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OSWIADCZENIE
Autor rozprawy doktorskiej: mgr inz. Izabela Malinowska

Ja, nizej podpisany(a), oswiadczam, iz jestem $wiadomy(a), ze zgodnie z przepisem art. 27
ust. 1i 2 ustawy z dnia 4 lutego 1994 r. o prawie autorskim i prawach pokrewnych (t.j. Dz.U. z
2021 poz. 1062), uczelnia moze korzysta¢ z mojej rozprawy doktorskiej zatytutowanej:

NANOMATERIALY O WEASCIWOSCIACH MAGNETYCZNYCH, FOTOKATALITYCZNYCH,
BIOBOJCZYCH.

do prowadzenia badan naukowych lub w celach dydaktycznych.l

Swiadomy(a) odpowiedzialnosci karnej z tytutu naruszenia przepiséw ustawy z dnia 4 lutego
1994 r. o prawie autorskim i prawach pokrewnych i konsekwencji dyscyplinarnych okreslonych
w ustawie Prawo o szkolnictwie wyzszym i nauce (Dz.U.2021.478 tj.), a takze
odpowiedzialnosci cywilno-prawnej oswiadczam, ze przedktadana rozprawa doktorska zostata
napisana przeze mnie samodzielnie.

Oswiadczam, ze tres¢ rozprawy opracowana zostata na podstawie wynikéw badan
prowadzonych pod kierunkiem i w Scistej wspoétpracy z promotorem dr hab. inz. Anng Zielifiska
— Jurek.

Niniejsza rozprawa doktorska nie byta wczesniej podstawg zadnej innej urzedowej procedury
zwigzanej z nadaniem stopnia doktora.

Wszystkie informacje umieszczone w ww. rozprawie uzyskane ze zrodet pisanych
i elektronicznych, zostalty udokumentowane w wykazie literatury odpowiednimi odnosnikami,
zgodnie z przepisem art. 34 ustawy o prawie autorskim i prawach pokrewnych.

Potwierdzam zgodno$¢ niniejszej wersji pracy doktorskiej z zatgczong wersjg elektroniczng.

Gdanisk, dnia ..34.¢0. 2023 N 4 /%Z‘maud/o\

podpis doktoranta

Ja, nizej podpisany(a), wyrazam zgode/nie wyrazam zgody* na umieszczenie ww. rozprawy
doktorskiej w wersji elektronicznej w otwartym, cyfrowym repozytorium instytucjonalnym
Politechniki Gdanskiej.

Gdarisk, dnia .34.(0. £23... S A A i

podpis doktoranta

L Art. 27. 1. Instytucje o$wiatowe oraz podmioty, o ktdrych mowa w art. 7 ust. 1 pkt 1, 2 i 4-8 ustawy z dnia 20 lipca 2018 r. —
Prawo o szkolnictwie wyzszym i nauce, mogg na potrzeby zilustrowania tresci przekazywanych w celach dydaktycznych lub w
celu prowadzenia dziatalnosci naukowej korzystaé z rozpowszechnionych utworéw w oryginale i w ttumaczeniu oraz
2. W przypadku publicznego udostepniania utworéw w taki sposéb, aby kazdy mogt mie¢ do nich dostep w miejscu i czasie
przez siebie wybranym korzystanie, o ktéorym mowa w ust. 1, jest dozwolone wytgcznie dla ograniczonego kregu osob
uczacych sie, nauczajacych lub prowadzgcych badania naukowe, zidentyfikowanych przez podmioty wymienione w ust. 1.
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Stowa kluczowe rozprawy doktorskiej w jezyku polskim: nanomaterialy, degradacja
farmaceutykéw, biobodjczosé, powierzchnie samoczyszczace

Stowa kluczowe rozprawy doktorskiej w jezyku angielskim: nanomaterials, degradation of
pharmaceuticals, biocide, self-cleaning surfaces

Streszczenie rozprawy w jezyku polskim:

Tematyka badawcza pracy doktorskiej obejmuje preparatyke i charakterystyke
nanomateriatébw o wtasciwosciach magnetycznych, fotokatalitycznych, biobdjczych. Celem pracy byta
preparatyka nanomateriatébw na bazie TiO, oraz ZnFe,O, oraz zastosowanie nanokompozytéw w
fotokatalizie heterogenicznej do degradacji ksenobiotykéw niepodatnych na rozktad biologiczny i
otrzymywania funkcjonalnych materiatow budowlanych. Otrzymane nanokompozyty
scharakteryzowano za pomocg analizy powierzchni wtasciwej BET wraz z objetoscig poréw, analizy
rentgenograficznej XRD, analizy petli histerezy magnetycznej oraz analizy mikroskopii elektronowej
STEM. Otrzymane nanomateriaty = charakteryzujg sie  wlasciwosciami  magnetycznymi,
fotokatalitycznymi, biobdjczymi. Taka hybrydowo$¢ wiasciwosci pozwala na zastosowanie
opisywanych materiatéw jako fotokatalizatoréw oraz dodatkéw do powszechnie znanych powiok
ochronno-dekoracyjnych w celu nadania im nowych hybrydowych wtadciwosci.

Streszczenie rozprawy w jezyku angielskim:

The main aim of the doctoral dissertation was the preparation and characterization of
nanomaterials with magnetic, photocatalytic and biocidal properties, with particular emphasis on TiO,
and ZnFe,O, compounds, which can be applied in heterogeneous photocatalysis for the degradation
of xenobiotics not susceptible to biodegradation. The obtained nanocomposites were characterized by
specific surface area and pore volume analyses, X-ray diffraction analysis, magnetic hysteresis loop
analysis, and STEM microscopy analyses. The obtained nanomaterials were characterized by
magnetic, photocatalytic and biocidal properties. This hybridity of properties allows the described
materials to be used as photocatalysts for the degradation of persistent organic pollutants and as
modifiers of commonly known protective and decorative coatings with self-cleaning, biocidal and
magnetic properties.
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naukowego rozwoju oraz wszystkie cenne rady w trakcie wspdinej naukowej podrozy.
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Dysertacja doktorska stanowi cykl pieciu powigzanych tematycznie oryginalnych prac
tworczych w zakresie syntezy, charakterystyki i zastosowania nowych hybrydowych nanomateriatow
na bazie TiO,, ktére charakteryzujg sie wiasciwosciami magnetycznymi, biobdjczymi oraz
fotokatalitycznymi, opublikowanych w czterech czasopismach z listy JCR o sumarycznym IF= 21.67
oraz jednym rozdziale monografii naukowej. Ponadto, osiggniecie naukowe udokumentowano

rozwigzaniami technicznymi stanowigcymi tres¢ pieciu krajowych zgtoszen patentowych.

Cykl trzech zgtoszen patentowych dotyczgcych sposobu otrzymywania i zastosowania
kompozytéw trzyfunkcyjnych bio-foto-magnetycznych do wytwarzania powlok ochronnych
i dekoracyjnych o wiasciwosciach biobdjczych, magnetycznych i samooczyszczajgcych zostat
wyrézniony nagrodg specjalng Marszatka Wojewodztwa Swietokrzyskiego w konkursie Student
Wynalazca. Kompozycja zostata takze nagrodzona srebrnym medalem na Miedzynarodowej
Warszawskiej Wystawie Wynalazkow. Za catoksztalt pracy naukowej otrzymatam w konkursie

EKOinnowator 2022 nagrode gtéwng, w kategorii Doktorant-Innowator.
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WYKAZ SKROTOW | SYMBOL|

BET - powierzchnia wtasciwa wyznaczona z réwnania Brunauer'a, Emmett'a i Tellera [mZ/g]
P25 - TiO, komercyjny, Evonik

uv - promieniowanie ultrafioletowe (zakres 10-400 nm)

VIS - promieniowanie widzialne (zakres 400-800 nm)

XRD - rentgenografia strukturalna

am - pojemnos¢ monowarstwy adsorpcyjnej

B - indukcja magnetyczna [T]

E - energia [eV]

E, - energia pasma wzbronionego [eV]

H - natezenie zewnetrznego pola magnetycznego [A/m]
hv - dtugo$c fali swietlnej [nm]

K - stata rownowagi adsorpcji

M - moment magnetyczny [emu/g]

R - wspotczynnik proporcji stezenia wody do surfaktantu w uktadzie mikroemulsyjnym [-]
A - dtugosc¢ fali [nm]

X - ci$nienie wzgledne w zakresie 0,04-0,05

11
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.  WPROWADZENIE

Fotokataliza to proces, ktory zachodzi przy udziale promieniowania elektromagnetycznego.
Zwigzki, ktoére pochtaniajg kwant promieniowania, ulegajg aktywacji i tym samym inicjujg reakcje
chemiczne, jednoczesnie nie zuzywajgc sie w trakcie procesu nazywane sg fotokatalizatorami. Sg to
materiaty potprzewodnikowe, takie jak: ZnO, CeO,, SnO,, ZrO,, a-Fe,O; WO; oraz TiO, [1].
Pasmowa budowa pétprzewodnikéw decyduje o ich zdolnosci do fotoaktywacji. Niskoenergetyczne
pasmo walencyjne oraz wysokoenergetyczne pasmo przewodnictwa oddzielone sg od siebie pasmem
wzbronionym. Poiprzewodniki charakteryzujg sie najczesciej szerokoscig pasma wzbronionego w
zakresie od 1 do 3 eV. Absorpcja fotonu powoduje, ze z catkowicie zapetnionego pasma
walencyjnego zostaje wybity elektron do nieobsadzonego pasma przewodnictwa. W miejscu
wzbudzonego elektronu w pasmie walencyjnym powstaje luka elektronowa (tzw. dziura elektronowa),
czyli nieobsadzony poziom energetyczny, zachowujgcy sie jak dodatni nosnik fadunku elektrycznego.
Jednoczes$nie zachodzi dyfuzja regentdéw z fazy ciggtej do powierzchni fotokatalizatora, co powoduje
adsorpcje minimum jednego reagenta na powierzchni fotokatalizatora. Powstate nosniki tadunku moga
migrowac¢ na powierzchnie fotokatalizatora i bra¢ udziat w reakcjach utleniania i redukciji zwigzkéw
chemicznych zaadsorbowanych na powierzchni pétprzewodnika [1,2]. Ostatnim etapem jest desorpcja
produktéw oraz ich usuniecie z przestrzeni reakcyjnej [3]. Na Rysunku 1 przedstawiono schemat
procesu fotokatalizy zachodzgcego na powierzchni najczesciej stosowanego w procesie fotokatalizy
heterogenicznej potprzewodnika.

0,
Tio, FOTOREDUKCJA
pasmo przewodnictwa (g”
N

1 02

1

! 3,2eV

Eg
! H,0
1

- ¥
pasmo walencyjne ‘h

FOTOUTLENIANIE
"OH
Rys. 1. Schemat procesu fotokatalizy zachodzgcego na powierzchni TiO, [opracowanie wtasne]

Jednym z najczesciej stosowanych poétprzewodnikow w reakcji degradacji zanieczyszczen
organicznych, zaréwno w fazie wodnej, jak i gazowej jest tlenek tytanu(lV). Charakteryzuje sie on
wysokim potencjatem utleniajgcym zanieczyszczeh organicznych oraz wykazuje stabilnos¢ w
szerokim zakresie pH.

W fotokatalizie heterogenicznej na granicy faz powietrze/woda/ciato state transport masy
uzalezniony jest od powierzchni kontaktu miedzyfazowego. Kiedy fotokatalizator jest zdyspergowany
w postaci zawiesiny, odpowiednig powierzchnie kontaktu miedzyfazowego mozna osiggng¢ poprzez
rozdrobnienie czgstek do rozmiarédw nanometrycznych, napowietrzanie oraz mieszanie uktadu [4].

Istotnym parametrem decydujgcym o efektywnosci reakcji fotokatalitycznej i adsorpcji reagentéw na

12
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powierzchni potprzewodnika jest stopien rozwiniecia powierzchni wiasciwej fotokatalizatora, ktdra
wpltywa wzrost efektywnosci adsorpcji zanieczyszczen i moze przyczyniaé sie do wzrostu aktywnosci
fotokatalitycznej. Jednoczesnie zbyt duze rozwiniecie powierzchni wiasciwej fotokatalizatora moze
wpltywac na liczbe defektéw krystalicznych sprzyjajgcych rekombinacji elektronéw i dziur [4].

Wymiarowos$¢é, a zatem struktura przestrzenna zwigzku chemicznego jest jednym =z
kluczowych parametréw determinujgcych jego witasciwosci fizykochemiczne. Ten sam zwigzek
chemiczny moze wykazywac inne wiasciwosci w zaleznosci od struktury krystalicznej OD (zero-
wymiarowej), 1D (jedno-wymiarowej), 2D (dwu-wymiarowej) lub 3D (tréj-wymiarowej) [5-8].
Warstwowe struktury od dawna prébowano rozdzieli¢ na pojedyncze warstwy atomowe. Do tej pory
wiekszo$¢ badan koncentrowata sie na chemicznej eksfoliacji silnie warstwowych materiatow, a
zwtaszcza interkalowanego grafitu [9]. Struktury quasi-OD, quasi-1D oraz 3D sg dobrze poznane,
natomiast w ostatnich latach szczegdlne zainteresowanie budzg struktury 2D, ze wzgledu na wysokie
rozwiniecie powierzchni [6,8], unikalne wtasciwosci optyczne [10-11], elektroniczne [12], katalityczne
[13] oraz mechaniczne [14].

Tlenek grafenu nalezy do materiatdw dwuwymiarowych, ktéry w ostatnim czasie cieszy sie
ogromnym zainteresowaniem z uwagi na wysokg zdolnosé adsorpcji zwigzkéw organicznych poprzez
silne oddziatywania -1 oraz w potgczeniu z pétprzewodnikiem obserwowang obnizong rekombinacje
par elektron-dziura [15]. Wytworzenie nanokompozytu typu TiO,-GO wptywa na wzmocnienie
aktywnosci fotokatalitycznej tlenku tytanu(lV). Najwiekszy wzrost aktywnos$c¢ fotokatalitycznej dla TiO,
zaobserwowano dla uktadoéw hybrydowych, w ktérych zawartosé GO stanowita maksymalnie 2% wag.
w stosunku do catego ukfadu [16].

Fotokataliza to jedna z najbardziej nowoczesnych metod oczyszczania srodowiska wodnego,
jak i powietrza z zanieczyszczenh zaréwno organicznych, jak i nieorganicznych.

Zastosowanie TiO, w skali technologicznej wigze sie jednak z pewnymi ograniczeniami
zwigzanymi z aktywnos$cig fotokatalizatora w zakresie promieniowania UV. Z uwagi na szerokos¢
przerwy energetycznej, wynoszgcej w zakresie 3,1 eV - 3,2 eV, do wzbudzenia czgstki TiO,
i zainicjowania szeregu przemian fotochemicznych stosowane jest promieniowanie UV, ktére z punktu
widzenia ekonomicznego generuje wysokie koszty zwigzane ze stopniem konwersji energii Swietlnej w
energie cieplng. Ponadto nie mozna wykorzysta¢ promieniowania stonecznego, gdyz zaledwie 3-5%
promieniowania stonecznego stanowi promieniowanie UV. Aby zwiekszy¢ fotoaktywnos¢ TiO, w
szerszym zakresie spektrum promieniowania stonecznego, stosuje sie domieszkowanie oraz
modyfikacje powierzchni fotokatalizatora. W literaturze opisywane jest domieszkowanie
potprzewodnika jonami metali przejSciowych, takich jak: zelazo, chrom, nikiel, wanad, mangan [4,17];
domieszkowanie niemetalami: jodem, azotem, borem, siarkg weglem, fosforem, fluorem [18-20],
modyfikacje powierzchni metalami szlachetnymi: ztotem, srebrem, platyna, palladem [21-24],
modyfikacje innymi potprzewodnikami, ktérych szerokos¢ pasma wzbronionego jest mniejsza niz 3,2
eV [25] oraz sensybilizacje barwnikami [26].

