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Meta navoi auceprauiiiHoi po0OTH - CTBOpPEHHS aJICcOpPOCHTY Ha OCHOBI
ME30MOPUCTOTO JIOKCHAY THUTaHy KpPHUCTaIIuHOI CTPYKTYpH 3 MIJICHICHUMHU
HOHOOOMIHHMMH  BJIACTHBOCTSMHU.  JIOCHIPKCHHST  3JaTHOCTI  CHHTE30BAHOIO
a7IcOpOCHTY 70 aacopOLIiHOTO 3B’ I3yBaHHS Ta PO3/AUICHHS KaTlIOHIB BAXKKUX METAJIB,
aHIOHIB 1 paIIOHYKIIIIB.

AKTYaJIbHICTb JIaHOT TEMH, Cy4YaCHUM CTaH HAYKOBHUX JIOCIIJKCHB Y I11H Tary3i,
a TAKOX PI3HI 3a CBOEIO OyA0BOIO 1 BIACTUBOCTAMU acopOeHTH onucanl y Pozaum 1.
HeoOxigHicTh MOIIMHATH KAaTIOHM Ba)XKMX METANB, PajliOaKTHUBHI 3a0pyIHCHHS,
BEJIMKI MOJIMEPHI MOJIEKYJIU OpPTaHIYHUX CIOJYK a00 ra3u JUKTYETHCS 3aBAaHHSIMU
ekoJsorii. [Ipy ouMIllEeHH] CTIYHMX BOJ Bl PaJlOHYKIiAiB, MOPCHKOT BOAM BIJ IJISIM
Ma3yTy 1 Ha¢TH, a00 MOBITPS BiJ IIKIJIMBUX BUKUIIB T'a3iB, IS IIOM SKIIICHHS BOIU
a00 BWJIYYEHHS 13 BOJAHMX PO3YMHIB HAUIMIIKY CUHTETUYHMX OapBHHUKIB HEPLAKO
3aCTOCOBYIOTBCS MaTepiaiu 3 ajcopOIIHHUMH BJIACTUBOCTAMH, TOOTO ajCOPOCHTH.
AncopOeHTr HaOyIM MIMPOKOTO 3aCTOCYBAHHS Tak0X y MeaunmHi. KopoTkuii orsijg
a7COpOEHTIB, TaKUX SIK HyJb BaJICHTHE 3aj]i30, HOHOOOMIHHI CMOJH, LIapyBaTi
docdaru, BaHaaTH 1 TATAHATH 0AraTo3apsIHUX MCTANIB, MIKCCHH 1 MCTaI-OPTaHivHI
cronyku onucani y Pozaini 1. Y ganomMy po3/iiai 3po0JaeHO0 BUCHOBOK, 1110 OLTBIIICTD
e(heKTUBHUX aJICOPOEHTIB JIJIs 3B’ A3yBaHHS KaTIOHIB BAXKKUX METAJIIB MICTUTh Yy CBOTH
ctpyktypi TiOs. ¥V Po3aini 1 1aHo KOpOTKuU OS] METOAIB CUHTE3Y JIOKCUAY TUTAHY
1 BU3HAUYEHO, 1110 HAUO1IBIIT ONTUMAJIBHUM METOJ0M CHUHTE3y Mesonopucroro TiO; €
3071b-T€JIb METO/I.

