AHOTAILUS

Kyx A. A. HoBiTHiii koMno3utHuii aacopoOeHT-GoTOKATAIIZATOP HA
ocHoBi THTaH (IV) okcnay. — Kpagigikauniiina npaus Ha npaBax pyKomnucy.

Jlucepranisi Ha 3100yTTS HAYyKOBOrO CTymeHs AokTopa dimocodii 3a
criemianpHicTIO 161 XiMIUHI TEXHOJIOTIT Ta iHKeHepis. — HarionaapHui TeXHIYHUH
yHiBepcuTeT VYKpainu «KuiBCcbkuil MOMITEXHIYHUNA 1HCTUTYT iMmeHi Irops
Cikopcbkoro», XiMiko-TexHoJoriyHui (akyneret, Kuis, 2021.

Juceprailisi mMpucBsiU€HA CUHTE3Yy Ta JAOCHpKeHHIO uuctoro tutan (IV)
OKCHJy Ta y CKIaJi KOMIIO3MTIB 3 aKTHBOBAaHWUM BYyTiUIIM. Bnepme 3
BUKOpUcTaHHAM Tipekypcopy tutaH (III) cynmedary HU3BKOTEMIEPATYpPHUM 30J1b-
rejib METOJI0OM 0e3 TepMIuHOT 00poOKH cHHTE30BaHO (oTokaranizaTop TuTaH (IV)
OKCHJI Ta aficopOeHT-hoToKaTam3aTop akTuBoBaHe Byriyuist — Ti0, Ta mpoBenieHo ix
MOBHY XapakTepusanito. Po3poOieHo 1abopaTopHy METOJUKY CHHTE3Y 3
npekypcopy Tutan (III) cymbdary dotokaramizaropy tutan (IV) oxcuay Ta
ancopOeHTy-(oTokaTani3aTtopy akTuBoBaHe Byruuis — T10, HU3bKOTEMIIEpaTypHUM
30J1b-T'eJIb METOJI0OM 0€3 HACTYIMHOI TEPMIYHOI OOPOOKHU.

Meronamu eeKTPOHHOT MIKPOCKOIIT BU3HAYEHO (HOPMY YaCTOHYOK YHCTOIO
tutan (IV) okcmmy Ta Xapakrtep po3mnonairy dactodok TiO, Ha TMOBEpXHI
aKTUBOBAHOTO BYT1ISl y CHHTE30BaHUX KOMIIO3UTAX.

Meronom  peHTreH0a30BOr0  Ta  PEHTTCHOCTPYKYTPHOTO  aHAII3Y
BCTaHOBJIEHO, 1o mnpu cuHte3l TiO, 3 mpekypcopy Tturan (III) cynwdary
OCaPKCHHSIM YTBOPIOETHCA BHUKIIOYHO amMopdHa ¢asza; mpu HOro riapossi
(dopmyeTbest CTPYKTYpa, 1110 CKIIAJAEThCs 3 OpyKiTy, pyTUity Ta amopduoro TiO; 1
JUIIEe HU3BKOTEMIEPAaTypHUN TiAPOI3 y MPUCYTHOCTI JOMAaHTa (PTOPUAY Kaio

IPU3BOJUTH 10 YTBOPEHHSI YMCTO1 MoAU]iKaLlli aHaTas.



MeTtonoM HU3BKOTEMIIEPATYpPHOI aAcopOIii-AecopOIlii a30Ty JOCIHIIKEHO
OpyBaTy CTPYKTYpY Ta afcopOLiiiHi BIACTUBOCTI CHHTE30BAHUX 3Pa3KiB YUCTOTO 1
kommo3utHoro tutaH (IV) okcuay. BcTaHOBIEHO, IO KOMMO3UTH aKTUBOBAHE
Byrist — TiO, € 3mimanonopyBaTUMH aficopOeHTamMu (B SKMX HasBHI MIKpO- Ta
ME30M0pH) 3 PO3BMHEHOIO ILIOIIEI0 MOBEPXHi (B cepennboMy 6mmu3bko 1100 m?/r).
3sicoBaHO, MmO MmO BCi 3pa3ku yuctoro TiO, MarTh MaJOPO3BHHEHY IUIONLY
HOBEPXHi, B cepemuboMy Omusbko 49 m2/r. Cepenniii pajiyc mop 3paskis,
nonoBaHux ¢Gropom, Ha 11% MeHIIMH, y MOPIBHSAHHI 31 3pa3KamMu, OTPUMaHUMU
IHIIMMH CITOCO0aMH.