Kolejnym wyzwaniem technologicznym do prowadzenia procesu fotokatalizy w powigkszone;j
skali jest separacja fotokatalizatora po procesie oczyszczania. Do separacji fotokatalizatora

stosowane sg obecnie metody ultrafiltracji, koagulacji z flokulacjg czastek, sedymentacja, separacja w
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polu sit odsrodkowych oraz separacja membranowa. Wymienione wyzej metody sg zaréwno
energochtonne, jak i kosztowne. Rozwigzaniem problemu separacji moze byé zastosowanie TiO,
immobilizowanego na nosniku statym. Tlenek tytanu(lV) w formie nanoczastek osadzono na staltym
podtozu m.in. stosujac wegiel aktywowany, szkio, piasek, widkna optyczne, ceramike, zeolity za
pomocg metody zanurzeniowo-wynurzeniowej [27]. Metoda ta opiera sie na kontrolowanym
zanurzeniu podioza w zawiesinie fotokatalizatora. Takie osadzenie tlenku tytanu(lV) na statym
podtozu prowadzi jednak do obnizenia aktywnosci fotokatalitycznej, ktdra wynika ze zmniejszenia
powierzchni  kontaktu fotokatalizator -  zanieczyszczenie. Dodatkowo, na powierzchni
immobilizowanego fotokatalizatora mogg osadzaé¢ sie inne produkty uboczne, ktére obnizajg
aktywnos$¢é fotokatalityczng. Podczas procesu fotokatalizy, przy zastosowaniu takich nosnikow
dochodzi rowniez do $cierania warstwy fotokatalizatora (abrazji), co rowniez wptywa na mniejszg
wydajnos¢ procesu technologicznego. Rozwigzaniem problemu zwigzanego z separacjg
fotokatalizatora jest modyfikacja struktury fotokatalizatora materiatem magnetycznym, co pozwoli na
separacje fotokatalizatora w zewnetrznym polu magnetycznym. Nanoczgstki magnetyczne w
potgczeniu z fotokatalizatorami sg separowane za pomocg zewnetrznego pola magnetycznego oraz
poddawane recyklingowi. W tym celu najczes$ciej stosowane sg ferryty spinelowe, ktére charakteryzujg
sie wysokg saturacjg magnetyzacji M i niskg wartoscig koerciji [28].

Ferryty spinelowe opisywane sg ogélnym wzorem AB,O,. W podstawowym spinelu AB,Oy,
A stanowi dwuwartosciowy kation zajmujgcy miejsca czworoscienne, podczas gdy B jest
trojwartoSciowym kationem zajmujgcym miejsca oktaedryczne. W spinach odwrotnych potowa
kationdw B zajmuje miejsca czworoscienne, a wzér jest przepisywany jako B [AB] O, [29]. Ferryty
spinelowe sg interesujgcymi materiatami dielektrycznymi ze wzgledu na wiasciwosci magnetyczne, w
potgczeniu z wysokg stabilnoscig chemiczng i termiczng. Ferryty spinelowe stosowane sg w wielu
gateziach przemystu. Produkcja ferrytéw spinelowych rosnie z roku na rok, a ich zastosowania sg
coraz szersze [30]. Juz w latach 70 ubiegtego wieku zwigzki te stanowity elementy anten radiowych,
filtrow szumoéw czy modutéw transformatoréw. W ostatnich latach ferryty spinelowe o rozmiarach
nanometrycznych cieszg sie ogromnym zainteresowaniem z uwagi na nowe, unikalne wiasciwosci
czgstek w poréownaniu z materiatem makroskopowym [31]. Nanoczastki ferrytow spinelowych
wykazujg wiasciwosci superparamagnetyczne. W superparamagnetykach nie wystepuje zjawisko
remanencji. Po odjeciu zewnetrznego pola magnetycznego traca magnetyzacje, wynika to z
usrednienia momentéw magnetycznych pojedynczych krystalitow. Zjawisko to jest warunkowane
anizotropig magnetyczng, zalezng od sktadu chemicznego, struktury krystalicznej oraz morfologii
materiatu [32].

Nanometryczne ferryty spinelowe znalazty zastosowanie w branzy elektronicznej do produkcji
stuchawek bezprzewodowych, twardych dyskéw, komputeréw, termoztgczy czy czesci
samochodowych. Jednym z nowych zastosowan ferrytéw spinelowych jest produkcja magnetycznych
czesci silnika pradu statego z napedem elekirycznym. Zastosowanie magneséw ferrytowych w
samochodach napedzanych elektrycznie sg wysoce oczekiwane, chociaz istnieje wiele wyzwan

technologicznych zwigzanych z tg aplikacja.
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Obecnie prowadzone sa rowniez badania nad zastosowaniem ferrytéw do takich proceséw jak
transformacja energii stonecznej na energie z wodoru za pomocg ferrytéw spinelowych jako
katalizatoréw oraz rozktad termiczny NO,. Ferryty spinelowe cieszg sie rowniez zainteresowaniem w
bioinzynierii do produkcji ultrasonograficznych srodkéw kontrastowych [30]. W ostatnich latach coraz
czesciej proponowane jest zastosowanie kompozytéw o wiasciwosciach magnetycznych jako
fotokatalizatoréw, ktére fatwo mozna podda¢ separacji z zawiesiny reakcyjnej po procesie
fotodegradaciji [28].

Do gtéwnych zastosowan procesu fotokatalizy naleza: syntezy zwigzkéw organicznych
(kataliza fotoredoksowa), ochrona $rodowiska (procesy oczyszczanie wody i powietrza), chemia
medyczna (synteza zwigzkéw farmaceutycznych), sztuczna fotosynteza (redukcja CO,), generowanie
H, oraz do przeprowadzania reakcji stereoselektywnych.

Wraz z rozwojem wspotczesnego Swiata stale ro$nie zapotrzebowanie na réznego rodzaju
farmaceutyki, ktére pozwalajg czlowiekowi na walke z infekcjami uktadu immunologicznego. Produkcja
powszechnie uzywanych farmaceutykdéw wzrasta, kazdego roku uzywa sie tysigce ton substancji
aktywnych, aby sprosta¢ zapotrzebowaniu rynku farmaceutycznego. Ogromnym problemem
srodowiskowym jest degradacja substancji aktywnych do prostych zwigzkéw podatnych na
biodegradacje. W niezmienionych formach substancje aktywne przedostajg sie do sSrodowiska
kumulujgc sie w wodach. Jest to nie tylko problem lokalnych srodowisk, w ktérych wystepujg zaktady
produkujgce  ksenobiotyki, lecz problem globalny, poniewaz niewlasciwe utylizowanie
przeterminowanych farmaceutykéw réwniez przyczynia sie do ich kumulacji w $rodowisku.

Niektére z powszechnie stosowanych farmaceutykéw, w tym lekéw z grupy przeciwbdlowych
i przeciwgorgczkowych (paracetamol, ibuprofen, diklofenak, ketoprofen, etodolak, naproksen) oraz
przeciwpadaczkowych (karbamazepina) nie sg podatne na degradacje biologiczng. Rozktad tych
zwigzkow jest obecnie znaczgcym problemem srodowiskowym, poniewaz farmaceutyki te przechodzg
przez cykl biologicznego oczyszczania w niezmienionej postaci i sg wykrywane w szerokim zakresie
stezeh od 5 do 3500 ng/dmsw jeziorach, rzekach, wodach powierzchniowych oraz oczyszczalniach
Sciekéw. W zwigzku z tym, degradacja farmaceutykdw niepodatnych na rozkiad biologiczny jest
waznym wyzwaniem srodowiskowym.

W tym odniesieniu, pozgdane sg modyfikacje dobrze znanych i zbadanych pétprzewodnikow,
takich jak TiO, czy ZnO, tak aby uzyska¢ nowe hybrydowe fotokatalizatory o zwiekszonej szybkosci
przemiany chemicznej zwigzanej z efektywng separacja nosnikow tadunku i wytwarzaniem
reaktywnych form tlenu w $rodowisku reakcji. Modyfikacje majg stawi¢ czota wyzwaniom
technologicznym zwigzanym z separacjg oraz odzyskiem fotokatalizatora po procesie oczyszczania,
zapewni¢ wiekszg aktywnos¢ fotokatalityczng w zakresie promieniowania w $wietle widzialnym oraz
determinowa¢ dodatkowe unikalne wiasciwosci fizykochemiczne. Otrzymanie nowych hybrydowych,
zielonych fotokatalizatorow o witasciwosciach zarbwno magnetycznych, biobdjczych, jak i wysokiej
aktywnosci fotokatalitycznej, pozwalajgcych na efektywng degradacje zanieczyszczen organicznych
niepodatnych na rozkfad biologiczny stanowi istotny cel Srodowiskowy.

W dobie pandemii Covid-19 $Swiat zatrzymat sie, przestaly pracowaé fabryki, zamknieto wiele

zakladoéw przemystowych i instytucji uzytku publicznego. Ekspansja wirusa Sars-CoV-2 wywrdcita
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gospodarke Swiatowg, wptywajgc na otaczajgcg nas rzeczywistos¢, ale przede wszystkim
uswiadamiajgc, ze wszyscy jesteSmy narazeni na zakazenie i rozprzestrzenianie sie mikroorganizméw
chorobotwérczych. Nie tylko powietrze jakim oddychamy wptywa na nasze zdrowie, ale réwniez
powierzchnie np. $ciany, urzgdzenia, meble, ktérych nieswiadomie dotykami kilka razy na godzine.
Szczegodlnie na powierzchniach w obrebie miejsc publicznych, ktére sg czesto zattoczone, takie jak
szpitale, szkoty, biura, galerie handlowe czy komunikacja miejska sg miejscem najszybszego rozwoju
mikroorganizméw chorobotworczych [33]. Czeste dezynfekcje takiego rodzaju powierzchni nie sg
mozliwe, dlatego rozwigzaniem tego problemu jest opracowanie nowych warstw ochronnych, ktére
niszcza lub blokujg rozwdj wiruséw, bakterii i grzybow. W tym odniesieniu, tlenek cynku (II) stanowi
tani i obiecujgcy zwigzek o wlasciwosciach biobdjczych oraz fotokatalitycznych, bezpieczny dla ludzi i
zwierzat, szeroko stosowany w farmacji [34] oraz kosmetologii [35].

Zastosowanie hybrydowych powtok ochronno-dekoracyjnych w budynkach uzytecznosci
publicznej wptynie na zahamowanie rozpowszechnianie sie patogendéw chorobotwdrczych i pozwoli na
efektywne oczyszczanie powierzchni.

Odpowiedni dobdr zwigzkéw chemicznych, z uwzglednieniem ich struktury przestrzennej oraz
modyfikacji zwigzkami cynku, tytanu oraz wegla pozwoli na uzyskanie nowych nanomateriatéow o
wiasciwosciach fotokatalitycznych, biobdjczych, magnetycznych, ktére mozna stosowac jako
fotokatalizatory do degradacji uporczywych zanieczyszczeh organicznych oraz otrzymywania powtok
ochronnych i materiatéw budowlanych. Obecnie na rynku budowlanym brakuje produktéw o takiej

potréjnej funkcjonalnosci.
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II. CELIZAKRES PRACY

Celem pracy doktorskiej jest opracowanie sposobu otrzymywania i charakterystyka
nanomateriatéw o wtasciwosci biobdjczych, magnetycznych, fotokatalitycznych.

Zakres rozprawy doktorskiej obejmuje analize wtasciwosci fizykochemicznych oraz aktywnosci
fotokatalitycznej otrzymanych fotokatalizatoréw hybrydowych do degradacji zanieczyszczen
organicznych, w tym substancji farmaceutycznych — ibuprofenu oraz etodolaku, niepodatnych na
rozktad biologiczny pod wptywem promieniowania UV i vis. Zbadano mechanizm degradacji oraz
zidentyfikowano najwazniejsze produkty posrednie degradacji oraz okreslono wplyw reaktywnych form
tlenu na efektywno$¢ degradaciji zanieczyszczenh farmaceutycznych.

Zakres rozprawy doktorskiej obejmuje réowniez zastosowanie nanokompozytéw typu TiO,-
SiO,-ZnFe,0, 0 stechiometrycznej i niestechiometrycznej zawartosci atomoéw Fe do Zn do modyfikacji
farby akrylowej, co pozwala na otrzymanie nowych hybrydowych powtok ochronno-dekoracyjnych
0 wiasciwosciach samoczyszczacych, biobdjczych oraz magnetycznych.

Ponadto, otrzymane nanokompozyty typu 2DTiO,-GO-M oraz 2DTiO,-M, gdzie M= Zn lub
ZnO zastosowano do modyfikacji gtadzi szpachlowej, co pozwala na otrzymanie nowych hybrydowych

materiatdw budowlanych o wiasciwosciach samoczyszczacych oraz biobojczych.
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.  TEZY PRACY

Na podstawie omowienia literatury przedmiotu oraz wstepnych badarn wilasnych zostaty

sformutowane nastepujgce tezy pracy:

1. Modyfikacja syntezy ferrytu spinelowego, z niestechiometryczng zawarto$cig atoméw zelaza

do cynku, wptynie na wzrost wiasciwosci biobojczych ZnFe,Oy;

2. Synteza struktury 2D TiO, oraz modyfikacja struktury TiO, tlenkiem grafenu i zwigzkami cynku
pozwoli na uzyskanie hybrydowych nanokompozytow o zwiekszonej aktywnosci

fotokatalitycznej oraz wysokiej aktywnosci biobojczej;

3. Zastosowanie nanokompozytéw na bazie TiO,, 2D TiO,, GO, ZnO do modyfikacji materiatéw
budowlanych, pozwala na uzyskanie nowych produktéw o wtasciwosciach samoczyszczgcych,

magnetycznych i biobdjczych;

4. Modyfikacja kompozytu na bazie TiO, za pomocg ferrytu cynkowego umozliwia separacje

magnetyczng fotokatalizatora po procesie fotokatalitycznej degradacji w fazie wodne;.
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IV.  MATERIALY | METODY BADAWCZE

IV.1. Preparatyka nanomateriatow

Wszystkie metody syntezy sg szczegdtowo opisane w zatgczonych publikacjach naukowych
[A1] - [A5], ktére wchodzg w sktad dysertacji doktorskie;j.

Preparatyka ferrytu cynkowego o niestechiometrycznej zawartosci Fe:Zn

W celu otrzymania niestechiometrycznego ferrytu cynkowego, rozpuszczono sole metali
FeS0O,7H,0 i ZnCl, w niestechiometrycznej proporcji molowej 1:2 (Fe:Zn) i 1:1,5 (Fe:Zn). Nastepnie
metale wytrgcono z jednorodnego roztworu przez dodanie 5 M NaOH w temperaturze pokojowej,
korygujgc wartos¢ pH do 10. Mieszanine reakcyjng poddano reakcji hydrotermalnej w autoklawie w
temperaturze 200°C przez 5 godzin. Nastepnie staty produkt odseparowano w polu magnetycznym,
kilkukrotnie przemywajgc woda dejonizowang i wysuszono do statej masy. Proponowana metoda
syntezy pozwala na otrzymanie nanokompozytéw hybrydowych o rozmiarach nanometrycznych,

zawierajgcych w strukturze ZnFe,O,4 oraz ZnO.
Preparatyka nanokompozytéw magnetycznych 2D TiO,-GO-ZnFe,0,

Siarczan tytanylu TiOSO, (Sigma Aldrich) rozpuszczono w wodzie dejonizowanej (DI-H,0),
jednoczesnie ogrzewajgc roztwoér do temperatury 35°C. Nastepnie catos¢ ochtodzono do temperatury
0°C przy uzyciu tazni lodowej. W celu wirgcenia osadu dodano roztwér wody amoniakalnej do pH 8.
Otrzymany osad przemyto kilkukrotnie wodg dejonizowang, odwirowano i ponownie zdyspergowano w
DI-H,0. Nastepnie do zawiesiny dodano roztwor nadtlenku wodoru. Po dodaniu 30 cm® H,0, doszio

do obnizenie pH z 8 do 2 i zmiany koloru zawiesiny z biatej na z6tta.

a) b)

Rysunek 2. Na rysunku przedstawiono a) zamrozony peroksytytanowy zel, b) zliofilizowany prekursor
2D TiOs,.