[1pu BUKOHaHHI TUcepTaliitHOT pOoOOTH OYB BUKOPUCTAHUH KOMITJIEKC CYHaCHUX
(G13UKO-XIMIUHUX METO/IB. 3a JOMOMOTOK 30J1b-T€lIb METOJy OYyJIO0 CHHTE30BAHO

3pa3Kd ME30MOpHUCTOro miokcuay TuTany. 3a gomomororo XRF, XRD, TEM, T4



METOIB aHaji3y JOCHIIKEHO CTPYKTYpPHI, MOPQOJIOTiyHI XapaKTCpUCTHUKU Ta
€JIEMEHTHUHN CKJaJ CHHTE30BaHuX 3paskiB. [lmomry moBepxHi Ta po3moain mop 3a
po3MipaMy BUMIPIOBAJIM 3 BUKOPUCTAHHAM METOY HU3bKOTEMIEPaTypHOi acopOIii-
necop6iiii Moiieky1 N», 3 BUKOpUCTaHHSIM oOnagHanHs “Quantachrom, NOVA”, USA.
[Tnoury moBepxHi po3paxoBYBaldH 3 BUKOpHCTaHHsAM piBHsHHS Bpynayepa-Emmera-
Teanepa (BET). O6’eM Ta paniyc mop po3paxoByBajdd 3 BHUKOPHUCTaHHSAM Teopii
¢yukiionany ryctunu (DFT). Touka HynmsoBOro 3apsay noBepxHi aacopOeHTIiB pHyc
Oyna BU3HAYEHA OUIAXOM METOAYy Apei(y BOAHEBOIO IMOKA3HMKA CEPEIOBUIIA.
[ToyarkoBy 1 pIBHOB@XHY KOHIICHTPAIIIIO JIOCTIP)KYBaHHX CJICMCHTIB BW3HAYAIIH
MeToAaMH TOpsiMOoi  a00 3BOPOTHBOI KOMIUIEKCOHOMETpIi, a TaKoX METOJA0M
MacCCIIEKTPOCKOIIIi 3 IHAYKTUBHO 3B's3aH010 11a3Mor0 (ICP-MS) ta meTomom piauHHOT
cumaTwsli (LSC). [loBHuii omuc mnpmiajiB, MarepiaiiB 1 TEOpid, gKki Oyiun
BUKOPUCTAHI [IJIi OINHCY €KCIepUMEHTAIbHUX JaHUX HaBeaeHo y Pozmim 2
JUCepTaliiHOl poOOTH.

VY Posaimi 3 onucaHoO CHHTE3 JIOKCHIYy TWUTaHy aHarazHol Moaudikaiii 3
NIJCUJICHUMH  HOHOOOMIHHUMH  BJIACTUBOCTSIMU, $IKI CTBOPIOBAIUCH  3aBISKU
BIIPOBKCHHIO Y MTOBEPXHIO Me3omopucTtoro TiO; kaTtioHiB HaTpiro. CHHTEC30BaHMIMA
afcopOeHT a Takoxk mnpoTroHoBaHy dopmy TiO, AOCHIIKYBaIH, OLIHIOWOYU
XapaKTCPUCTHKN KPUCTAINIYHOI TPATKH, TOPHUCTICTH, IUIONIY TOBEPXHI, CICMCHTHHM
CKJIQJ] 1 TOYKY HYJIBOBOTO 3apsiAy. Taki JOCIIJDKEHHS JIO3BOJISIIOTH y TIOBHIN Mipi
onucatu OynoBy, MOPGOOTIUHI BJIACTUBOCTI 1 MOSICHUTH ajcopOIliiiHy 37aTHICTh
HaTtpoBaHoro TiO;. Po3ain 3 MICTHTH JOCIIDKCHHS ILIOII IOBEPXHI, TCKCTYPHUX
XapaKTePUCTHK, €IEMEHTHOTO CKJIaay 3pa3KiB HEMOAU(IKOBAHOTO JIIOKCUTY TUTaHY
(H-Ti03) i miokcuay Tutany moaudikoBaHoro karionamu Hatpiro (Na-Ti0Oy).