HocmipxkeHHss  aAcopOIiMHUX Ta  (POTOKATATITUYHUX  BJIACTHUBOCTEH
CHUHTE30BaHOTO YHUCTOTO 1 Kommo3utHoro tutaH (IV) okcumy mpoBeaeHO 3
BUKOPHUCTAHHSM MOJICIbHUX PO3YHMHIB  ITOJIOTAHTIB: TJIFOKO3W, OapBHUKIB
KaTIOHHOTO (METHJICHOBHMH CHHIM) Ta aHIOHHOTO (OpaHXEBO-)XKOBTHH S) THIY,
nukiiodeHaka HaTpiko.

[Ipu omiHroBaHHI afcopOuiiHOI 31aTHOCTI yncTtoro TiO, BCTaHORBICHO, IO
HAWBUIINH CTYIiHb BUIYyYeHHS TTI0K03H (83%) 3 pO3UMHIB BUX1AHOT KOHIIEHTpAITIi
0,01% cnoctepirBacs nius 3paszka Ti0Oz(oc), TOOTO OTPUMAHOTO HUISAXOM MPSMOTO
ocamxeHHs 6e3 rinpomizy. Komnosutu aktuBoBane Byruuist — TiO, amcopOyBanu
[JIIOKO3Y 3HAYHO aKTUBHINIE Yy TMOpiBHAHHI 3 uuctuMm 110, B xomi
(hoToKATAMTUYHUX JOCIIIKEHD 3’ ICOBAHO, 110 3pa3ku YucToro T10, MposBIISIIOTH
IeBHY (PoToKaTaIITHYHY AaKTHBHICTh, OJHAK HAWBHIIUN CTYIIHb PO3KJIAJaHHS,
JOCSITHYTUW 1Ji1 HUX, He mnepeBuinyBaB 54%. [lopiBHSAHO 13 HUMH, KOMIIO3UTH
akTuBoBaHe Byruuid — T10, noka3anu 3Ha4HO BHILY (POTOKATAIITUYHY AKTUBHICTh
B IIbOMY IPOIIECI.

[MIpu nocmimkeHHi aacopOLiitHOI aKTUBHOCTI KOMIIO3UTIB B IIpOLEC]
BUJIyYEHHsI OapBHUKIB IS BCTAHOBJICHHS aJCOPOLIMHMX 3aKOHOMIpHOCTEH

3MIMCHIOBAJIM MaTeMaTUyHy OOpOOKY KIHETHYHHMX 3aJIeKHOCTEH Ta 130TepM



azcopOIii 3 BUKOPUCTAHHSAM KIHETUYHUX MOJENEH IMCEeBAO-MEPIIOro Ta IMCEeBAO-
Apyroro nopsiakiB. BcranoBieHo, 1o aacopOiis METHIEHOBOTO CHHBOTO HalKparie
OTIUCYETHCS MOJCIUTIO TICEBIO-APYTOro MOPSAKY, a 1€ CBIAYHTh, 110 caMe XiMiuHa
peakiiss oOMiHYy JIMITye Bech aacopOmiHuil mporec. AACOpOIis OpaHXeBO-
’KOBTOTO S Kpallle OMUCY€ETHCS MOJEIUIIO TICEBAO-MEPILOTO MOPSIKY, a 1€, B CBOIO
Yyepry, BKa3ye Ha Te, 110 aIcOopOIis [[bOTO OapBHUKA JIIMITYEThCS HOTo TU(Y3i€r0 B
rnopax aJicopOeHTy.

