEPXHI
¢depuriB. JloBeneHO, 10 METOJA BIAHOBHOI'O CIIBOCA/KEHHS CHpPHSIE YTBOPEHHIO
PO3BHHEHOI ME30IOPUCTOI MOBEPXHI, siIka pa3oM 13 npucyTtHicTio ioHiB La(lll) Ta
Gd(IIT) y mmiHenpHIA CTPYKTYpl CHPHSIIOTh 3HAYHOMY MOKPAIEHHIO aJCOpOIiiHIX
BJIacCTUBOCTEH. TakuM YMHOM, BUKOPUCTAHHS METONY BITHOBHOTO CITIBOCA/KCHHS B
MO€HAHHI 3 TOCTIJIOBHUMH €TarlaMu TepMiuHOi OOpOOKH CHpuse OTPUMAHHIO
mezonopuctux La-NiCo ta Gd-NiCo ¢epuTiB 3 MOMITHO 301IBIICHOIO TUIOMIECIO
MUTOMOI ITOBEPXHI, 1110 MPU3BOAUTH JI0 YTBOPEHHS BUCOKOAKTUBHUX aJICOPOEHTIB JIJIs
BOJIOOYHUCTKH.

Knrwouoei cnosa: beput, 1IMiHENb, PIAKICHO3EMEIbHI €1EMEHTH, ME30IOPHUCTI
YaCTUHKHU, HAHOYACTUHKH, aJICOPOEHT, KaTai3aTop, aHTUOI0THUK, OKCUTETPAIMKIIiH,
TiAporeH mepokcu, 60apBHUK, KOHTO 4epBOHMI, OYUIIIEHHS BOIH, 30JIb-TE€Ih METOJ
camMoO3aiMaHHs , METOJ BIAHOBHOI'O CITIBOCAKEHHS.
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The dissertation is devoted to the synthesis of mesoporous La- and Gd-
containing nickel-cobalt ferrites, as well as to the influence of La(IIl) and Gd(III) ions
on the structural-morphological, adsorptional, and catalytic properties of nickel-cobalt
ferrites. La- and Gd-containing nickel-cobalt ferrites were synthesized using two
methods: sol-gel auto-combustion and co-precipitation under reducing conditions.

The study investigates the structure, morphology, specific surface area,
adsorption properties (removal of dye and antibiotic from aqueous solution), and
catalytic properties (hydrogen peroxide decomposition) of the synthesized La- and Gd-
containing nickel-cobalt ferrites.

The relevance of the dissertation research lies in the need to develop new
functional materials with controlled morphological parameters which can be used in
adsorption and catalytic processes aimed at purifying contaminated water. The use of
nickel-cobalt ferrite as a base material is justified for several reasons: it possesses high
saturation magnetization, allowing for magnetic separation after adsorption or catalytic
processes; Ni(II) and Co(Il) ions can be distributed between the A and B sites of the
spinel lattice, enabling ion exchange and high conductivity; it has high thermal and
chemical stability and retains its structure under aggressive environmental conditions;
and it is easily modifiable, which is important when introducing rare-earth element ions
to tailor its surface and adsorption properties through isomorphic substitution.

Therefore, the synthesis of mesoporous ferrites containing rare-earth element
ions using improved methods for application in water purification determines the
relevance of this dissertation research.

In this dissertation, La-containing Ni-Co ferrites with the composition
NipsCopsLaxFe, xO4 (x = 0; 0.01; 0.025; 0.05) were synthesized by the sol-gel auto-

combustion method and investigated as adsorbents for the removal of Congo Red dye
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and as catalysts for hydrogen peroxide decomposition. The presence of La(III) ions led
to a decrease in both the unit cell parameter and crystallite size from 45 to 23 nm. FTIR
spectra revealed two absorption bands in the range of 400—-600 cm™, indicating the
formation of a spinel structure and the incorporation of La(IIl) ions into the crystal
lattice. Adsorption studies on La-containing Ni-Co ferrites showed that the presence of
La(Ill) ions improved their adsorption capacity for Congo Red. The maximum
adsorption capacity was observed for the sample with x(La) = 0.025 and amounted to
39 mg/g. The obtained data fit well with the Langmuir model. The calculated free
energy of adsorption (22-25 kJ/mol) indicated chemisorption of Congo Red molecules
on the La-containing ferrites. The removal efficiency of dye for the most active sample
reached 98%. During hydrogen peroxide decomposition, the NiCoLa-25 sample was
the most active, decomposing H,O, by 94%.