OnmcaHo NiABHILERY aACOPOLiI0 KATIOHIB BaXKHUX METANiB, 30kpema Ba?*, Zn?",
Sr**, Y*' mesonopuctum Na-TiO, nopisrsiHO i3 Me3omopuctum H-TiO; Ta inmmmu
aacopOeHTaMH, OINUCAaHUMH Yy JITEpaTypi; a TaKOXK BHABIEHO 3JaTHICTh
CHUHTE30BaHOTO aJcopOeHTY A0 ajcopOluiiiHoro 3B’si3yBaHHs adioHiB Cl°, Br, I
MonaudikyBanus nosepxti TiO, KaTioHaMU HATPIIO MiJIBUILYE aCOPOIII0 KaTiOHIB

BRXKHMX METaNiB, HApHUKiIaj Oapito, CTPOHIIIO Ta UUHKY y 2-3 pasu. Benuunnu



azcopOIii KaTioHIB BaKKUX MeTaliB HarpoBanuM TiO, € HactymHi: ausg Ba™ 274,6
mr/r; ans Sr* 208,4 mr/r; Zn** 93 mr/r i gna Y 37 259 mr/r. Ipu npoMy mexanizm
aacopOLii [emo 3MIHIOETbCS. 3’ SIBISIOTHCS JOJATKOBI aAcopOLiiHi LEHTpH,
3YMOBJICHI HasABHICTIO KaTioHIB Hatpito. IloBepxusa Na-TiO, nepecrae ©OyTu
roMorennoio. Y Po3aini 3 3amponoHoBaHO MeXaHi3M MiABUIIEHOT aacopOLii KaTioHIB
BOXKUX MeTamB Me3omopucTuM Na-Ti0O,, sxuif nojdrae y ToMmy, 110 BHBUIBHCHI,
BHACITIIZIOK HOHOOOMIHHOTO IIpolecy, KaTioHH Na' CIpHYHHIOIOTH JAMCOIAIiio
MOJIEKYJ BOJM Ta JOKaJbHE 3aly>KEHHS BOAHOTIO CEPENOBHINA, IIO MPUBOIWUTDL 0
BIJHOBJICHHS JBO3apsIHUX KAaTiOHIB BiJIOBIAHO H0 oxHO3apsaHoro crany ZnOH',
SrOH' i BaOH'. Ha 3B’s3yBaHHs Takoro kariony moaudikosanuii copoent Na-TiO,
3alTydae JIAIIe oJuH ajcopOitnuit mentp =110Na y HelTpaasHOMY Cepe/IOBHII, TOI1
gk nporoHoBanui copoent H-TiO, Ha 3B’si3yBaHHS JBO3apsIHOTO KATIOHY 3ajlydae
nBa KucaoTHi nentpu =TiOH®,

[Iporec amcopObiii KaTiOHIB BaXXKUX MeTaniB HatpoBaHuM T10, mMoxe OyTu
ONUCaHUM ancopOUIiHOK Teopiero DpeHiiXxa 3 BUCOKUM CTYNMEHEM JOCTOBIPHOCTI.
Teopis Jlenrmiopa He Tak J0OpE ONMUCYE JAaHUM Mpolec. YCl eKCIEePUMEHTAabHI AaH1
aacopOIii cBiYaTh MWPO TEC, MO aAJACOPOIlsA, SIKy MH CHOCTCpITAIA Yy JaHHUX
€KCIIEpUMEHTAaxX € JIOKaJ130BaHOK a/cOpOLI€l0 HAa YaCTKOBO FETEPOreHHINH MOBEPXHI
(Na-TiOz) 1 Teopis HemokamizoBanoi ajacop6bmii JlyOinina-PamymkeBuua, sika
0a3yeThcsi HA TOTCHITIANBHIN Teopii [lonsHI HE MOXE aJCKBaTHO ONMUCATH IPOIICC
afcopOIli KaTIOHIB BAXKKMX METaNiB, TaKMX SK CTPOHIIM, Oapiil, IMHK Ta 1Tpii
aacopoenTom Na-TiO».