BcTranoBneHo, 110 y BUNAAKy aJcopOIlii METUIEHOBOTO CUHBOI'O HANHO1IbII
e(heKTUBHUM BUSBUBCA 3pa3ok kommo3uTy AB-TiOy(oc), ans sSkoro CTymiHb
BunyueHHss cTtaHoBUB 90%. Cepen 3pa3kiB, OTpUMaHUX BapialliiMH METOIY
HU3BKOTEMIIEPATYPHOTO TIJpOJIi3y, HalBUINA €PEKTUBHICTh CHOCTepiranach s
3pazka AB-Ti0,(15F), Bona cranoBuna 70%. Jluiie 111 1Ba 3pa3ku BUSBUIUCH OUIBIIT
e(deKTUBHUMH Y TIOPIBHSIHHI 3 BUX1THUM aKTHBOBAHUM BYTLILJISIM, JJIS1 SIKOTO CTYIIIHb
azcopOLii METHIIEHOBOIO CHHBOTO 3 po34uHy ckinagas 65%. Evonik AEROXIDE®
Ti10, P25 nokazaB 3Ha4HO HMKYY aJICOPOIIAHY 34aTHICTh MO BITHOIIEHHIO O BCIX
TOCTIKYBAaHUX MOJTIOTAHTIB.

Y  BUMNAIKy  OpPaHKEBO-)KOBTOTO S JOCATHYTO  BHCOKMX  CTYIICHIB
a7COpOIIHOTO BIIIYYCHHS, OJHAK BOHU HE MEPEBUINYIOTh 3HAUYCHHS, OTPUMAHOTO
3 BUKOPUCTAHHSM aKTMBOBAHOTO BYruUis. HalBuiuié cTymiHb BUIy4YeHHs Oyio
JOCSITHYTO TIPY BUKOPUCTAHHI 3pa3ka KOMIIO3UTY, 10 MOAu(dikoBaHuN (GOTOPOM Y
craisBigHomendl Ti:F=1:15.

[Ipu  nmocmimxkeHHi ajacopOuii  aAukiodeHaky HaTpir0o yCl  3pa3Ku
IIPOJIEMOHCTPYBAJIM BUCOKY €(PEKTUBHICTh: CTYNIHb BUIy4€HHs repeBuiyBas 60%
U1 ycix 3paskiB. JlocmigpkeHHS (OTOKATAIITHYHOI AKTHUBHOCTI CHHTE30BAaHMX
KOMITO3HTIB y TIpoiieci (POTOKATATITUIHOTO PO3KIaIaHHS TIEPeSIYeHUX MOJICIIBHIX
MOJIFOTAHTIB MPOBOAWIM 3 BUKOPUCTAHHAM JpKepen Y D-BUIIPOMIHIOBAHHS

noTyxHicTio 8 Ta 24 W. 3a moTy>KHOCTI BUNPOMIHIOBAaHHS 8 W JJIsI KOMITO3UTIB



AB-TiOy(ur), AB-TiO»(2F), AB-TiO»(7F) ta AB-TiO,(15F) nocsiruyTo 3Ha4HO
HIKYl CTYNE€Hl pO3KJIaJaHHd OapBHUKIB y TMOPIBHSAHHI 3 €QEKTUBHICTIO 3a
iHTeHCHMBHOCTI y 24 W. HaiiGinpma  3aleXHICTh  BiJ  1HTEHCHBHOCTI
BUIIPOMIHIOBAHHS crioctepiranack st komno3uty AB-TiOx(ur), ansa sikoro 0ymo
JOCSITHYTO TIJBHUINEHHS €()EKTUBHOCTI po3kjanaHHs OapBHHKIB Ha 50-70%.
doToKaTalITUYHE PO3KJIAJNAaHHA JAUKIOPEHAKa HATpil0 3 BUKOPUCTAHHSIM
KOMITO3UTHHUX (POTOKaTANII3aTOPiB OYJI0 TOBOJI BUCOKUM 32 000X 1HTEHCTUBHOCTEH
onpoMiHeHHs; Hanpukias, s 3paska AB-TiO,(15F) BoHo 3Haxoaminoch B Mexkax
Bix 80 10 100%. 3a inTeHCHMBHOCTI X Yy 8 W criocTepiraiuch Ienio HUK4i 3HaUYeHHS
CTYIIEHS PO3KJIaJaHHS.