It was found that Gd(III) 1ons significantly affect the structure, morphology, and
adsorption properties of Ni-Co ferrite synthesized by the sol-gel auto-combustion
method using polyvinyl alcohol as a chelating agent. A proportional increase in the unit
cell parameter with increasing Gd(III) content indicated uniform substitution of
octahedral Fe(IIl) ions by Gd(III) ions. Incorporation of Gd into the NiCoFe matrix
increased the BET surface area by 50% (from 48 to 72 m?/g) and promoted the
formation of mesopores with an average radius ranging from 3.9 to 4.9 nm. The pHpnyz
of Gd-containing ferrites was in the range of 7.22—7.39, indicating that the ferrite
surface acquires a positive charge at neutral pH, enhancing the adsorption of the
anionic dye Congo Red. Adsorption studies showed that the amount of Gd(III) plays
an important role in influencing the adsorption capacity, with the 25La-NiCoFe sample
being the best adsorbent among the synthesized ferrites (qeexp = 63.38 mg/g). The
adsorption of dye molecules was accompanied by the formation of chemical bonds
with the ferrite surface, as confirmed by the calculated adsorption energy (E > 16
kJ/mol) and FTIR spectroscopy. It was established that the increase in surface area and
the formation of mesopores play a decisive role in enhancing the adsorption capacity

of the samples. Additionally, the optimal amount of gadolinium ions for incorporation
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into the spinel structure was determined to be 0.025 mol (sample 25Gd-NiCoFe), as
further addition resulted in a decrease in specific surface area and adsorption capacity.

The improved co-precipitation reduction method was proposed for the synthesis
of La- and Gd-containing Ni-Co ferrites, which involved the use of NaBH4 as a
reducing agent and sequential thermal treatment steps. This promoted the formation of
mesoporous nanoparticles with well-developed surface area and enhanced adsorption
properties. The structure, morphology, and textural characteristics of single-phase
samples NiysCopsLasFe, «O4 (x =0; 0.02; 0.04; 0.08; 0.12) were investigated using X-
ray diffraction, FTIR spectroscopy, SEM, EDS, and BET analysis. It was found that
with the increasing of La(IIl) content, the crystallite size was decreased by 65%, while
the specific surface area of the mesoporous samples was increased by approximately
82% for the 8La~NCF sample (151 m?/g). The incorporation of La(Ill) ions into the
Ni-Co ferrite structure led to the formation of nanorods, elongated and spherical
nanoparticles. In the case of Gd-containing Ni-Co ferrites, the substitution of Fe(IIl)
ions by Gd(III) also influenced crystallite sizes, which decreased from 14 to 4 nm.
Similar to La-containing ferrites, the synthesized Gd-containing ferrites also possessed
a well-developed mesoporous structure and significantly increased specific surface
area (139 m?/g).

It was revealed that the presence of both La and Gd in the structure of spinel
ferrites synthesized by the co-precipitation reduction method induced a positive surface
charge, which played an important role in the adsorption of anionic species. The 4La—
NCF sample showed the highest adsorption capacity (243 mg/g) for Congo red dye,
while the 12La—NCF sample exhibited the highest adsorption capacity (395 mg/g) for
oxytetracycline molecules. For the most active Gd-containing ferrite 50Gd-NCF, the
adsorption capacities were: 254 mg(CR)/g and 298 mg(OTC)/g, which are several
times higher compared to unmodified nickel-cobalt ferrite.

The mechanism of pollutant molecule adsorption was explained based on
adsorption models, FTIR spectroscopy, and X-ray photoelectron spectroscopy (XPS)
data. Both La- and Gd-containing samples exhibited chemisorption of Congo Red and
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oxytetracycline on the ferrite surface. It was proven that the co-precipitation reduction
method facilitates the formation of a developed mesoporous surface, and the presence
of La(Ill) and Gd(III) ions in the spinel structure significantly enhances adsorption
performance. Thus, the use of the co-precipitation reduction method, combined with
sequential thermal treatment, enables the synthesis of mesoporous La-NiCo and Gd-
NiCo ferrites with a significantly increased specific surface area, resulting in highly
active adsorbents for water purification.

Keywords: ferrite, spinel, rare-earth elements, mesoporous particles,
nanoparticles, adsorbent, catalyst, antibiotic, oxytetracycline, hydrogen peroxide, dye,
Congo red, water purification, sol-gel auto-combustion method, co-precipitation

reduction method.
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