Na-TiO; BUTpUMYyE JiecaTh LIUKIIIB perenepaliii 3a yMmoBu Bukopuctanas 0,01M
posuuny NaCl, 6e3 cyTTe€BOro 3MEHIIEHHS a7COpPOIiHOI 31aTHOCTI MO0 KaTIOHIB
Baxkux metaniB. HarpoBanuii TiO; nposiBisie BUCOKY pafialliiiHy CTIHKICTh 10 OeTa-
pamioaktuBHOCTI. Na-TiO, He 3MiHIO€ CBOI aJcOpOIiiiHI BIaCTUBOCTI HABITh MICHs
no3u onpominenHs 1310 I'peid.

Bumiproroun criBeigHomenns *°Sr/*°Zr MokHa BU3HAYMTH ATy BUTOTOBIECHHS
PaJII0aKTUBHOTO CTPOHIIINA 1TpicBOrO £ -/kepena. lle 3apiaHHs € aKTyaJbHUM Y

aaepuii  kpuminamictuui.  [ns  motpe®  smepHoi  KPUMIHAMICTUKH — 4acTo



BUKOPHUCTOBYIOTh Mac-CIICKTpoMeTpito. OHAK A1 BUMIPIOBaHHS KUIBKOCTI 130TOIIIB
908r-20Y-2Zr mac-cnekrpomerpis He Moxe OyTH 3aCTOCOBaHA 0€3 IIONEPEAHLOTO
PagioXiMIYHOTO PO3AUICHHS 130TOIIIB 13 Macoto 90.

Po3ain 4 pganoi amcepTaniifHoi poOOTH MICTUTh OITHMC PE3yJIbTaTiB
aacopOLIMHUX AOCTIIKEHb KAaTiOHIB LMPKOHIIO 1 PO3MAITICHHS HOHIB IUPKOHIIO 1
CTPOHIIIIO Yy CTaTUYHUX YMOBAX y CHJIbHOKHCIIOMY CEPEIOBHUII 3 BUKOPHUCTAHHSIM
po3pobiieHoro ajacopOeHTy. Y po3aun 4 3alpoloHOBAHO MOSCHEHHS MEXaHI3MYy
CEJNICKTUBHOI aIcOpOIIil KaTiOHIB UpKOHi0. MexaHi3m ancopOiii HOHIB IUPKOHIIO Y
KHCJIOMY CEPCJIOBHIII JJAHUM aJICOPOCHTOM MOAIOHUH /10 MEXaHi3My aJicopOiii HOHIB
CTPOHIIII0 Yy HeUTpadbHOMY cepenoBuiili. CeleKTUBHA aicopOIlis KaTiOHIB [IUPKOHIIO
HaTtpoBaHuM T10; 3yMOBJICHA TO€IHAHHSAM JOCTYIHOCT! IS HEBEIMKOTO KAaTIOHY
UPKOHII0 ajcopOmiiHux 1eHTpiB TiO; 1 mpaBUiIOM NEPIIOYEPTOBOCTI aMCOPOITIi
Oarato3apsHUX KaTIOHIB 13 PO30aBICHUX CHJIBHOKWCIUX po34uuHIB. OJHaK, Ha
BIJIMIHY BiJi MOHOOOMIHHOI cMOiM, TOBepxHS HarpoBaHoro TiO; € akTuBHOW0O. Y
CHUJILHOKHCJIOMY CEPENOBHILI JaHA MOBEPXHS 3aps/IKEHA MO3UTHBHO 1 BIAIITOBXYE
MO3UTUBHO 3apsI’KEHI KaTIOHHU 1TPIIO 1 CTPOHLIIIO, aACOPOYIOUH JIUIIE HUPKOHIH, 1 UM
caMUM 30UTBIITY€E CTCIIIHD PO3IIICHHS KAaTIOHIB CTPOHIIIIO 1 IIUPKOHIIO.