HaykxoBa HOBM3Ha poOOTH TOJNSATAE B TOMY IO, BIEPIIE 3 BUKOPHUCTAHHSIM
npexypcopy tutad (III) cynbdaTy HU3BKOTEMIIEpATYPHUM 30JIb-T€Jb METOJIOM O€3
HacaTymHoi TeopMiuHOT 00poOKHM cuHTe30BaHO (poTokaramizaTop TutaH (IV) okcun
Ta aficopOeHT-(hoTOKaTANI3aTOP aKTHBOBaHE BYT1LIA — T10; Ta MpOBEIEHO iX MOBHY
XapaKTepU3alio.

Po3pobmeno nmabGopaTopHy MeTOAMKY cuHTe3y 3 mpekypcopy tutan (III)
cynbbary dorokaramszaropy Tutal (IV) okcuay ta ancopoeHTy-hoToKaTan3aTropy
akTuBoBaHe BYTrimiA — Ti0, HU3BKOTEMIEPATypHUM 30JIb-T€lIb METOJOM 0e3
HACTYIMHOT TEPMIYHOI 0OPOOKH.

Bnepime BcranoBnieno, mo mnpu cuHTe3l TiO; 3 npekypcopy tutan (I1I)
cynb(haTy 0CaPKEHHSIM YTBOPIOETHCS BUKIIFOUHO aMopdHa dha3a; mpu Horo riapoinisi
(dbopmyeTbes CTPYKTYpa, 1110 CKIIAJAEThCs 3 OpyKiTy, pyTuity Ta amopduoro TiO,; 1
JUIIE HU3bKOTEMIIEpATYpHUN TIIPOJII3 y NPUCYTHOCTI JonaHTa (Gpropuay Kaiiio
MIPU3BOAUTH A0 YTBOPEHHS YMCTOI MoaudiKallii aHaTas.

JloBeleHO AOLIIBHICTh BHKOPUCTAHHS CHUHTE30BAaHUX aACOpPOEHTIB Ta
(doTokaTam3aTopiB y mpolecax OYMINCHHS CTIYHHUX BOJ BiJ TaKUX OpPraHIYHHUX

NOJIFOTAHTIB, SK OapBHUKKM Ta (QapmaleBTUYHI CcyOcTaHuli, 1 iX MOXHa



PEeKOMEHIyBaTH JJIsi BUKOPHUCTAHHS B  TEXHOJOTISAX  aacopOIiiHOro 1
(hOTOKATANITUYHOTO OUYMILEHHS (PapMalleBTUYHUX CTIYHUX BOJI.

HaykoBi mosi0KeHHsI, @ TAaKOX PE3yJIbTaTH €KCIIEPUMEHTATIBHUX TOCTIKECHb
BUKOPUCTAHO TpH PO3pOO0Ili HOBOTO TEOPETUYHOTO PO3JITYy Ta JBOX HOBUX
1abopaTOpHUX POOIT 3 AUCHUILTIHU «ACOPOIisl, aACOPOSHTH Ta KaTalai3aTopH Ha
ix ocHoBi» ju1s marictpiB OHII ta OIIII 31 cnentianbHocTi 161 «XiMiuHI TEXHOIOTIT
ta imkenepisn» kabeapu THP, B ta 3XT KIII im. Irops Cikopcekoro.

JloBeneHo, 1o aacopOeHTH-hoToKaTani3aTopu Ha ocHoBl T10,, CHHTE30BaHI1
MeToZIoM Hu3bKoTemmeparypHoro Timponizy tutad (III) cymedary, edhextusHi y
npoliecax BUJAJICHHS Ta pO3KJIaJlaHHs OapBHUKIB Ta apMaleBTUUHUX CYyOCTaHIIIN.
BcraHoBiieHo, 10 iX MOYXKHa PEKOMEHIYBATH JIJII BHKOPHCTAHHS B TEXHOJIOTISIX
OUHUIIEHHA (DapMaIIeBTUYHUX CTIYHUX BO/I.

Kntouoegi cnosa: ancopOeHt, ¢poTokaranizaTop, kKomnosut, Tutan (IV) okcun,

aKTUBOBAHE BYT1JUIS.