Zawiesine mieszano przez 30 minut w temperaturze pokojowej do powstania klarownego

roztworu, ktéry poddano starzeniu przez 48 godzin w temperaturze 3°C w celu utworzenia z6itego

zelu, ktéry nastepnie zamrozono przez wkroplenie go do ciekltego azotu i przeniesiono do liofilizatora.
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Proces liofilizacji prowadzono w temperaturze - 74°C pod cisnieniem 0,003 mbar. Liofilizowany
materiat kalcynowano w 700 °C przez 1 godzine, gotowy produkt to arkusze 2D TiO,.

Nastepnie, tlenek grafenu (Sigma Aldrich), zdyspergowano w mieszaninie alkoholu etylowego
(EtOH) i wody dejonizowanej (DI-H,0). Tak przygotowany roztwoér poddano dziataniu ultradzwiekow
przez 30 minut w celu izolacji warstw grafitu. Nastepnie dodano 2D TiO, (przygotowany zgodnie z
powyzszg procedurg). Catos¢ mieszano i umieszczono w autoklawie ze stali nierdzewnej wytozonej
teflonem, poddajgc reakcji hydrotermalnej w 130°C przez 6 h. Kohcowy produkt 2D TiO,-GO
odseparowano oraz kilkukrotnie przemyto mieszaning EtOH/DI-H,O. Suszono do statej masy w
temperaturze 70°C.

Nanoczastki ZnFe,O, zdyspergowano w wodzie dejonizowanej i poddano dziataniu
ultradzwiekéw przez 10 minut. Kationowy srodek powierzchniowo czynny (CTAB) rozpuszczono w
mieszaninie wody dejonizowanej i roztworu wody amoniakalnej, a nastepnie dodano ferryt cynkowy.
Po czasie 1 h dodano 2D TiO,-GO. Cato$¢é mieszano za pomocg mieszadta mechanicznego przez 24
godziny. Mieszanine reakcyjng poddano reakcji hydrotermalnej w autoklawie w 30°C przez 24
godziny. Otrzymany produkt odseparowano magnetycznie i oczyszczono kilkukrotnie woda
dejonizowang w celu usuniecia s$rodka powierzchniowo czynnego przed suszeniem w 70°C.

Otrzymany materiat kompozytowy kalcynowano w 550°C przez 3 h.

IV.2. Charakterystyka wtasciwosci fizykochemicznych
IV.2.1. Analiza aktywnosci fotokatalitycznej

W celu analizy aktywnos$ci fotokatalitycznej w reaktorze kwarcowym umieszczono 0,1 ¢
fotokatalizatora, oraz 50 cm® roztworu badanego zanieczyszczenia organicznego. Reaktor kwarcowy
zaopatrzony byt w mieszadio i umieszczony w ciemnej przestrzeni ograniczajgcej doptyw Swiatta
zewnetrznego do uktadu. Mieszanina reakcyjna byta caty czas napowietrzana VpOW,:SdeIh. Po
uptywie 30 minut, kiedy ustalit sie juz stan rownowagi reakcji bez dostepu Swiatta, pobierano prébke
,0”. Nastepnie naswietlano probki promieniowaniem z zakresu UV/vis. Calosciowy proces
naswietlania prowadzono 60 minut, przy czym co 20 minut za pomoca strzykawki pobierano 1,5 cm®
probki. Fotokatalizator separowano z zawiesiny przed oznaczeniem stezenia degradowanego zwigzku

organicznego.
IV.2.2. Analiza powierzchni wiasciwej metoda Brunauera-Emmetta-Tellera (BET)

Powierzchnie witasciwg wyznaczono metodg izotermy BET (Brunauer’a, Emmett'a i Teller'a)
wykorzystujgc aparat Micromeritics Gemini V (model 2365, Norcross, GA, USA). Analizowane probki o
masie okoto 0,3 g poddawano odgazowywaniu przez 2 godziny w temperaturze 200°C w aparacie
Micromeritics FlowPrep 060. Nastepnie wyznaczono ilos¢ zaadsorbowanego azotu na powierzchni
fotokatalizatoréw. Adsorpcja zachodzita w temperaturze 77K. Gazem nosnym w uktadzie byt hel.
Zmiany przewodnosci cieplnej gazowej mieszaniny odzwierciedlajg zmiany procesu adsorpcji oraz
desorpcji. Z wyznaczonej izotermy adsorpcji wykorzystujgcej rownanie Brunauer’a, Emmett'a i

Teller"a obliczono powierzchnie wtasciwg badanych nanomateriatéw.
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x __ 1 k-1
a(1-x) _amK amK

gdzie:
X - ci$nienie wzgledne w zakresie 0,04-0,05;
an - pojemnos¢é monowarstwy absorpcyjne;,

K - stata rownowagi adsorpcji.
IV.2.3. Analiza dyfrakcji rentgenowskiej (XRD)

Analizy dyfrakcji rentgenowskiej otrzymanych nanokompozytéw zostaly wykonane za pomoca

aparatu MiniFlex 600 firmy Rigaku. Parametry analizy:
e zakres katéw odbicia 2 Theta: 5-80°,
e predkos¢ skanowania: 1,00°/min,
e krok skanowania: 0,008°.

Wielkos¢ krystalitow czastek w kierunku pionowym do odpowiedniej ptaszczyzny sieci
okreslono za pomocag réwnania Scherrera w oparciu o skorygowang petng szerokos¢ w potowie
maksimum (FWHM) piku XRD i kata dyfrakcji. Jako metode korekcji zastosowano odejmowanie
FWHM standardu. Zawarto$¢ fazy krystalicznej i amorficznej analizowano przy uzyciu wewnetrznego
standardu (NiO, Aldrich, Niemcy).

IV.2.4. Spektroskopia rozproszonego odbicia w zakresie UV-vis (DR/UV-vis)

W celu analizy wiasciwosci absorpcji promieniowania elektromagnetycznego otrzymanych
nanoczgstek zarejestrowano widma odbicia rozproszonego (DR) przy uzyciu spektrofotometru Jasco
V-670 wyposazonego w kule integrujgcg PIN-757. Jako odniesienie uzyto BaSO,. Energie pasma
wzbronionego obliczono z odpowiedniej funkcji Kubelka — Munka, F(R), ktéra jest proporcjonalna do
absorpcji promieniowania, poprzez wykreslenie F(R)0,5E,;,0,5 wzgledem E,, gdzie Ey, to energia

fotonu.
IV.2.5. Analiza ruchliwosci elektroforetycznej w funkcji pH (pomiar potencjatu dzeta)

Badania przeprowadzono za pomocg dynamicznego rozpraszania swiatta Nano-ZS Zetasizer

(Malvern Instruments, Wielka Brytania) wyposazonego w wewnetrzny laser o mocy 4,0 mW.
IV.2.6. Spektroskopia w podczerwieni z transformatg Fouriera (FTIR)

Badania w podczerwieni (IR) czastek przeprowadzono w zakresie 500-5000 cm™ za pomoca
spektrometru podczerwieni z transformatg Fouriera (FTIR) Nicolet 8700 (Thermo) wyposazonego w

krysztat diamentu o pojedynczym odbiciu.
IV.2.7. Analiza petli histerezy magnetycznej

Zbadano wiasciwosci magnetyczne otrzymanych ferrytéw spinelowych oraz nanokompozytéw.
Magnetyczne petle histerezy zostaty wykonane przy uzyciu systemu pomiaru wtasciwosci fizycznych
(PPMS, Quantum Design, San Diego, CA, USA). Pomiary przeprowadzono w temperaturze 293K w

zakresie 0-3T.
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IV.2.8. Separacja magnhetyczna

Otrzymane nanokompozyty odseparowano magnetycznie. W celu obliczenia procentowego
odzysku fotokatalizatora, 1g MFe,0, zdyspergowano w 12 cm® wody destylowanej. Nastepnie za
pomoca zewnetrznego pola magnetyczne odseparowano nanoczgstki. Czas separacji wynosit 5

minut. Odseparowane czgstki suszono do statej masy.
IV.2.9. Skaningowa mikroskopia elektronowa (SEM)

Morfologie powierzchni fotokatalizatorow analizowano za pomocg skaningowego mikroskopu
elektronowego SEM z korelacjg Cs (High Angle Annular Dark Field, HAADF) wraz z mapowaniem
EDXS powierzchni (JEOL200F, Zaventem, Belgia).

IV.2.10. Analiza wysokorozdzielczej transmisyjnej mikroskopii elektronowej (HR-TEM)

Morfologie przygotowanych fotokatalizatoréw zbadano za pomocg wysokorozdzielczej analizy
przy uzyciu transmisyjnego mikroskopu elektronowego (HR-TEM, FEI Europe, Tencai F20 X-Twin).
Do analizy TEM czgstki 2D TiO,-GO-ZnFe,O, zostaty zdyspergowane w alkoholu etylowym i
umieszczone w fazni ultradzwiekowej na 1 minute, a nastepnie kilka kropli zawiesiny osadzono na

mikrosiatce Lacey Carbon.
IV.2.11. Analiza elektrochemicznej spektroskopii impedancyjnej (EIS)

Analize elektrochemicznej spektroskopii impedancyjnej (EIS) przeprowadzono przy uzyciu
potencjostatu-galwanostatu (system AutoLab PGStat 302N, Utrecht, Holandia) pod kontrolg
oprogramowania GPS / FRA. Jako elektrode odniesienia zastosowano Ag / AgCI (3M KCI), natomiast
jako przeciwelektrode zastosowano siatke platynowg. Widma mierzono w zakresie czestotliwosci od
20 kHz do 1 Hz przy amplitudzie 50 mV pradu przemiennego. Widma elektronowego rezonansu
spinowego (ESR/EPR) rejestrowano w temperaturze pokojowej przy uzyciu spektrometru BRUKER
ELEX-SYS (pasmo X) wyposazonego w bardzo czuty rezonator ER4122 SHQE-W1.

IV.2.12. Analiza chromatografii cieczowej LC-TOFMS

Szybkos¢ degradacji ibuprofenu mierzono jako spadek stezenia badanego zwigzku
organicznego za pomocg chromatografii cieczowej - kwadrupolowej spektrometrii mas z czasem
przelotu (LC-TOFMS). Pomiary wykonano przy uzyciu systemu LC 1200 Infinity (Agilent, USA) z DAD
(detektorem diodowym) i QTOF 6540 (Agilent, USA). Wszystkie moduty kontrolowane byly przez
MassHunter v B9.0 i B7.0 i to oprogramowanie stuzytlo do gromadzenia i przetwarzania danych. W
ostatecznej zoptymalizowanej metodzie oddzielania mozliwych produktéw ubocznych wykorzystano
kolumne Zorbax XDB-C8 (150 x 4,6 mm, 3 um). Warunki chromatograficzne byly nastepujgce:
natezenie przeptywu 0,8 cm®min™ w trybie izokratycznym, skfadajgcym sie z 60% H,O i 40%
acetonitrylu v/v, temperatura rozdzielania utrzymywana byta na poziomie 35°C, a objeto$¢ nastrzyku
wynosita 0,005 cm®. Parametry detekcji i jonizacji byty nastepujace: zbieranie danych w trybie SCAN
MS w zakresie 50-300 m/z, temperatura gazu 300°C, przeptyw gazu suszgcego 8 dm3-min™, przeptyw
gazu nebulizatora 35 psig, napiecie kapilary, fragmentatora i odpieniacza utrzymywano odpowiednio
3500, 60 60 V.
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IV.2.13. Analiza toksycznosci

Toksyczno$é poczgtkowg roztworu ibuprofenu i jego produktéw degradacji okreslono na
podstawie hamowania bioluminescencji bakterii Vibrio fischeri (Microtox Acute Reagent, Modern
Water, Wielka Brytania). Testy toksycznosci przeprowadzono przy uzyciu standardowego protokotu
Microtox Acute Toxicity Test Screening 81,9%, a luminescencje okreslono przy uzyciu Microtox Model
500 (Modern Water, Wielka Brytania).

IV.2.14. Analiza spektroskopii fluorescencyjnej

Widma  fluorescencji  fotokatalizatorow  mierzono za pomocg  spektrofotometru

fluorescencyjnego (Perkin EImer LS55).
IV.2.15. Analiza wtasciwosci antybakteryjnych

Wiasciwosci  przeciwdrobnoustrojowe okreslono przy uzyciu bakterii  Gram-ujemnych
Escherichia coli K12 (ATCC 29425) i bakterii Gram-dodatnich Staphyloccocus epidermidis (ATCC
49461). Badane mikroorganizmy hodowano w dwodch rodzajach ptynnych pozywek — bulionie
odzywczym (NB) dla E. coli i infuzji mézgowo-sercowej (BHI) dla Staphylococcus epidermidis i
inkubowano przez 24 h w temperaturze 37°C. Nastepnie hodowle testowg rozcienczono 0,85%
sterylnym roztworem buforu solankowego do koncowego stezenia w standardzie McFarlanda do
koncowego stezenia ok. 1,5 x 106 CFU/mI. Badania przeprowadzono zgodnie z normg ASTM E2149-
01.
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V. OMOWIENIE WYNIKOW BADAN

W niniejszej czesci pracy zaprezentowano wyniki prowadzonych badan ujetych w dysertac;ji
doktorskiej w postaci cyklu 5 oryginalnych prac twérczych w zakresie przedstawionych zagadnieh
badawczych, opublikowanych w 4 czasopismach z listy JCR o sumarycznym IF= 21.67, jednym
rozdziale w monografii naukowej. Ponadto, wyniki badah sg przedmiotem 5 zgtoszen patentowych.
Krétki opis prac zostat przedstawiony ponizej.

W pierwszym etapie prowadzonych badah omoéwionych w pracy [Al] skoncentrowano sie na
syntezie ferrytu spinelowego charakteryzujgcego sie najwyzszg wartoscig saturacji magnetyzaciji,
niskg remanencjg, ktére pozwalajg na efektywng separacje czastek po procesie oczyszczania
w zewnetrznym polu magnetycznym. Na podstawie przeprowadzonych badan zaobserwowano
najwyzszg wartos¢ Ms dla spinelowego ferrytu kobaltu. Dla serii otrzymanych czgstek CoFe,0O,
zbadano wptyw sity jonowej, stezenia metali, temperatury kalcynacji oraz rodzaju prekursora na
wiasciwosci magnetyczne.

W ostatnich latach nanomaterialty w postaci ferrytu kobaltu cieszg sie duzym
zainteresowaniem ze wzgledu na ich unikalne wiasciwosci elektryczne, katalityczne, magnetyczne,
optyczne i medyczne [31,36], ktére determinujg ich potencjalne zastosowania w katalizie, czujnikach
gazéw, systemach przechowywania informacji, diagnostyce i terapii medycznej [30,37-40]. Obecnie
badania skoncentrowane sg takze na zastosowaniu ferrytow kobaltu do separacji fotokatalizatorow
magnetycznych po procesach oczyszczania wody [28] i separacji bakterii [30]. Zaletg nanoczgstek
CoFe,0, jest wieksza anizotropia krystaliczna o jeden rzgd w poréwnaniu do magnetytu o tej samej
wartosci saturacji magnetyzacji. Dlatego moment magnetyczny ferrytu kobaltu relaksuje sie znacznie
wolniej niz w przypadku magnetytu lub maghemitu o podobnej wielkosci czgstek [41].