Kuiro4oBi ciioBa: 110KCHI TUTaHY, 30J1b Felb METOJ CHHTE3Y, KATIOHU BAXKKHUX
METaJliB, PaAIOHYKIiAud, ajcopOris, MCTOAMKH  BW3HAYCHHS, PO3IIICHHS
PadIOHYKIIIIIB, HOHHUN OOMIH, Mac-crieKTpoMmeTpis, pH-3anexHicTh, percHeparlis,
peHTren-guyopecueHTHuil  aHam3, X-mpomeHeBl  audpakrorpamu, EHepro-

JUCIICPCIMHUIN aHai3.



SUMMARY

Savka K. O. Structure, morphology and adsorption properties of sodium
modified TiO,. — Qualifying scientific work on the rights of a manuscript.

The dissertation on competition for the scientific degree of a Doctor of
Philosophy in the field of Knowledge 10 Natural Sciences on the specialty 102 —
Chemistry. — Vasyl Stefanyk Precarpathian National University, The Ministry of
Education and Science of Ukraine, Ivano-Frankivsk, 2023.

This dissertation aims to create an adsorbent based on mesoporous titanium
dioxide of a crystalline structure with enhanced ion exchange properties.

Study the synthesized adsorbent's ability to adsorb binding and separation of
heavy metal cations, anions, and radionuclides. The relevance of this topic, the current
state of scientific research in this area, as well as adsorbents different in their structure
and properties, are described in Chapter 1.

The need to absorb heavy metal cations, radioactive contamination, large
polymeric molecules of organic compounds or gases is dictated by environmental
tasks.

When purifying wastewater from radionuclides, seawater from fuel oil and oil
stains, or air from harmful gas emissions, materials with adsorption properties, i.c.
adsorbents, are often used to soften water or extract excess synthetic dyes from aqueous
solutions.

Adsorbents are also widely used in medicine. A brief overview of adsorbents
such as ferrous iron, ion exchange resins, layered phosphates, vanadates, and titanates
of multi-charged metals, mixenes, and organometallic frameworks are described in
Chapter 1. In this section, it is concluded that most of the effective adsorbents for
binding heavy metal cations contain TiO; in their structure. Chapter 1 provides a brief
overview of the methods of titanium dioxide synthesis and determines that the most

optimal method for the synthesis of mesoporous TiO; is the sol-gel method.



When performing the dissertation, a complex of modern physicochemical
methods was used. The samples of mesoporous titanium dioxide were synthesized
using the sol-gel method.

The structural, morphological characteristics and elemental composition of the
synthesized samples were studied using XRF, XRD, TEM, IR methods of analysis.

The surface area and pore size distribution were measured using the method of
low-temperature adsorption-desorption of N, molecules, using the equipment
"Quantachrom, NOVA", USA. The surface area was calculated using the Brunauer-
Emmett-Teller equation (BET). The pore volume and radius were calculated using
density functional theory (DFT).

The point of the zero charge (pHpzc) of the adsorbent’s surface was determined
by the method of drift of the hydrogen index of the medium.

The initial and equilibrium concentrations of the studied elements were
determined by direct or reverse complexometry methods, as well as by inductively
coupled plasma mass spectroscopy (ICP-MS) and liquid scintillation (LSC).

A complete description of the instruments, materials, and theories that were used
to describe the experimental data is given in Chapter 2 of the dissertation.

Chapter 3 describes the synthesis of titanium dioxide of anatase modification with
enhanced ion-exchange properties, which were created due to the introduction of
sodium cations into the surface of mesoporous TiO,.

The synthesized adsorbent as well as the protonated form of TiO, were
investigated by evaluating the characteristics of the crystal lattice, porosity, surface
area, elemental composition, and pH of the point of zero charge.

Such studies make it possible to fully describe the structure, and morphological
properties and explain the adsorption capacity of sodium modified TiO,. Section 3
contains studies of surface area, textural characteristiand cs, elemental composition of
samples of unmodified titanium dioxide (H-T10) and titanium dioxide modified with
sodium cations (Na-TiO,).