Cnucox nyonixayii 3000ysaua:
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1. Kukh A.A., Ivanenko I.M., Astrelin .M. TiO, and its composites as
effective photocatalyst for glucose degradation processes. Applied Nanoscience.
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nutyeTrbesi Haykomerpuunumu 6azamu SCOPUS 1 Web of Science. ISSN:2190-
5509 (E-ISSN: 2190-5517). Ocobucmuu énecok 3000y8aua: npogeoerHs. CUHmMe3y
3pasKie yucmozo ma komnozumuozo muman (1IV) oxkcudy, ananiz oanux, ompumanux

npu omoxkamanimuyHoMy po3KIa0aHHI 2II0KO3U, NIO20MOBKA CIMAMMA.
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Photocatalytically Active Materials: Review. Nanooptics and Photonics,
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Bunanns Bxoauts 1o HaykoMmeTpuuHoi 6azu SCOPUS. ISSN:0094-243X; (E-ISSN:
1551-7616). Ocobucmuii eHecok 3000y8aua: NpoBedeHHs eKCNepPUMEHMANbHUX
00Ci0JICeHb, 002080PEHHS. OMPUMAHUX PE3YTbMAMIE MaA HANUCAHH CIAMMI.

4, IBanenko I.M., Kesikoa HO.€., Kyx A.A., Haraescrka C. ]I.
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ompuMaHuxpe3yJmeami6 ma HanuCamHs cmammi.
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tutany (IV): mar. 136137 Ykpainu MIIK(2006.01) BO1J 20/06. Kyx A.A., buup
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ABSTRACT

Kukh A.A. A novel composite adsorbent-photocatalyst based on titanium
(IV) oxide. — Qualifying scientific work with the manuscript copyright.

The thesis for a doctor of philosophy degree by the specialty 161 chemical
technologies and engineering. National Technical University of Ukraine “Igor
Sikorsky Kyiv Polytechnic Institute”, Ministry of Education and Science of Ukraine,
Kyiv, 2021.

The dissertation is devoted to the synthesis and study of pure titanium (IV)
oxide and composites with activated carbon. For the first time, using a precursor
titanium (III) sulfate by a low-temperature sol-gel method without following heat
treatment, a titanium (IV) oxide photocatalyst and an adsorbent-photocatalyst
activated carbon — TiO, were synthesized and their complete characterization was
carried out. A laboratory procedure for the synthesis of a photocatalyst of titanium
(IV) oxide and an adsorbent-photocatalyst activated carbon - TiO, using a titanium
(IIT) sulfate precursor by low-temperature sol-gel method without following heat
treatment has been developed.

The shape of particles of pure titanium (IV) oxide and the nature of the
distribution of TiO; particles on the surface of activated carbon in the synthesized
composites have been determined by electron microscopy.

By means of X-ray phase and X-ray structural analysis, it was found that
during the synthesis of TiO, from the precursor of titanium (III) sulfate by
precipitation, an exclusively amorphous phase is formed; during its hydrolysis, a
structure consisting of brookite, rutile and amorphous TiO; 1s formed; and only low-
temperature hydrolysis in the presence of the dopant potassium fluoride leads to the
formation of a pure modification of anatases.

The porous structure and adsorption characteristics of the synthesized samples

of pure and composite titanium (IV) oxide were studied by the low-temperature



nitrogen adsorption-desorption method. It has been established that composites
activated carbon — TiO, are mixed-porous adsorbents (which contain micro- and
mesopores) with a developed surface area (on average, about 1100 m?/g). In samples
of pure TiO; surface area does not exceed 49 m?/g. Average pore radius in fluorine-
doped samples of pure TiO, is found to be 11% less compared to samples,
synthesized by different route.

The study of the adsorption and photocatalytic properties of the synthesized
pure and composite titanium (IV) oxide was carried out using model solutions of
pollutants: glucose, dyes of cationic (methylene blue) and anionic (orange-yellow S)
type, sodium diclofenac.

When evaluating the adsorption capacity of pure TiO,, it was found that the
highest degree of glucose removal (83%) from solutions of the initial concentration
of 0.01% was observed for the TiO,(oc) sample, that is, obtained by direct
precipitation without hydrolysis. Activated carbon — TiO, composites adsorbed
glucose much more actively than pure TiO,, since the concentration of model initial
glucose solutions differed by three orders of magnitude. In the course of
photocatalytic studies, it was found that samples of pure TiO, exhibit a certain
photocatalytic activity, but the highest degree of decomposition did not exceed 54%.
Compared with them, the composites activated carbon — TiO, showed a significantly
higher photocatalytic activity in this process.