W tym odniesieniu, w niniejszych badaniach skoncentrowano sie na wiasciwosciach
magnetycznych ferrytu kobaltu otrzymywanego w procesie hydrotermalnym w temperaturach
kalcynacji w zakresie 400-800°C, przy uzyciu réznych prekursorow soli metali. Po raz pierwszy
zbadano wplyw prekursoréw metali z grupy siarczanéw, chlorkéw i azotandw oraz ich stezenia
stosowanych do syntezy nanoczgstek ferrytu kobaltu, wptyw sity jonowej, Srodowiska reakc;ji
i temperatury kalcynacji na wielko$¢, wiasciwosci strukturalne i magnetyczne nanoczagstek CoFe,0,.

Wptyw prekursoréw byt bezposrednio skorelowany z wiasciwosciami magnetycznymi. Czgstki
CoFe,0,4 z prekursoréw siarczandw metali wykazywaty najwyzsze namagnesowanie nasycenia (Ms)
wynoszgce 60 emu-g'l, najnizsze namagnesowanie remanentne (Mr) wynoszace 9 emu-g'l oraz
koercje (Hc) réwng 0,007 T. W zwigzku z tym, prekursory siarczanéw metali wykorzystano do
dalszych badan wplywu stezenia metali, sity jonowej roztworu oraz temperatury kalcynacji na
wiasciwosci fizykochemiczne czgstek CoFe,0,.

Wplyw sity jonowej badano w zakresie stezen 1,25-5 M roztworéw siarczanéw metali. Sredni
rozmiar hydrodynamiczny CoFe,O, wzrastat od 46 nm do 54 nm wraz ze wzrostem stezenia metali i
sity jonowej. Ponadto, zaobserwowano, ze koercja byta mniejsza dla czgstek otrzymanych w
roztworach o najwiekszej sile jonowej, natomiast stezenie metali i temperatura kalcynacji wptywaty na

namagnesowanie nasycenia i morfologie otrzymanych czgstek ferrytu kobaltu.
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Podsumowujgc, zaobserwowano istotny wptyw rodzaju prekursora, jego stezenia oraz sity
jonowej roztworu na morfologie i wtasciwosci magnetyczne czgstek ferrytu kobaltu otrzymanych
metodg hydrotermalng. Stwierdzono, ze skfad chemiczny prekursorow metali jest skorelowany z
wlasciwosciami magnetycznymi. Sita jonowa roztworu metali wptywa na koercje, natomiast stezenie
metali silnie wptywa na namagnesowanie nasycenia i morfologie otrzymanych czgstek ferrytu kobaltu.
W zwigzku z tym, zmiane stezenia metali, sity jonowej i temperatury kalcynacji mozna uznaé za prosta
metode optymalizacji morfologii, a w konsekwencji wiasciwosci magnetycznych czastek ferrytu
spinelowego kobaltu.

Jednoczes$nie, poszukujgc zastosowan dla otrzymanych nanomateriatéw o wiasciwosciach
magnetycznych, zwrécitam uwage na spinelowy ferryt cynku, ktéry ze wzgledu na obecnos$¢ Zn w
strukturze wykazuje dodatkowo witasciwosci biobdjcze. Otrzymane ferryty spinelowe kobaltu nie
wykazywaty wtasciwosci antybakteryjnych, ktére zbadano na szczepach bakterii Eschericha coli oraz
Staphylococcus aureus. Natomiast ferryt spinelowy cynku wykazywat strefy zahamowania wzrostu
bakterii Eschericha coli oraz Staphylococcus aureus wynoszace odpowiednio 18,9 mm oraz 11,2 mm.
W zwigzku z tym, w dalszym etapie prowadzonych badan do otrzymywania materiatow
fotokatalitycznych o wiasciwosciach magnetycznych zastosowano ferryt spinelowy cynku.

ZnFe,0, jest jednym z szeregu spineli szesciennych na bazie zelaza. Ferryt cynkowy jest
podstawowg strukturg spinelu z jonami Zn w miejscach tetraedrycznych (A) i jonami Fe w miejscach
oktaedrycznych [B]. Ze wzgledu na superaktywne oddziatywanie antyferromagnetyczne pomiedzy
jonami B-B, spinelowy ferryt cynku jest antyferromagnetyczny. Ponadto, spinelowy ferryt cynku
wykazuje wiasciwosci biobdjcze. Mandal i in. [42] potwierdzili, Ze nanoczgstki ferrytu spinelowego
cynku wykazaty podobne wtasciwosci biobdjcze do znanych antybiotykéw. Natomiast Garcia-Cruz i in.
[43] wykazali dziatanie nanoczgstek ferrytu cynku przeciwko bakteriom fitopatogennym.

ZnFe,0,4 charakteryzuje sie magnetyczng strukturg materiatu polegajgcg na antyrownolegtym
uporzadkowaniu elementarnych momentéw magnetycznych w podsieciach sieci krystalicznej.
Jednakze, gdy jest on otrzymywany w nanoskali, energia zwigzana z niskim rozmiarem czastek
sprzyja rozktadowi mieszanego kationu, w ktérym jony Zn’tiFe®” sg rozmieszczone wzdtuz miejsc A
i B, co powoduje powstanie mieszanej struktury spinelu [44]. Spinelowy ferryty cynkowy jest
paramagnetykiem w temperaturze pokojowej, wynika to z zajecia przez niemagnetyczne atomy cynku
tetraedrycznych miejsc w strukturze krystalograficznej [45].

W pracy naukowej [A2] scharakteryzowano po raz pierwszy hybrydowe farby o
wilasciwosciach biobodjczych, magnetycznych oraz samoczyszczacych. Nowe materiaty kompozytowe
na bazie ferrytu spinelowego o niestechiometrycznej zawartosci Fe do Zn, bedgce rdéwniez
przedmiotem trzech zgtoszen patentowych (UPRP) zostaly wykorzystane do otrzymywania
trojfunkcyjnej farby nowej generacji o wtasciwosciach magnetycznych, antybakteryjnych i
samoczyszczgcych. Ponadto niestechiometryczny ferryt spinelowy cynku w potgczeniu z TiO, pozwolit
na otrzymanie powierzchni o silnych wiasciwosciach biobojczych. Wiasciwosci samoczyszczgce
zbadano w reakcji degradacji barwnika — czerwieni obojetnej. Wiasciwosci samoczyszczgce farby
modyfikowanej ZnO/ZnFe,0,/SiO,/TiO, (prébka S4) przedstawiono na Rysunku 3. Po procesie

barwienia prébka charakteryzowata sie jednolicie czerwonym kolorem (Rysunek 3a). Ponadto proces
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fotodegradacji doprowadzit do skutecznej degradacji barwnika, a probka powrdcita do pierwotnego
koloru (Rys. 3b). Dostepna w handlu biata farba nie byta aktywna fotokatalitycznie. Dla probki
referencyjnej SO, stanowigcej niemodyfikowang komercyjng farbe, nie zaobserwowano fotodegradacii.
Dla prébek S1 i S2 farby modyfikowanej nanoczastkami ferrytu spinelowego cynku o
niestechiometrycznej zawartosci Fe:Zn, skuteczno$¢ degradacji barwnika wyniosta odpowiednio
47,5% i 56,6%. Najwiekszg efektywnos¢ fotodegradacji wynoszgcg 93% zaobserwowano dla probki
S4, zawierajgcej kompozyt ZnO/ZnFe,0,4/SiO,/TiO, o stosunku Fe:Zn wynoszacym 1:2. Dla prébki S3
obserwowane wiasciwosci samoczyszczace byty niewiele nizsze, a efektywnos$¢ procesu degradacii
barwnika wynosita okofo 86,2%. Roéznica wynika ze zwiekszonej zawartosci ZnO w strukturze
kompozytu ZnFe,04/SiO,/TiO, (probka S4, Fe:Zn réwna 1:2), co jest zwigzane z metodg syntezy

fotokatalizatora.

Rysunek 3. Zdjecia probki S4 przed procesem fotodegradacji barwnika (czerwien obojetna) (a) i po procesie
fotodegradaciji (b).

Podsumowujac, w przedstawionej pracy [A2] po raz pierwszy opisano materiaty budowlane
zawierajgce jako substancje czynng — kompozyt na bazie TiO,, ZnO i ZnFe,0O,4 0 niestechiometrycznej
zawartosci Fe:Zn oraz sposob wytwarzania trojfunkcyjnej farby. Nowoscig w produktach budownictwa
sg trojfunkcyjne nanomateriaty o wiasciwosciach fotokatalitycznych, magnetycznych i biobdjczych.
Proponowany produkt — farba tréjfunkcyjna, wzbogaca oferte rynkowg w szeroko rozumianej branzy
wyrobow budowlanych. Scharakteryzowane nanokompozyty o wtasciwosciach biobdjczych,
magnetycznych i samoczyszczacych, potwierdzajg skutecznosé produktu w postaci farby
tréjfunkeyjnej pod wzgledem wiasciwosci magnetycznych (analiza nasycenia namagnesowania),
wiasciwosci biobdjczych (analizy wiasciwosci biobdjczych przeprowadzone na szczepach bakterii
Gram-dodatnich Staphylococcus epidermidis i Gram-ujemnych Escherichia coli oraz wtasciwosci
samoczyszczacych ~w  reakcji  degradacji  barwnika. Farby  zawierajgce  czasteczki
Zn0/ZnFe,0,/Si0,/TiO, wykazaty wysokg aktywnos¢ przeciwdrobnoustrojowg w warunkach swiatta
widzialnego.Obecnie na rynku nie ma nanomateriatéw do otrzymywania powtok ochronnych w postaci
farb, ktére jednoczesnie wykazujg witasciwosci biobojcze, magnetyczne i samoczyszczgce -
fotokatalityczne.

W kolejnym etapie przeprowadzonych badan, ktére sg przedmiotem kolejnych dwoch

zgtoszenh patentowych otrzymano nowe hybrydowe gtadzie szpachlowe modyfikowane nanoczastkami
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2D-TiO,-M, M=Zn lub ZnO, charakteryzujgce sie wtasciwosciami biobdjczymi oraz samoczyszczgcymi.
Sposob otrzymywania hybrydowych gfadzi szpachlowych jest przedmiotem dwdch zgtoszen
patentowych [P4] oraz [P5].

W kolejnym etapie badan otrzymane fotokatalizatory magnetyczne zastosowano do degradacji
zanieczyszczen z grupy aktywnych substancji farmaceutycznych niepodatnych na rozkiad biologiczny
[A3-A5].

Etodolak, kwas 1,8-dietylo-1,3,4,9 — tetrahydropiran - [3,4-blindolo-1-octowy jest stosowany na
catym Swiecie jako lek przeciwzapalny, przeciwbdlowy i przeciwgorgczkowy w leczeniu
reumatoidalnego zapalenia stawdw, przewlekiego zapalenia tkanek migkkich (naczynh, Sciegien),
zapalenie nerwdéw oraz osteoporozy [46-47]. Ten $rodek farmaceutyczny jest metabolizowany w
watrobie. Cho¢ jedynie 1% etodolaku wydalane jest z organizmu cziowieka w postaci niezmienionej
przez nerki z moczem, a 16% z katem, etodolak czesto jest wykrywany w srodowisku wodnym, np.
rzekach, jeziorach czy wodach morskich [48-50]. W 2011 roku w prébkach wody rzecznej w Hyogo w
Japonii wykryto etodolak (ETD) w stezeniu 0,3 ng-dm™ [60]. W 2019 roku Guzel i in. stwierdzili jego
obecnos¢ w stezeniu 47,35 ng:dm™ w rzece Ceyhan w potudniowej Turcji [51]. ETD ma negatywny
wptyw na organizmy wodne, takie jak algi, rozwielitki i ryby, powodujgc zaburzenia w prawidtowym
rozwoju lub uposledzajac juz uksztattowane narzady organizmow zywych [52]. Jednak, co szczegdinie
istotne, etodolak i jego pochodne sg podatne na bioakumulacje [53].

W pracy naukowej [A3] po raz pierwszy zbadano podatno$¢ na fotokatalityczng degradacje
etodolaku. Jako fotokatalizator zastosowano syntezowany nanokompozyt na bazie TiO, sprzezony z
nanoczgstkami ferrytu spinelowego cynku w celu efektywnej separacji i odzysku fotokatalizatora po
procesie oczyszczania.

W pracy wykazano, ze zastosowanie procesu fotokatalizy w obecnosci fotokatalizatora
ZnFe,0,4/Si0,/TiO, zawierajgcego w strukturze anataz oraz ferryt spinelowy cynku wptywa na wzrost
efektywnosci degradacji i mineralizacji etodolaku w poréwnaniu z procesem fotolizy. Zbadano wptyw
dtugosci fali promieniowania elektromagnetycznego w zakresie UV i vis oraz pH uktadu reakcyjnego
na fotokatalityczny rozktad etodolaku. Najbardziej wydajng degradacje etodolaku zaobserwowano w
warunkach naswietlania promieniowanie w zakresie UV-vis przy uzyciu fotokatalizatora
magnetycznego rdzen-otoczka ZnFe,0,/SiO,/TiO,, w $rodowisku o pH wynoszacym powyzej 4
(pKa=4,7) i ponizej 7. W reakcji fotokatalitycznej w obecnosci ZnFe,0,4/SiO,/TiO,_650-11 okoto 100%
etodolaku ulegto degradacji w czasie 20 min naswietlania promieniowaniem UV i UV-vis. Ponadto, na
podstawie analizy HPLC/DAD i HPLC/MS okreslono szes¢ zwigzkéw posrednich zaréwno w reakcji
fotolizy, jak i w reakcji fotokatalitycznej degradacji oraz zaproponowano $ciezke fotodegradacii
etodolaku w obecno$ci otrzymanego fotokatalizatora. W zakresie UV-vis po 40 min fotolizy degradacja
etodolaku wynosita 100%, jako jedyng pochodng zaobserwowano formowanie laktamu niepodatnego
na dalszg degradacje. Z kolei zastosowanie fotokatalizy w obecnosci ZnFe,0,/SiO,/TiO, prowadzi do
utleniania etodolaku do spiro-pochodnej, ktéra ulega dalszej degradacji do prostych zwigzkow
alifatycznych.

Podsumowujac, po raz pierwszy zastosowano proces fotokatalizy w obecnosci

nanokompozytu magnetycznego do efektywnej fotodegradacji etodolaku. Wykazano wplyw
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parametréw procesu fotodegradacji (pH, zrédta Swiatta) na efektywnos¢é degradacji i mineralizacji
etodolaku. Wykazano mozliwos¢ zastosowania procesu fotokatalizy w obecnosci zaprojektowanego
fotokatalizatora magnetycznych o strukturze rdzen-otoczka do degradacji substancji aktywnych lekow.

Jedng z metod aktywacji TiO, w szerszym zakresie spektrum promieniowania
elektromagnetycznego oraz zwiekszenia stopnia separacji nosnikdw fadunku jest modyfikacja
powierzchni fotokatalizatora za pomocg nanoczgstek metali, w szczegdlnosci nanoczastek metali
szlachetnych, wykazujgcych zdolno$¢ do absorbowania promieniowania z zakresu widzialnego,
zwigzang z wystepowaniem zlokalizowanego rezonansu plazmonu powierzchniowego (ang. Localized
Surface Plasmon Resonance, LSPR), czyli drgan oscylacyjnych gestosci swobodnych elektronéw.
LSPR wystepuje, jezeli na elektrony z pasma przewodnictwa metalu oddziatuje pole
elektromagnetyczne, ktére wprawia elektrony w drgania. Po jednej stronie nanoczgstki tworzy sie
tadunek ujemny (chmura elektronowa), natomiast po drugiej stronie — tadunek dodatni. Wielkos¢
i zawartos¢ czgstek metali szlachetnych na powierzchni TiO, sg istotnymi czynnikami, kiére mogg
wptywaé na separacje nosnikéw tadunku w kontakcie z powierzchnig pétprzewodnika.