Increased adsorption of heavy metal cations, in particular Ba®', Zn*", Sr**, Y** by

mesoporous Na-Ti0, compared to mesoporous H-Ti0, and other adsorbents described



in the literature, was described; and the ability of the synthesized adsorbent to
adsorption binding of CI-, Br-, and I" anions was revealed as well.

Modification of the surface of TiO, with sodium cations increases the adsorption
of heavy metal cations, such as barium, strontium, and zinc, by 2-3 times. The
adsorption values of heavy metal cations by sodium TiO2 are as follows: for Ba** 274.6
mg/g; for Sr** 208.4 mg/g; Zn>" 93 mg/g and for Y*" 259 mg/g.

At the same time, the adsorption mechanism changes slightly. Additional
adsorption centers appear, due to the presence of sodium cations. The surface of Na-
Ti0, ceases to be homogeneous.

Chapter 3 proposes a mechanism of increased adsorption of heavy metal cations
by mesoporous Na-TiO,, which consists in the fact that the Na" cations released as a
result of the ion exchange process cause dissociation of water molecules and local
alkalinization of the aqueous medium, which leads to the reduction of double-charged
cations in accordance with the single-charge state of ZnOH', StOH" and BaOH".

To bind such a cation, the modified sorbent Na-Ti0O; involves only one adsorption
center =T10ONa in a neutral medium, while the protonated sorbent H-T10; involves two
acid centers =TiOH®" to bind a double-charged cation.

The process of adsorption of heavy metal cations by sodium TiO, can be described
by Freundlich's adsorption theory with a high degree of reliability. Langmuir's theory
does not describe this process so well.

All experimental adsorption data indicate that we observed in these experiments
the adsorption which is localized adsorption on a partially heterogencous surface (Na-
Ti0;) and the Dubinin-Radushkevich theory of non-localized adsorption, which is
based on Polyani's potential theory, cannot adequately describe the process of
adsorption of heavy metal cations such as strontium, barium, zinc, and yttrium by the
adsorbent Na-TiO,.

Na-TiO; can withstand ten regeneration cycles when using a 0.01 M NaCl
solution as eluent, without a significant decrease in adsorption capacity for heavy metal
cations. Na-TiO, exhibits high radiation resistance to beta-radioactivity. Na-TiO, does

not change its adsorption properties even after an irradiation dose of 1310 Gy.
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By measuring the ratio of *°Sr/*°Zr, it is possible to determine the date of
manufacture of the radioactive strontium yttrium f -source. This task is relevant in
nuclear forensics. Mass spectrometry is often used for the needs of nuclear forensics.
However, to measure the number of *°Sr-""Y-*"Zr isotopes, mass spectrometry cannot
be applied without prior radiochemical separation of isotopes with mass 90.

Chapter 4 of this dissertation contains a description of the results of adsorption
studies of zirconium cations and the separation of zirconium and strontium ions under
static conditions in a strongly acidic environment using the developed adsorbent.

Chapter 4 explains the mechanism of selective adsorption of zirconium
cations. The mechanism of adsorption of zirconium ions in an acidic environment by
this adsorbent is similar to the mechanism of adsorption of strontium ions in a neutral
medium. Selective adsorption of zirconium cations by sodium-modified TiO; is due to
the combination of the availability of TiO, adsorption centers for a small zirconium
cation and the rule of priority for adsorption of multi-charged cations from dilute
strongly acidic solutions. However, unlike ion exchange resin, the surface of sodium
Ti10; 1s active. In a strongly acidic environment, this surface is positively charged and
repels positively charged yttrium and strontium cations, adsorbing only zirconium, and
thereby increasing the degree of separation of strontium and zirconium cations.

Keywords: titanium dioxide, sol-gel synthesis method, heavy metal cations,
radionuclides, technique determination, adsorption, separation, ion exchange, mass
spectrometry, pH dependence, regeneration, X-ray fluorescence analysis, X-ray

diffractograms, energy dispersion analysis.
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