In the study of the adsorption activity of composites in the process of
removing dyes, in order to establish the adsorption regularities, the kinetic relation
of adsorption were mathematically processed using kinetic models of pseudo-first
and pseudo-second orders. It has been found that the adsorption of methylene blue
1s best described by a pseudo-second order model, which indicates that the chemical

exchange reaction limits the entire adsorption process. The adsorption of orange-



yellow S is better described by the pseudo-first order model, and this indicates that
the adsorption of this dye is limited by its diffusion in the pores of the adsorbent.

It was found that in the case of the adsorption of methylene blue, the most
effective sample of the composite AB-TiO; (oc), for which the degree of extraction
was 90%. Among the samples obtained by variations of the low-temperature
hydrolysis method, the highest efficiency was observed for the AB-TiO,(15F)
sample, it was 70%. Only these two samples turned out to be more effective than the
original activated carbon, for which the degree of adsorption of methylene blue from
solution was 65%. Evonik AEROXIDE® TiO, P25 showed very low adsorption
capacity for all pollutants tested.

In the case of orange-yellow S, high degrees of adsorption recovery were
achieved, but they did not exceed the values obtained using activated carbon. The
highest recovery was achieved using a composite sample modified with F in the ratio
Ti: F=1:15.

In the study of the adsorption of diclofenac sodium, all samples demonstrated
high efficiency, the recovery rate exceeded 60% for all samples.

Investigation of the photocatalytic activity of the synthesized composites in
the process of photocatalytic decomposition of the listed model pollutants was
carried out using UV sources with a power of 8 and 24 W. According to the radiation
power of 8 W for composites AB-Ti02(ng), AB-Ti0,(2F), AB-TiOx(7F) and AB-
TiO,(15F), the achieved dye decomposition rates are significantly lower than the
efficiency at an intensity of 24 W. The most significant dependence on the radiation
intensity was observed for the AB-Ti02(ng) composite, for which an increase by 50-
70% in the dye decomposition efficiency was achieved.

The scientific novelty of the work 1s as follows. For the first time, using a

precursor titanium (III) sulfate by a sol-gel method, a photocatalyst titanium (IV)



oxide and an adsorbent photocatalyst activated carbon — TiO, were synthesized and
their complete characterization was carried out.

A laboratory procedure has been developed for the synthesis of a photocatalyst
titanium (IV) oxide and an adsorbent-photocatalyst activated carbon — TiO, by a sol-
gel method from a precursor titanium (I11) sulfate.

It was established for the first time that during the synthesis of TiO; from the
precursor of titanium (II1) sulfate by precipitation, an exclusively amorphous phase
is formed; during its hydrolysis, a structure consisting of brookite, rutile and
amorphous TiO; is formed; and only low-temperature hydrolysis in the presence of
the dopant potassium fluoride leads to the formation of a pure modification of
anatases.

The expediency of using synthesized adsorbents and photocatalysts in
wastewater treatment processes from organic pollutants such as dyes and
pharmaceutical substances has been proven, and they can be recommended for use
in adsorption and photocatalytic treatment of pharmaceutical wastewater.

Scientific provisions, as well as the results of experimental studies were used
in the development of a new theoretical section and two new laboratory works on
the discipline "Adsorption, adsorbents and catalysts based on them" for masters of
ONP and OPP in specialty 161 "Chemical technology and engineering" of the
Department of Inorganic Substances Technology, Water Treatment and General
Chemical Engineering of National Technical University of Ukraine “Igor Sikorsky
Kyiv Polytechnic Institute™.

It has been proven that TiO,-based photocatalyst adsorbents synthesized by
low-temperature hydrolysis of titanium (III) sulfate are effective in the processes of
adsorptive removal and photocatalytic decomposition of dyes and pharmaceutical
substances. It has been established that they can be recommended for use in

pharmaceutical wastewater treatment technologies.
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