W pracy [A4] omowiono wyniki badan dla nanokompozytéw na bazie TiO, modyfikowanych
nanoczgstkami metali szlachetnych Pt lub Pd. Otrzymane nanokompozyty ZnFe,0,4/SiO,/TiO,/Pt oraz
ZnFe,0,4/SiO,/TiO,/Pd charakteryzowaty sie znacznym rozwinieciem powierzchni wiasciwej BET
wynoszacym 180-190 mz-g'l. Wielkos$¢ krystalitow ferrytu cynkowego okreslona na podstawie analizy
dyfrakcji rentgenowskiej wynosita okoto 9-10 nm, wielkos¢ ta determinuje zjawisko
superparamagnetyzmu, co $wiadczy o tym, Zze nanokompozyt posiada réwniez wiasciwosci
umozliwiajgce separacje w zewnetrznym polu magnetycznym po procesie oczyszczania wody.
Aktywnosc¢ fotokatalityczng zbadano w reakcji degradacji fenolu jako modelowego zanieczyszczenia
organicznego pod wptywem promieniowania UV/vis i vis. Zaobserwowano wzrost aktywnosci
fotokatalitycznej dla prébek fotokatalizatora magnetycznego modyfikowanego platyng pod wptywem
Swiatta UV/vis i vis. Dodatkowo, wprowadzenie na etapie syntezy do srodowiska reakcji HIO3; wptyneto
korzystnie na aktywacje TiO, w zakresie Swiatta widzialnego (probka ZnFe,04/SiO,/TiO,-I-Pt) w
poréwnaniu do fotokatalizatora ZnFe,0,/SiO,/TiO,-Pt.

Podsumowujac, w wyniku przeprowadzonych badan otrzymano fotokatalizatory magnetyczne
ZnFe,0,4/SiO,/TiO, o strukturze rdzen-otoczka, kidre zastosowano do degradacji fenolu w wodzie.
Wykazano wptywu modyfikacji nanoczgstkami metali (Pt, Pd) oraz dodatku HIO; na aktywnosé
fotokatalityczng otrzymanych fotokatalizatorow w zakresie $wiatta UV-vis i vis.

W pracy [AB5] przedstawiono wyniki badan dotyczacych zastosowania hybrydowych
fotokatalizatoréw 2D/2D TiO,-GO-ZnFe,0,4 otrzymanych technikg liofilizacji bezfluorowej do degradac;i
ibuprofenu pod wptywem promieniowania UV-vis. Ibuprofen (Ibu), kwas izobutylofenylopropionowy, to
niesteroidowy lek przeciwzapalny, wydawany bez recepty. Stosowany w fagodzeniu bdlu, leczeniu
stanéw zapalnych i obnizaniu gorgczki. Swiatowa produkcja farmaceutyku wynosi kilka kiloton rocznie,
jest to trzeci najpopularniejszy lek na swiecie [54-55]. Zwigzek ten stanowi ogromny problem
srodowiskowy, poniewaz wystepuje w wodach powierzchniowych i gruntowych.

W 2007 r. ibuprofen wykryto w $ciekach w potnocnej Szkocji w stezeniu 405 ng-dm™ [56].

Ternes [57] i inni wykryli ibuprofen w szerokim zakresie stezeri od 0,07-0,37 pg-dm™ w rzekach

28


http://mostwiedzy.pl

/\/\ MOST WIEDZY Pobrano z mostwiedzy.pl

J——

i Sciekach w Niemczech. Farmaceutyk wykryto takze w rzekach Katalonii (Hiszpania) [58]. Probki
wody pobrane z jeziora Greifenreduced zawieraty rdwniez zanieczyszczenia farmaceutyczne, w tym
ibuprofen [59]. W 2003 r. Andreozzi [59] wraz z wspotpracownikami oznaczyt ibuprofen oraz inne
farmaceutyki w rzekach europejskich miast. W badaniu wzieto pod uwage: Francje, Wiochy, Szwecje
i Grecje. Z przedstawionych danych wynika ze niesteroidowy lek przeciwzapalny jest trudny do
usuniecia, a skala problemu jest nie tylko lokalna, ale takze globalna. Ponadto ibuprofen ulega
bioakumulacji w organizmach zywych [60]. Prezentowane badania pokazujg, ze ibuprofen stanowi
zagrozenie dla zywych organizmow, dlatego wazne jest poszukiwanie zaawansowanych proceséw
oczyszczania wod do efektywnej degradacji zanieczyszczeh organicznych niepodatnych na rozkfad
biologiczny.

Do fotodegradacji ibuprofenu zastosowano dwuwymiarowe arkusze TiO, otrzymane metoda
liofilizacji bezfluorowej, co pozwala na otrzymywanie struktur dwuwymiarowych zgodnych z zasadami
zielonej chemii. Nanoarkusze TiO, modyfikowano GO, a nastepnie za pomocg ZnFe,O,, ktéry
dodatkowo zapewnia wiasciwosci superparamagnetyczne i umozliwia separacje fotokatalizatora po
procesie fotodegradaciji. Morfologie otrzymanego 2D TiO, przedstawiono na Rysunku 4. Ponadto,
analizy mikroskopowe za pomocg transmisyjnego mikroskopu elektronowego potwierdzity powstanie
struktury nanokompozytu 2D/2D TiO,-GO-ZnFe,O, o catkowitej wielkosci czastek kompozytu
wynoszacej 30-40 nm. Za pomocg analizy spektroskopowej EDS potwierdzono obecnos¢ Zn, Fe, C, O
i Ti w strukturze materialu fotokatalitycznego. Sygnaly dla Zn i Fe wystepowatly w tym samym
obszarze wewnatrz struktury, a sygnaty dla C, O i Ti poza strukturg czgstki magnetycznej. W

kompozycie tlenek grafenu sktada sie z kilku warstw.

Rysunek 4. Obrazy skaningowej mikroskopii elektronowej nanoarkuszy TiO. otrzymanych metodg liofilizacji

Otrzymany nanokompozyt 2D/2D TiO,-GO-ZnFe,O, charakteryzowat sie prawie
anhisteretyczng odpowiedzig magnetyczng wraz z wysokg poczatkowg podatnoscig magnetyczna,
umozliwiajgc efektywng separacje fotokatalizatora w zewnetrznym polu magnetycznym. Zastosowanie
ferrytu spinelowego cynku jako materiatu magnetycznego pozwolito na separacje fotokatalizatora z
zawiesiny z wydajnoscig ponad 96%, w czasie krotszym niz 5 minut. Swiadczy to o mozliwosci
efektywnego odzyskiwania fotokatalizatora i ponownego jego zastosowania w kolejnych cyklach
fotodegradaciji. Wykazano, ze w procesie fotolizy ibuprofen ulegt przeksztatceniu do bardziej

toksycznych produktéw posrednich, podczas gdy w procesie fotokatalizy, w obecnosci otrzymanego
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fotokatalizatora 2D/2D TiO,-GO-ZnFe,0, zaobserwowano wysokg efektywno$¢ degradaciji ibuprofenu
w czasie krotszym niz 20 minut, prowadzacg do powstania nietoksycznych i bardziej podatnych na
biodegradacje potproduktéw. Na podstawie analiz wtasciwosci fotokatalitycznych w obecnosci
zmiataczy tadunku oraz analizy widm elektronowego rezonansu spinowego (ESR) stwierdzono, ze
anionorodniki ponadtlenkowe O, oraz tlen singletowy O, odgrywajg kluczowg role w fotodegradacji
ibuprofenu.

Podsumowujac, przeprowadzone badania potwierdzajg, ze dwuwymiarowy kompozyt
magnetyczny jest obiecujgcym fotokatalizatorem do degradacji aktywnych  substancji
farmaceutycznych pod wplywem $wiatta stonecznego. Wykazano znaczenia anionorodnikow

ponadtlenkowych oraz tlenu singletowego w mechanizmie degradaciji ibuprofenu.
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PODSUMOWANIE | WNIOSKI

W niniejszej dysertacji doktorskiej wykazano istotny wptyw rodzaju prekursora, jego stezenia
oraz sity jonowej roztworu na morfologie i wladciwosci magnetyczne czastek ferrytu spinelowego
kobaltu otrzymanych metodg hydrotermalng. Wykazano korelacje wiasciwo$ci magnetycznych ze
skladem chemicznym prekursora metalu. Zaobserwowano wptyw stezenia jonéw metali, sity jonowej
i temperatury kalcynacji na wtasciwosci magnetyczne czgstek ferrytu.

W kolejnym etapie badan po raz pierwszy otrzymano i scharakteryzowano ZnFe,O,
0 niestechiometrycznej zawartosci Fe:Zn charakteryzujgcy sie silnymi  wilasciwosciami
antybakteryjnymi. Otrzymane kompozyty na bazie TiO, oraz niestechiometrycznego ZnFe,O,
zastosowano jako modyfikatory farby komercyjnej, co pozwolito na uzyskanie tréjfunkcyjnych
materiatow o witasciwosciach fotokatalitycznych, magnetycznych i biobdjczych. Otrzymany materiat
budowlany w postaci farby tréjfunkcyjnej, wzbogaca oferte rynkowg w szeroko rozumianej branzy
wyrobéw powtok ochronno-dekoracyjnych. Obecnie na rynku nie ma materiatdbw do otrzymywania
powtok ochronnych w postaci farb, ktére jednoczesnie wykazujg wlasciwosci biobdjcze, magnetyczne i
samoczyszczgce — fotokatalityczne.

W pracy po raz pierwszy przedstawiono zastosowanie nanokompozytu magnetycznego
ZnFe,0,4/SiO,/TiO, o strukturze rdzen-otoczka w procesie fotodegradacji etodolaku pod wptywem
Swiatta UV oraz UV-vis. Zaobserwowano wptyw dtugosci fali swiatta i pH na kinetyke procesu
fotodegradacji. Dodatkowo modyfikacja powierzchni ZnFe,0,/SiO,/TiO, za pomocg Pt
i domieszkowanie jodem wptynety na wzrost aktywnosci fotokatalitycznej pod wptywem Swiatta UV-vis
i vis.

W kolejnym etapie badan, otrzymane fotokatalizatory w postaci nanoarkuszy TiO, w
potgczeniu z tlenkiem grafenu i ferrytem spinelowym cynku zastosowano do efektywnej degradacji
ibuprofenu w czasie kréotszym niz 30 min pod wptywem promieniowania UV-vis. Otrzymane
hybrydowe fotokatalizatory 2D/2D TiO,-GO-ZnFe,O, o wtasciwosciach fotokatalitycznych oraz
superparamagnetycznych byty stabilne w kolejnych cyklach degradacji ibuprofenu i wykazywaty
podatnos¢ na separacje w zewnetrznym polu magnetycznym.

Wyniki badan przeprowadzonych w ramach pracy doktorskiej majg znaczacy wptyw na rozwdgj
badah w zakresie preparatyki nowych fotokatalizatorow na bazie Fe i Zn, w tym fotokatalitycznej
degradacji farmaceutykéw niepodatnych na rozktad biologiczny oraz otrzymywania materiatow

budowlanych o wtasciwosciach samoczyszczgcych, magnetycznych i biobdjczych.
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The present study highlights the effect of metal precursor types (SO,>~, CI7, and NO,"), their concentration, and the influence of
ionic strength of reaction environment on the morphology, surface, and magnetic properties of CoFe,O, particles. The magnetic
nanoparticles were obtained by chemical coprecipitation in alkaline medium at increasing metal concentration in the range of
0.0425 mol-dm™ to 0.17 mol-dm™ and calcination temperature from 400°C to 800°C. It was found that the chemistry of
precursors can be directly correlated with magnetic properties. The CoFe,O, particles from metal sulphate precursors showed
the highest saturation magnetization and the lowest coercivity. The adjustment of ionic strength in the range of 1.25-5M was
achieved by adding an appropriate quantity of metal sulphates into aqueous solutions at a constant pH or by adding an
appropriate quantity of NaClO; under similar conditions. The average hydrodynamic size of CoFe,0, increased from 46 nm to
54 nm with increasing metal concentration and ionic strength. An explanation of magnetic properties, caused by ionic strength
and metal concentration, is given based mainly on the reduction in repulsive forces at the particle interface and compensation of
the double electric layer in the presence of anions. The observed coercivity was lower for the particles obtained in solutions with
the highest ionic strength, whereas the concentration of metals and calcination temperature affected the saturation
magnetization and morphology of the obtained cobalt ferrite particles.

1. Introduction

Spinel ferrites are interesting dielectric materials due to their
magnetic properties and high chemical and thermal stability.
In recent years cobalt ferrite nanomaterials have gained con-
siderable attention due to their unique electric, catalytic,
magnetic, optical, and medical properties [1, 2], which deter-
mine their potential applications in catalysis, gas sensors,
information storage systems, medical diagnostics, and ther-
apy [3-7]. Currently, research is also focused on the use of
cobalt ferrites for the separation of magnetic photocatalysts
after water treatment processes [8] and separation of bacteria
[7]. The advantage of CoFe,O, nanoparticles is one order

larger of crystalline anisotropy compared to magnetite with
the same saturation magnetization. Therefore, the magnetic
moment of cobalt ferrite relaxes much slower than of magne-
tite or maghemite with similar particle size [9, 10].
Nanoparticles of CoFe,O, were prepared by a great num-
ber of methods: sol-gel [11, 12], hydrothermal [13], microe-
mulsion [14], aqueous precipitation [15], polyol [16], and
combustion [17]. The characterization of the physicochemi-
cal properties was mainly focused on the correlation between
particle size and magnetic properties. However, no system-
atic study on the effect of cobalt and iron ion precursor types,
the concentration of metal ions in the reaction environment,
and the ionic strength on the magnetic properties of cobalt


https://orcid.org/0000-0002-9830-1797
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/9046219
http://mostwiedzy.pl

A\ MOST

ferrite nanoparticles has been reported. The understanding
of such relationships is an important requirement to attain
the capability of tailoring the properties of the cobalt
ferrite-based magnetic materials.

In this regard, the present study focuses on the magnetic
properties of cobalt ferrite obtained in the hydrothermal pro-
cess at calcination temperatures in the range of 400-800°C
using varying salt type precursors. For the first time, the effect
of metal precursors (sulphates, chlorides, and nitrates) and
their concentration used for the synthesis of cobalt ferrite
NPs, the influence of ionic strength of reaction environment,
and the calcination temperature on size, structural, and mag-
netic properties of CoFe,O, particles were studied.

2. Experimental

2.1. Preparation of CoFe,O, Particles. All the reagents used in
the experiments were of analytical grade and used without
further purification. Cobalt(II) nitrate hexahydrate, iron(III)
nitrate nonahydrate, iron(III) chloride hexahydrate, cobal-
t(II) chloride hexahydrate, iron(IIl) sulphate heptahydrate,
cobalt(Il) sulphate heptahydrate, and sodium hydroxide
were purchased from Aldrich, Germany. Cobalt ferrite parti-
cles were obtained using a precipitation method combined
with hydrothermal reaction at a constant pH of 12. In this
regard, 20 cm” of cobalt salt solution and 40 cm® of iron salt
solution were mixed in a stoichiometric 2:1 (Fe:Co) molar
ratio under stirring (250rpm) for 30 minutes. Then,
110 cm’ of 5M NaOH was prepared and dropwise added at
room temperature into obtained brown metal salt solution
during mixing, while the pH was constantly monitored.
The reactants were stirred for 30 minutes using a magnetic
stirrer (250 rpm) until the pH was 12. Then, the resulting col-
loid was transferred into a 200 cm® Teflon lined stainless steel
autoclave. The hydrothermal reaction was performed at
200°C for 5h, and the obtained suspension was washed with
water several times and separated by magnetic decantation.
Finally, the obtained CoFe,O, particles were dried at 120°C
to dry mass and calcined at 400-800°C for 2h. The adjust-
ment of ionic strength in the range of 1.25-5M was achieved
by adding the appropriate quantity of metal sulphates into
aqueous solutions with a constant Fe: Co molar ratio of 2: 1
or by adding the appropriate quantity of NaClO; under
similar conditions.

2.2. Characterization of CoFe,O, Particles. Magnetic mea-
surements (magnetization, remanence, and coercivity) were
performed using Physical Property Measurement System
(PPMS) (Quantum Design, San Diego, CA, USA) at the tem-
perature of 293K and in the range of 0-3T.

XRD analysis was performed to characterize the crystal-
linity of the as-obtained cobalt ferrite nanoparticles. In this
regard, a Rigaku MiniFlex 600 X-ray diffraction system
equipped with a sealed tube X-ray generator was used. Data
acquisition conditions were as follows: 20 range 5-80°, scan
speed 1°min', and scan step 0.01°. The crystallite size of
the ferrite particles in the direction vertical to the corre-
sponding lattice plane was determined using Scherrer’s equa-
tion based on the corrected full width at half maximum
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(FWHM) of the XRD peak and angle of diffraction. The sub-
traction of the FWHM of the standard was employed as a
correction method. The crystalline and amorphous phase
content was analyzed using an internal standard (NiO,
Aldrich, Germany).

To evaluate the light absorption properties of the
obtained CoFe,O, particles, the diffuse reflectance (DR)
spectra were recorded using a Jasco V-670 spectrophotome-
ter equipped with a PIN-757 integrating sphere. BaSO, was
used as a reference. The band gap energies were calculated
from the corresponding Kubelka-Munk function, F(R),
which is proportional to the absorption of radiation, by plot-
ting F (R)O'Slz"pho'5 against E,;,, where E,, is the photon energy.

Nitrogen adsorption-desorption isotherms were recorded
at liquid nitrogen temperature (77 K) using the Micromeritics
Gemini V (model 2365) instrument, and the specific surface
areas were determined using the Brunauer-Emmett-Teller
(BET) method. Surface charges (zeta potential) and particles
size were measured using a Nano-ZS Zetasizer dynamic light
scattering detector (Malvern Instruments, UK) equipped with
a 40mW internal laser. Infrared (IR) reflection spectra of
cobalt ferrites were measured within a 500-5000cm™ range
by employing a Fourier transform infrared (FTIR) spectrome-
ter Nicolet 8700 (Thermo) equipped with a single reflection
diamond crystal.

3. Results and Discussion

3.1. The Effect of Metal Precursor Types. While the effect of
surfactants and reaction conditions has been widely investi-
gated, there is no information on the effect of metal precursor
types and their concentration on the formation of CoFe,O,
nanoparticles. Therefore, in this study, the effect of metal
precursors (sulphates, chlorides, and nitrates) used for the
synthesis of cobalt ferrite NPs was investigated.

The BET surface area for samples S1, S2, and S3 varied
from 31 m>g" to 50m>g"'. The sample from metal nitrate
precursors (S2) revealed the smallest surface area, while sam-
ple S3 from chloride metal precursors showed the highest
BET surface area (see Table 1). The calculated BET equiva-
lent primary particle diameter for the samples S1, S2, and
S3, which differ in precursor types (S1-sulphates, S2-nitrates,
and S3-chlorides) was 25 nm, 37 nm, and 23 nm, respectively.
The phase and structural analyses were performed by
employing X-ray diffraction (XRD) measurements and are
presented in Figure 1.

The presence of (220), (311), (400), (422), (511), and
(440) in XRD patterns is in accordance with inverse cubic
spinel structure with space group fd-3m, which is in agree-
ment with JCPDS standard card no. 01-077-0426. In
CoFe,0,, the divalent cation of Co** occupied the octahedral
position, while the Fe** ions are located at the tetrahedral and
octahedral sites. The lattice parameter obtained from Riet-
veld analysis was found to be8.39 A. The samples S1-S3
obtained without heat treatment contained 80% (S1), 90%
(S2), and 85% (S3) amorphous phase content; hence, the
highest crystallinity of 20% was observed for cobalt ferrite
obtained from sulphates (sample S1). Previously, Zhao et al.
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TaBLE 1: The effect of precursor types on physicochemical and magnetic properties of CoFe,0,.

lsaijrzlri)rll; Precursors M, (emu-g") H, (T) M, (emug"') Agpr (m>g™) v, (cm’/g) Dygp (nm) Dypp (nm) Dy g (nm) E,
Suplhates
S1 CoS0,.7H,0 60 0.007 9.0 45 0.024 15 25 40 1.80
Fe,(SO,);7H,0
Nitrates
) Co(NO,),6H,0 50 0.027 11.6 31 0.015 20 37 47 1.72
Fe(NO;);9H,0
Chlorides
S3 CoCl,-6H,0 50 0.028 9.8 50 0.025 14 23 37 1.80
FeCl,-6H,0
(311)
El
4 S2
2
5
E
1 S1
25 35 45 55 65 75
20 (degree)

FiGure 1: X-ray diffraction patterns of the as-prepared cobalt ferrite particles. The effect of precursor types: Sl-sulphates, S2-nitrates,

and S3-chlorides.

found that low-crystalline mesoporous cobalt ferrite particles
possess improved electrochemical properties [18]. The aver-
age size of crystallites calculated from XRD by employing
the Debye-Scherrer formula for S1, S2, and S3 samples was
about 15nm, 20nm, and 14nm, respectively. Based on
dynamic light scattering (DLS) analysis, hydrodynamic parti-
cle size was determined. It was found that larger particles
were produced using nitrates as metal precursors than from
sulphates and chlorides, as shown in Table 1.

The observed difference in particle size between samples
S1, S2, and S3 may derive from the structural properties
and lattice strain as a result of the clustering of the nanopar-
ticles. The particle sizes determined from DLS analysis are
larger than calculated based on XRD measurements and the
equivalent diameter calculated from the BET surface area. It
can be explained that based on DLS analyses, hydrodynamic
size of particles and their surrounding diffuse layer is deter-
mined, whereas XRD calculation gives the crystallite size of
CoFe,0, [19]. However, the particle may contain one or
more grains. Therefore, the particle size is expected in
between crystallite size and hydrodynamic diameter. That

was confirmed by SEM microscopy analysis (see Figure 2).
The average particle size calculated from the statistical
average size distribution of 100 CoFe,O, NPs was about
32nm, 37nm, and 29nm for S1, S2, and S3, respectively.
The particle size from the microscopy analyses corre-
sponded well with the BET equivalent diameter calculated
according to the d =6/(Agprep) equation.

The zeta potential values of cobalt ferrite suspensions
are shown in Figure 3. As presented, their magnitudes
strongly depended on the pH of the aqueous phase. At
low pH values, H ions are adsorbed on the particle surface,
and therefore, it is positively charged, while at pH values
above the isoelectric point (IEP), a surface is negatively
charged as a consequence of OH™ ion adsorption on the par-
ticle surface. Under acidic conditions, the highest electro-
static stability was observed for sample S3 with a zeta
potential value of +42.6 mV at pH =4. On the other hand,
in alkaline conditions, the highest value of zeta potential
was -50.9mV, -48.0mV, and -47.0mV observed at pH = 12
for S1, S2, and S3, respectively. That means all obtained
cobalt ferrite particles are stable at pH above 9, and only
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FIGURE 2: SEM image of CoFe,O, particles (a) and size distribution for samples S1, S2, and S3 synthesized using metal precursors: sulphates
(b), nitrates (c), and chlorides (d).
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F1GURE 3: Electrophoretic mobility of CoFe,0, suspensions (0.1 gdm™) vs. pH (I=1-1072).
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F1GURE 4: Hysteresis loops of nanoparticles of CoFe,O, synthesized using metal precursors: (a) sulphates, (b) nitrates, and (c) chlorides.

the one obtained from chlorides can be stable under acidic
conditions (pH < 6.5). However, in order to enhance the sep-
aration capability of colloidal particles from the aqueous
phase, the process should proceed near the isoelectric point
(IEP). Minor differences in values of the isoelectric point
were observed among the samples. For CoFe,O, from sul-
phates, IEP occurred at pH = 7.5, while for CoFe,O, obtained
from chloride precursors, it was found at pH =6.9.

The Tauc transformation of DR/UV-Vis spectra allows
determining the optical band gap energies of CoFe,O,
nanoparticles. The particles from metal nitrate precursors
exhibited lower E,=1.72eV than cobalt ferrite particles
(E,=1.8¢€V) synthesized from sulphate or chloride metal

precursors (see Table 1).

All three samples exhibited room temperature ferrimag-
netism with different saturation, remanent, and coercive
values. The hysteresis loops obtained from VSM measure-
ments for CoFe,O, particles are presented in Figure 4. All
the hysteresis loops are typical for soft magnetic materials,

and an “S” shape of the curves together with low coercivity
(H.=0.007 T for S1 and 0.028 T for S2 and S3) indicates
the presence of small magnetic particles. The saturation mag-
netization (M) and coercivity (H,) values of the ferrite par-
ticles are listed in Table 1.

The chemistry of precursors was directly correlated with
magnetic properties. The CoFe,O, particles from metal sul-
phate precursors showed the highest saturation magnetiza-
tion (M) of 60 emu-g ', the lowest remanent magnetization
(M,) of 9emu-g ', and the coercivity (H,) at 0.007 T. In view
of this, the metal sulphate precursors were used for fur-
ther studies of the effect of preparation parameters, e.g.,
concentration of metals, ionic strength of a solution, and cal-
cination temperature on physicochemical properties of
CoFe,0, particles.

3.2. The Effect of Concentration, Ionic Strength, and
Calcination Temperature. Sample labeling and physicochem-
ical characteristic of cobalt ferrite particles differing in metal
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concentration, ionic strength, and calcination temperatures
are summarized in Table 2. The XRD diffraction patterns of
the cobalt ferrite samples that correspond to crystallographic
planes of (220), (311), (222), (400), (422), (511), and (440)
are shown in Figures 5(a)-5(d). All the diffractograms are
indexed regarding the standard JCPDS no. 01-077-0426 to
the characteristic reflections of the cubic spinel phase. The
relative intensity observed for the most prominent plane
(311) increased as the ionic strength of the solution used
for the preparation of cobalt ferrite particles decreased
(Figure 5(b)) or as the annealing temperature increased up
to 800°C (Figure 5(c)). The crystallinity of the cobalt ferrite
particles calcined at 400°C increased to 35% compared to
the sample without annealing. Further increase in calcination
temperature resulted in a decrease in the amorphous phase
content from 65% to 47%, as shown in Table 2. Under
identical annealing conditions, the crystallite size slightly
increased with increasing ionic strength and metal concen-
tration. The smallest crystallite size was observed for sam-
ple S4 with I=1.25M annealed at 400°C, as shown in
Table 2 and Figure 5(b). For sample S6 obtained at ionic
strength I=5M, the larger crystallite size was observed
than for sample S4 with I =1.25 M. The determined crystal-
lite size is consistent with the particle size measured by DLS.
The average hydrodynamic size of CoFe,O, increased with
increasing metal concentration and ijonic strength from
46nm for sample S4 to 50nm for sample S6. It probably
results from simultaneous nucleation of new particles at
lower concentration and ionic strength, preventing further
crystal growth. The higher ionic strength of the solution
causes a reduction of zeta potential at a constant pH, result-
ing in lower electrostatic stability and an increase of the
hydrodynamic diameter of the particles. At the highest
values of ionic strength and concentration, further crystal-
lite growth was observed, while the hydrodynamic diameter
of ferrite particles decreased, as a result of compensation of
the double electric layer. At constant metal concentration
and ionic strength, the particle size increased with increas-
ing calcination temperature. The growth of CoFe,O, parti-
cles with an increase in calcination temperature was
confirmed by the crystallite size obtained by the Scherrer
formula (Table 2).

For samples annealed at 400°C, an additional peak at 20
31.7° appeared due to the presence of a trace amount of a-
Fe, O, phase. The impurity phase formation is not consistent
with substituent concentration. Therefore, it can be mainly
attributed to the synthesis or postsynthesis conditions of
the samples. The presence of «a-Fe,O; was previously
reported in the literature for samples obtained by the chem-
ical coprecipitation method [20]. Moreover, the trace pres-
ence of hematite was not observed for samples calcined at
800°C. The lattice parameter was calculated for the (311)
plane of the samples and was estimated as 8.37 A for the sam-
ples S4-S9 calcined at 400°C and 600°C. The calculated lattice
constant is comparable to the reported values [21, 22]. The
distribution of cations in the tetrahedral and octahedral sites
depends on the thermal treatment and the synthesis condi-
tions. A further decrease of the lattice constant to 8.35A
was observed for the samples S10-S12, which may suggest

Journal of Nanomaterials

that Fe’* ions in tetrahedral sites move to octahedral sites
while Co®* ions at octahedral sites move to tetrahedral sites
during cation migration upon annealing at 800°C [23, 24].

The influence of the synthesis parameters, e.g., calcina-
tion temperature, metal concentration, and ionic strength
on the specific surface area and the pore volume of the
obtained nanocrystallites, was also investigated. It can be
noticed that the calcination temperature and the concentra-
tion of the metals during synthesis affected the BET specific
surface area of the spinel ferrites. The surface area increased
with a decrease in metal concentration and calcination tem-
perature. The highest BET surface area of 23 m”.g™" revealed
that sample S4 calcined at 400°C, which also exhibited the
largest pore volume of 0.012 cm’-g ™" and the smallest crystal-
lite size of 15 nm.

Diftuse reflectance spectra for CoFe,O, particles were
transformed into the Kubelka-Munk function and are pre-
sented in Figure 6. All samples absorb in the range from
300 nm to 1000 nm. At constant annealing temperature, an
increase in metal concentration and ionic strength resulted
in the preparation of particles with a more substantial absor-
bance within the UV-Vis range. The optical band gap value
estimated from Tauc plots was found to slightly decrease
from 1.80 for sample S4 obtained at 400°C with I=1.25M
to 1.60eV for sample S12 with higher metal concentration
and calcined at 800°C, as presented in Table 2.

The Fourier transform infrared (FTIR) spectra for the
obtained samples showed the characteristic features of spinel
ferrite particles (see Figure 7). The absorption band observed
in the range from 542cm™ to 551 cm™ is assigned to the
stretching vibrations of the tetrahedral metal-oxygen bond
[23]. The peak at 875cm™ corresponds to the deformations
of Fe-OH groups and is manifested for all the obtained sam-
ples. The sharp peak at 1124 cm’™, which appeared for all
cobalt ferrite particles calcined at 400-800°C and synthesized
from metal sulphate precursors, corresponds to the symmet-
ric stretching mode of sulphate anion (1130-1080 cm™) che-
misorbed by the metal’s surface during the preparation
procedure [25].

The absorption peak at 1435cm™ corresponds to bend-
ing vibrations of the O-H bond. The appearance of bands
around 2100-2370cm™ is due to the atmospheric CO,,
which is adsorbed on the surface of NPs during the FTIR
measurements [25]. The broad branch at 3450-3200 cm™
corresponds to the O-H stretching vibrations ascribed to
water [26].

Figure 8 shows the hysteresis loops obtained from VSM
measurements for the prepared CoFe,O, particles differing
in ionic strength, concentration of metals, and calcination
temperature during the ferrite synthesis. The saturation mag-
netization (M), remanent magnetization (M,), and coerciv-
ity (H.) of cobalt ferrite nanoparticles calcined at 400°C,
600°C, and 800°C are presented in Table 2. The observed
magnetic properties depend on pretreatment conditions.
With an increase of calcination temperature to 800°C, the
saturation magnetization for the samples with I=1.25M
decreased from 51emu-g’ to 45emu-g’ (see samples S4,
S7, and S10). For samples obtained in solutions with higher
ionic strength I =2.5M and I =5 M, the effect of calcination
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FiGure 5: X-ray diffraction patterns of the as-prepared CoFe,O, particles (a), calcined at 400°C with different ionic strength (b), with ionic
strength I = 1.25M and different annealing temperatures (c), and with ionic strength I = 5M and different annealing temperatures (d).

temperature on saturation magnetization was not unam-
biguously confirmed despite the observed increase in crys-
tallite size with increased annealing temperature. The ionic
strength and concentration of metals in the solution dur-
ing the synthesis of CoFe,O, particles have a significant
influence on M, and coercivity values.

The highest saturation magnetization revealed samples
S4, S7, and S8 with jonic strength I=1.25M and I =2.5M
calcined at 400°C and 600°C, respectively. For samples cal-
cined in 400°C and 600°C, an increase of ionic strength
resulted in a 20% lower M, value. The resulting values
of M, for 800°C are not significantly different between
samples with different I. The coercivity and remanent
magnetization also decreased for samples obtained in solu-
tions with the highest ionic strength, as shown in Table 2.
The values of H. and M, were significantly different between

samples calcined in the same temperature for all three series,
in contrast to the values of M, for T ;. = 800°C. In the group
of samples calcined in the same temperatures, H. and M,
values were always correlated and were the lowest for the
samples with the highest ionic strength and concentration
of metal precursors.

To confirm the effect of concentration and ionic strength
of metal salt solution, additional samples S13-S15 with differ-
ent ionic strengths controlled by adding the appropriate
quantity of NaClO, with the same concentration of metal
precursor salts as for sample S4 were obtained. The ionic
strength during precipitation of metals had a significant
impact on coercivity, whereas the concentration of metals
influenced saturation magnetization and morphology of the
obtained cobalt ferrite particles. For samples S13-S14 cal-
cined at 400°C and 600°C, high ionic strength of the solution
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FIGURE 7: Fourier transform infrared (FTIR) spectra for the CoFe,O, particles.

and lower concentration of metals limited the particle growth
by Ostwald ripening. The average crystallite size and the
average hydrodynamic size of CoFe,O, particles were about
15nm and 50 nm, respectively.

In this regard, changing the concentration of metals may
be regarded as a simple method to optimize the morphology
of cobalt ferrite particles. At the same ionic strength I =5M,
lower concentration of metal salts resulted in a higher BET
surface area and smaller crystallite size of cobalt ferrites, as
shown in Table 2 for samples S13 and S6 as well as S14 and
S9. Moreover, the concentration of metals affected the satura-

tion magnetization value, whereas the ionic strength deter-
mined the coercivity of obtained CoFe,O, particles. At the
same ionic strength and lower concentration, the M value
was markedly higher for S13 and S14 compared to S6 and
S9 samples. The coercivity and remanent magnetization
increased for samples S4 and S7 with lower ionic strength
I=1.25M compared to S13 and S14 samples with I =5M.
The highest annealing temperature of 800°C also greatly
affected the morphology of CoFe,O, particles and, as a result,
changes in magnetic properties. Therefore, the resulting
values of M, and M, are not significantly different between
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F1GURE 8: Magnetic hysteresis loops of CoFe,O, calcined at 400-800°C with ionic strength I =1.25M (a), calcined at 400-800°C with ionic
strength I =5 M (b), calcined at 400°C with different ionic strength (c), and calcined at 800°C with different ionic strength I =1.25 + 5M (d).

the samples calcined in 800°C due to similar particle size, spe-
cific surface area, and lattice constant parameters. Mean-
while, the H_ value depended on the ionic strength of the
precursor’s solution.

4. Conclusions

The obtained results indicate a significant influence of a pre-
cursor type, its concentration, and ionic strength of the solu-
tion on the morphology and magnetic properties of cobalt
ferrite particles prepared by the hydrothermal method. It
was found that the chemistry of metal precursors is corre-
lated with magnetic properties. The CoFe,O, particles from
metal sulphate precursors showed the highest saturation
magnetization, the lowest remanent magnetization, and the
lowest coercive values.

The ionic strength of the metal solution controls the coer-
civity, whereas the concentration of metals strongly affects
the saturation magnetization and morphology of the
obtained metal ferrite particles. At the same ionic strength
I=5M, the lower concentration of metal salts resulted in
a higher BET surface area and smaller crystallite size of
cobalt ferrite particles. The concentration of metals and,
as a result, the morphology of the cobalt ferrite NPs influ-
enced the saturation magnetization, which was enhanced
for the samples (I=const, T =const) obtained from
diluted metal precursor solution. The ionic strength deter-
mined the coercivity of the CoFe,O, particles, which
increased for the samples with the lowest ionic strength
I=1.25M. The highest annealing temperature of 800°C
greatly affected the morphology of CoFe,O, particles and,
as a result, changes in magnetic properties. The increase of
calcination temperature resulted in a larger particle size and
decreased BET specific surface area of the spinel ferrites.
Despite higher crystallinity of the CoFe,O, particles annealed
at 800°C, the saturation magnetization value decreased. Fur-
thermore, it can be affected by the distribution of cations
between the interstitial sites.

The particle size of cobalt ferrite can be adjusted and
stabilized against ripening by control of ionic strength,
annealing temperature, and concentration of metal salts
in a precipitation medium. The CoFe,O, sample obtained
from diluted metal precursor solution with the lowest
ionic strength and calcined in temperatures of 400°C-
600°C possessed a small particle size of 15nm and higher
specific surface area and revealed the highest magnetic
properties (Mg and H_ values). In this regard, changing
the metal concentration, ionic strength, and annealing
temperature may be regarded as a simple method to opti-
mize the morphology and, as a result, magnetic properties
of the ferrite particles, which may otherwise be difficult.
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properties were studied in the reaction of dye - neutral red degradation. The commercial white paint was not
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applied to protective and decorative layers, giving magnetic, biocidal and self-cleaning properties.

1. Introduction

In the last few decades, indoor air quality IAQ (Indoor Air Quality)
has become one of the most important factors determining health,
comfort and well-being because people spend most of their daily time
indoors, where they are routinely exposed to indoor pollutants.

According to World Health Organization (WHO), around a third of
the global population is exposed to dangerous levels of household air
pollution while using inefficient stoves fuelled by kerosene, biomass and
coal [1]. The indoor air quality is influenced by outdoor pollutants
associated with vehicular traffic and industrial activities, which can
enter by infiltrations and ventilation systems. Moreover, indoor pollut-
ants originate inside the building from cleaning products, furnishings,
central heating, electronic equipment, and kinds of activities undertaken
by users, such as cooking, frying, using candles and incense, smoking
tobacco, and burnings fuels [2,3]. Making buildings more energy effi-
cient will contribute to the sealing of windows and doors and result in
the accumulation of indoor pollutants and air stagnation; as a

* Corresponding author. Narutowicza 11/12, 80-233, Gdansk, Poland.
E-mail address: annjurek@pg.edu.pl (A. Zielinska-Jurek).
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consequence increase in IAQ is observed.

The most abundant groups of indoor air pollutants are chemical
compounds (e.g., nitrogen oxides, carbon oxides, volatile organic com-
pounds, formaldehyde, phthalates, nitrosamines, polycyclic aromatic
hydrocarbons, particulate matter) or biological agents, including vi-
ruses, bacteria, fungi in particular filamentous fungi (mould), parasites
or parts of a plant, which can induce adverse human health impacts [4,
5]. Some toxigenic moulds growing in damp indoor spaces also pro-
duced mycotoxins — secondary metabolites with diverse structures. All
of them pose a health hazard to humans and animals [6]. The chemical
and biological contaminants contribute to sick building syndrome (SBS),
defined as a condition in which occupants in a building suffer from
symptoms such as irritation of the eyes, nose, and throat, headache,
dizziness, and fatigue [7]. Prolonged exposure to indoor air pollutants
can trigger symptoms of asthma or allergies. Moreover, air pollution is
the cause and aggravating factor of many respiratory diseases like
chronic obstructive pulmonary disease (COPD), lung, laryngeal or
nasopharyngeal cancer and skin diseases, e.g. mycoses. A higher

Received 20 June 2023; Received in revised form 12 October 2023; Accepted 16 October 2023

Available online 18 October 2023

0272-8842/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Please cite this article as: Izabela Malinowska et al., Ceramics International, https://doi.org/10.1016/j.ceramint.2023.10.166



mailto:annjurek@pg.edu.pl
www.sciencedirect.com/science/journal/02728842
https://www.elsevier.com/locate/ceramint
https://doi.org/10.1016/j.ceramint.2023.10.166
https://doi.org/10.1016/j.ceramint.2023.10.166
https://doi.org/10.1016/j.ceramint.2023.10.166
http://creativecommons.org/licenses/by/4.0/
http://mostwiedzy.pl

A\ MOST

1. Malinowska et al.

proportion of individuals presenting mentioned symptoms are infants,
the elderly, a person with chronic disease, and most urban dwellers of
any age [8]. Therefore, the removal of indoor air pollutants is crucial to
prevent health issues.

Furthermore, microorganisms growing on building materials cause
physical and chemical damage referred to as biodetortiation. The highly
susceptible to microbial growth are organic building materials con-
taining cellulose, e.g., paints, varnish coatings, and plasters [9,10]. The
best biocides are chemical compounds with a broad spectrum of activity
on various species of microorganisms, such as bacteria, fungi or other
microorganisms [11]. The nanotechnology, and more specifically,
nanocomposite formulations with strictly defined sizes and shapes of
nanoparticles, resulted in the preparation of nanomaterials with anti-
microbial properties [12-15]. The first reports on nanoparticles appli-
cation in paint to prevent the settlement and growth of different
biofouling organisms with a reduced negative effect on the environment
appeared in 2006 when Nyden et al. received a patent on a method for
application of Cu, ZnO, TiOs, CuO nanoparticles as biocides in paints
[16]. The paint consists of a composition based on imidazoles bound to
metallic nanoparticles with a developed surface area for the adsorption
of pathogenic microorganisms.

Heterogeneous photocatalysis is one of the most promising methods
of air pollutants degradation and surface disinfection [17,18]. At pre-
sent, titanium (IV) oxide is the most extensively studied and widely
applied material with photocatalytic properties because it is relatively
inexpensive and has a high oxidation potential [14]. It is also worth
mentioning the excellent photostability, photoactivity and super-
hydrophilicity compared to other materials [19]. Photocatalytic TiOa--
based products, such as plasters, coatings, paints, concretes, floors, and
tiles, have wide applications in many construction market segments
[14]. The materials mentioned above possess the properties of air
pollution removal and self-cleaning [15,17,20-22].

However, TiOy exhibits one fundamental disadvantage - it can be
activated only by UV light due to its absorption edge below 400 nm.
Therefore, over the past few decades, many modifications like dye
sensitisation and doping with metal and metal oxide or non-metal anions
have been proposed to improve TiOy activity and sensitivity under
visible light [23-25]. Overcoming the limitations of titanium (IV) oxide
has led to broadening the scope of offered products. Jiang et al. [25]
obtained nano-TiO; coated glasses modified by doping with N, F, and Fe
ions. The slides prepared were used for the degradation of air pollutants
in visible light. The TiOp-modified glass exhibited superhydrophilic
properties for self-cleaning applications. New generation of photo-
catalytic paints for indoor applications could help improve air quality
and allow the creation of surfaces that kill or inhibit the growth of mi-
croorganisms. Analysing the construction market, one can notice a gap
in which hybrid paints are missing, with the property of simultaneously
removing indoor air pollutants, magnetic and biocidal properties.

In this regard, the aim of the present study was the synthesis and
application of ZnO/ZnFe;04/Si0,-TiO, nanocomposites used for the
first time for the preparation of trifunctional paints with self-cleaning,
biocidal and magnetic properties. The photoactivity and biocidal prop-
erties of two new TiOg-based paints and one commercial under natural
indoor light were investigated. The method of preparation of magnetic
photocatalytic composites with a controlled core-interlayer-coating
structure allows the functionality of a magnetic core with a silica
interlayer and a TiOy photocatalytic layer. The ferrite particle may
interact with silica, while TiO5 nanoparticles may interact with silica
particles embedded in the ferrite core [26]. The application of zinc
compounds, which are safe for humans and animals and widely used in
pharmacy [27] and cosmetology [28], provided the composite with
biocidal (ZnO) and magnetic (ZnFeyO4) properties. Furthermore,
ZnFe;04 as a zinc spinel ferrite at the nanoscale reveals super-
paramagnetic properties, providing the coating magnetic properties
[29]. Introducing a silica layer in the ZnO/ZnFe;04/Si02-TiO2 com-
posite structure enhanced paint dispersion and increased the adhesion of
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pollutant particles on the surface of the self-cleaning layer, enabling
photodegradation of the organic pollutants and microorganisms. The
effect of Zn: Fe content on the antimicrobial, magnetic and self-cleaning
properties of obtained modified paints was investigated.

2. Materials and methods
2.1. Materials

Commercial TiO5 P25 (mixture of the crystalline phases: anatase and
rutile, Sggr = 50 ng’l, particle size: 20 nm) was provided by Evonik
(Germany). Zinc (II) chloride, iron (II) sulfate heptahydrate, and sodium
hydroxide were purchased from Aldrich.

2.2. Synthesis of ZnFe;04

Firstly, to obtain zinc ferrite particles, FeSO407H>0 and ZnCly were
dissolved in non-stoichiometric 1:2 (Fe: Zn) and 1:1.5 (Fe: Zn) molar
ratio in deionised water under stirring (500 rpm) for 30 min. Afterwards,
the metals were precipitated from the homogenous solution by adding 5
M NaOH at room temperature to a pH of 10. The reaction mixture was
hydrothermally treated in an autoclave at 200 °C for 5 h. Subsequently,
the solid product of the reaction was magnetically separated and puri-
fied with deionised water several times. The final product was dried to
dry mass. The proposed method of synthesis allows to obtain hybrid
nanocomposites of nanometric sizes.

2.3. Synthesis of ZnFe204/Si05-TiO2 nanocomposite

In the next synthesis step, the nanoparticles were re-dispersed in a
mixture of 0.1 M Triton X-100, cyclohexane, isopropanol and water.
Then, tetraethyl orthosilicate (TEOS) was added to the suspension to
obtain a silica layer and ammonia water as a precipitating agent. The
molar ratios of TEOS to ZnFe204 and NH40H to TEOS were equal to 8:1
and 16:1, respectively. The pH of the mixture was reduced below 5, and
TiO4 P25 was added. The content of zinc spinel ferrite to TiO2/SiO5 was
20 % by weight. Then, the obtained suspension was magnetically
separated, washed with acetone and deionised water, and dried at 70 °C
to dry mass. The obtained ZnO/ZnFe;04/SiO»-TiO, composite was
calcined at 400 °C for 2 h.

2.4. Preparation of bio-photo-magnetic paint

Bio-Photo-Magnetic paint was prepared according to the scheme
presented in Fig. 1. The commercial white paint and powder composite
of ZnO/ZnFe504/Si0,-TiO, were mixed with a mechanical stirrer in the
proportion of 3 g of composite for 50 dm® of paint.

2.5. Characterisation of materials

Firstly, the phase structure of the ZnO/ZnFe504/Si02-TiO2 compos-
ites was analysed with the powder X-ray diffraction (XRD) method using
Rigaku MiniFlex 600 X-ray diffractometer (Rigaku Corporation, Tokyo,
Japan). The patterns were obtained in step-scanning mode (A20 =
0.01°) in the range from 10° to 80° 26. Nitrogen adsorption-desorption
isotherms were analysed using the Micromeritics Gemini V instrument.
Diffuse reflectance spectra (DR) in the 300-800 nm range were
measured using ThemoScientific Evolution 220 Spectrophotometer
(Waltham, MA, USA) equipped with PIN-757 integrating sphere. The
composite surface morphology was examined by scanning electron mi-
croscopy (SEM) using SEM Microscope FEI Quanta FEG 250. The mag-
netic properties of coated ferrite nanocomposites were investigated
using the Physical Properties Measurements System (Quantum Design,
San Diego, CA, USA) at 293 K and in the range of 0-3 T.

The surface area was determined using the BET isotherm method
(Brunauer, Emmett and Teller) using the Micromeritics Gemini V
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Fig. 1. Schematic illustration of the preparation method of bio-photo-magnetic paint.

apparatus. The analysed samples, weighing 0.3 g, were degassed for 2 h
at 200 °C in the Micromeritics FlowPrep 060. Then, the amount of
adsorbed nitrogen on the surface of the photocatalysts was determined.
Adsorption occurred at a temperature of 77K, the boiling point of liquid
nitrogen. The carrier gas in the system was helium. Changes in the
thermal conductivity of the gas mixture reflect changes in the adsorption
and desorption processes. From the determined adsorption isotherm
using the Brunauer, Emmett and Teller equation, the specific surface
area of the tested nanocomposites was calculated according to the
equation:

x 1 K-1

a(l —x) amK+ a,K .

where: x - relative pressure in the range of 0.04-0.05; am - capacity of
the absorption monolayer, K - adsorption equilibrium constant.

2.6. Self-cleaning properties of trifunctional paints

Transparent plastic foils, in the shape of squares with a side of 5 cm,
were covered with zinc ferrite (sample S1 and S2), modified paints
containing nanocomposite particles (samples S3 and S4), and a sample
of white paint (sample SO, which served as a reference sample). The
samples prepared in this way were placed in the dye solution for 45 min,
dried at 40 °C and irradiated. Photocatalytic degradation of natural red
dye was performed using a 300W Xenon lamp emitting UV-vis light. The
degradation of the dye was calculated from the reduction in absorption
intensity of natural red dye in the concentration ¢ = 0.02 % at a fixed
wavelength kpaxy = 550 nm. The degradation efficiency was then
calculated as given in PD = %* 100%, where Cj is the initial con-
centration of the natural red and C is the concentration after irradiation
at given time intervals. The total irradiation time was 120 min.

2.7. Antimicrobial properties of trifunctional paints

The antimicrobial properties of paints were determined using Gram-
negative bacteria Escherichia coli K12 (ATCC 29425) and Gram-positive
bacteria Staphyloccocus epidermidis (ATCC 49461). The test microor-
ganisms were cultivated in two types of liquid media — nutrient broth
(NB) for E. coli and Brain-Heart Infusion (BHI) for Staphylococcus epi-
dermidis and incubated for 24 h at 37 °C Then test culture was diluted
using 0.85 % sterile sodium saline buffer to the final concentration 0.5 in
McFarland standard to a final concentration approx. 1.5 x 10° CFU/ml
The experiments were carried out according to ASTM E2149-01: Stan-
dard test method for determining the antimicrobial activity of antimi-
crobial agents under dynamic contact conditions with some
modifications [30]. For the antibacterial performance examination, the
sheets of paper covered by paints or sheet paper (as negative control)
were cut into small pieces and 1.0 + 0.1 g were transferred into a sterile

250 mL screw-cap Erlenmeyer flask for each treated (paper covered by
paints) and untreated specimen (uncovered by paints). Then, 50 + 0.5
mL of working dilution of bacterial inoculum prepared flask. The flasks
were placed on the wrist-action shaker and were shaken for 1.0 h + 5
min. The experiments were carried out under visible (one bulb 300 W,
OSRAM Ultra Vitalux, Poland) irradiation placed about 15 cm from the
flask and under dark conditions. The radiant flux was monitored with a
radiation intensity meter LB901 (Lab-EL, Poland) equipped with CM3
and PD204AB Cos sensors. Immediately serial dilute and plate each
sample out in triplicate, as was done for the “0” contact time subgroup.
The samples were collected after 0.5 and 1.5 h. Serial tenfold dilutions
using 0.85 % sodium saline solution were made, and 0.25 ml were plated
on appropriate solid media: Standard Plate Count Agar (PCA) for E. coli
and Brain-Heart Infusion Agar (BHI) for S. epidermidis. The inculcated
plates were incubated at a temperature of 37 °C for 24 h. Then the visible
colonies were counted and shown as log CFU/mL. The antimicrobial
activity was expressed as bacterial survival rate after contact with the
painted paper and control sample.

The trifunctional paints were coated on paper using a K-paint coater
at a speed of 1 cm/min and 2 pm. The samples were dried for at least 48
h before antimicrobial analyses. The coated papers were cut to 1.5 cm X
1.5 cm squares. The agar plate method was used for the evaluation of
antimicrobial effect of the coatings. Gram-positive Staphylococcus aureus
(ATCC 6538) and gram-negative Escherichia coli (ATCC 10536) were
used to test the antibacterial activity of modified paints. For disc diffu-
sion sensitivity tests, the semi-liquid medium was inoculated with 10°
cells/ml of an overnight culture of microbial cells, poured into Petri
plates and left for solidification. The paint samples were placed on the
agar medium surface. Plates were incubated for 24 h at 37 °C. The zones
of inhibition were measured.

3. Results
3.1. Characterisation of ZnO/ZnFe204/SiO2-TiO2 composites

The magnetic properties depend on the preparation method, grain
size, cation distribution and calcination temperature. Bulk ZnFe30,4 is a
normal spinel, where Fe3' cations antiferromagnetically coupled
occupy octahedral (B) sites, and Zn?* cations (non-magnetic) are pref-
erentially located at the tetrahedral A positions [31]. However, at the
nanoscale, zinc ferrite nanoparticles exhibit cationic inversion between
octahedral and tetrahedral sites and the occurrence of mixed states (i.e.,
Fe®' cations in both B and A sites) is noticed [29]. The M—H curves of
ZnFey04 NPs and composites are presented in Fig. 2. The hysteresis loop
can be used to read the magnetic parameters such as saturation mag-
netisation (Ms), coercivity (Hc), and remanent magnetisation (Mr). The
values are presented in Table 1. At RT, these values for S1 were 44
emu/g, 0.02 kOe, and 7.6 emu/g, respectively. The saturation
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Fig. 2. Magnetic hysteresis loops of magnetic core ZnFe,O4 and nano-
composites of ZnO/ZnFe 504/Si05-TiO».

magnetisation for sample S2 was slightly lower and equalled 40
emu-g~'. The decrease in the magnetisation of S2 could be related to
different cation distribution or the occurrence of some amount of the
sample non-ferrimagnetic (ZnO). At 300 K, the coercivity was close to
zero, which shows that samples S1 and S2 are superparamagnetic. This
is well expected, as for a superparamagnetic system, the coercivity is
zero [32, 33]. In addition, besides the cation distribution, the magnetic
properties of nanostructured ferrites depend on microstructures such as
crystallinity and crystallite size. For magnetic spinel ferrites, the critical
size is around 30-40 nm [34,35]. When the particle size is reduced
below the critical size, it becomes superparamagnetic, with zero coer-
civity. Due to a crystallite size of about 8-9 nm, the obtained ferri-
magnetic zinc ferrite particles can behave superparamagnetically at RT.
After coating with TiO» and silica layer, the magnetisation of the
nanocomposite decreased from 44 to 40 emu-g~* to 23-24 emu-g L. The
decrease in magnetisation should be related to the mass contribution of
the SiOy and TiO, coating. It was expected since ZnFey04 is a small
fraction of the final material (calculated to 5 wt %). As revealed by the
XRD analysis, TiO» and SiO, are predominant in both S3 and S4 samples,
and therefore the magnetisation decrease should be proportional to their
content.

The physicochemical characteristics of the composites, e.g., crystal-
lite sizes, indirect band gap values, BET surface areas, are presented in
Table 1. The BET surface area of both zinc ferrite samples (S1 and S2)
was about 20 m? g’l. The specific surface area of nanocomposites coated
wigh Si05-TiO5 was about 52 m> g’l, similar to that of TiO5 P25 (50 m?
g ).

The XRD patterns of zinc ferrite particles (samples S1 and S2) and
Zn0/ZnFe»04/Si02-TiOy composites (samples S3 and S4) are presented
in Fig. 3. The formation of ZnFe;O4 was confirmed by the presence of
signals at 20 29.8°, 35.2°, 42.8°, 53.1°, 56.5° and 62.1°, according to
JCPDS No. 82-1042. Moreover, due to the non-stoichiometric content of
Fe:Zn during the synthesis, the characteristic diffraction peaks for pro-
duced in situ hexagonal wurtzite structure of ZnO at 20 32.6°, 36.0° and
62.8° can be noticed (JCPDS card no. 36-1541). The diffraction peaks at

Table 1
The physicochemical characteristics of ZnFe,O4 and ZnFe;04/Si02-TiOx.

Ceramics International xxx (XXxX) XXX

20 25.3°, 36.9°, 48.0° and 53.9° corresponds to the of anatase TiOq
(JCPDS No. 89-4203). Deposition of both SiO3 and TiO; layers resulted
in visible weakening of ZnFe,0,4 signals at 20 35.2° for samples S3-S4.
Crystallite sizes of zinc ferrite and TiO, (anatase) particles were deter-
mined using the Scherrer equation and equalled 8-8.5 nm and 20 nm,
respectively.

The optical absorption properties of the nanomaterials are presented
in Fig. 4. The analysed samples absorb UV light due to the sp-
d interaction between valence band electrons of O and d electrons of
Ti or Zn/Fe atoms in TiO, and ZnFeyO4 structures, respectively. The
higher absorption properties of S2 than S1 resulted from the presence of
a higher amount of ZnO in the heterostructure. Obtained spectra were
transformed into the Kubelka-Munk function, and the Tauc trans-
formation was used to determine the band gap values. The band gap for
the two samples S1 and S2 was in the range of 1.75-1.85 eV. Different
synthesis methods and different parameters of zinc ferrite synthesis
result in the various energy band values of zinc ferrite nanoparticles.
Lemine al [36]. reported the band gap of ZnFe,04 of about 2.23 eV. Gao
et al. [37] reported a band gap energy of 1.9 eV for nanocrystalline
ZnFe504 synthesised with a polymer complex.

The morphology of the samples was examined by scanning electron
microscopy and transmission microscopy analyses, and the results are
presented in Fig. 5. The zinc ferrite particles grow in situ on the surface
of ZnO, forming a special 3D flower-like structure [38,39]. For magnetic
photocatalysts of ZnO/ZnFe04/Si0,-TiO5 the spherical morphology of
the particles can be noticed due to the coating of zinc ferrite with a
protective SiOy and TiO; layer. Based on TEM analysis, the particle size
for sample S4 was about 50 nm. The different values of particle size of
TEM and crystal size of XRD analysis result from the structural proper-
ties and lattice strain as a result of clustering of the nanoparticles. The
average particle size of the samples is larger than the crystallite size
calculated based on the Scherrer equation. However, the obtained re-
sults suggest that the zinc ferrite core (~8 nm) is coated with a SiO2-TiO4

. e anatase  * rutile
] ZnFe204 A ZnO

Intensity (a. u.)

2-Theta (°)

Fig. 3. XRD patterns of samples S1-S4.

Sample Molar ratio ~ Ms (emu-g™')  Hc(T)  Mr (emu-g )

BET (m?>g~!)  Pore volume (cm®/g)  Eg Crystallite Size (nm)

Anatase Rutile Zinc Ferrite

0.002 7.6
0.018 5.4
0.002 1.43
0.010 2.9

Fe:Zn 1:1.5 44
Fe:Zn 1:2 40
Fe:Zn 1:1.5 24
Fe:Zn 1:2 23

S1 ZnFe,04
S2 ZnFe,04
S3 ZnFe;04/Si0,-TiO,
S4 ZnFe;04/Si04-TiO,

1.75 - - 8.0
1.85 - - 8.5
32.5 8.0
31.0 8.5

20 0.0021
21.5 0.0103
49 0.0017 1.9 20
52 0.0011 2.1 20
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Fig. 4. Diffuse reflectance spectra of sample S1-5S4.

shell (~30 nm).

Furthermore, the SEM images of white commercial paint, ZnFe;O4
modified paints and ZnO/ZnFe;04/Si02-TiO2 modified paints are pre-
sented in Fig. 6. The powder modifier is located on the upper surface,
which allows for full activation of the composite components respon-
sible for the trifunctional properties of the paint.

3.2. Photocatalytic properties of trifunctional paints

The images of paint coatings are presented in Fig. 7. The paint
samples, after modification with ZnFe;04 and ZnO/ZnFe304/Si05-TiO4
were different shades of beige (S1-S4). The SO sample is a reference
sample coated with commercial white paint.

The self-cleaning properties of ZnO/ZnFe;04/SiO2-TiO2 — modified
paint (sample S4) are presented in Fig. 8. After the dyeing process, the

Ceramics International xxx (xxxx) Xxx

sample was uniformly red colour (Fig. 8a). Furthermore, the photo-
degradation process led to efficient dye degradation and the sample
returned to its original colour (Fig. 8b). The photocatalytic activity of
paint layers (self-cleaning properties), including the un-modified com-
mercial paint (sample S0), are presented in Fig. 9. For the reference
sample SO, the photodegradation was not observed, which is a natural
phenomenon for unmodified paint. For samples S1 and S2 of paint
modified with zinc ferrite nanoparticles with a non-stoichiometric Fe:Zn
content, the dye degradation efficiency was about 47.5% and 56.6%,
respectively. Paint modification with nanocomposites based on ZnFe;04
and TiOs resulted in the effective degradation of natural red dye. The
highest photodegradation efficiency of about 93% was observed for
sample S4 containing ZnO/ZnFey04/Si02-TiO2 composite with Fe:Zn
ratio of 1:2. For sample S3 the observed self-cleaning properties were
slightly lower, and the efficiency of decolourisation of the surface
reached about 86.2%. The difference results from the increased content
of ZnO in ZnFey04/Si0,-TiO;, (sample S4, Fe:Zn equalled to 1:2) com-
posite structure, which is a consequence of the photocatalyst synthesis
method.

3.3. Antimicrobial properties of trifunctional paints

Photocatalytic inactivation of Escherichia coli and Staphylococcus
epidermidis was analysed on paper sheets covered by commercial and
modified with ZnO/ZnFe;04/Si05-TiO; composites paints according to
ASTM E2149-01 recommended for testing antimicrobial additives. All
tests were conducted in dark conditions or under visible light. Fig. 10 a-b
shows the photocatalytic inactivation of E. coli and S. epidermidis bac-
teria. The inactivation of bacteria on control paper sheets was signifi-
cantly lower (almost 100% of survival bacteria), independently from
lighting conditions.

These study showed that for activation of ZnO/ZnFe304/Si02-TiO;
also, visible light (indoor light) can be used. The paints containing ZnO/
ZnFe504/Si02-TiOg particles showed good antimicrobial activity against
both tested bacteria under visible light conditions. After 1h of

Fig. 5. Microscopy SEM images of samples S1 (a), S2 (b), S4 (c), and TEM image of ZnO/ZnFe,;0,4/Si0,-TiO, composite (sample S4).
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Fig. 6. The morphology (SEM images) of white commercial paint SO without additives (a), modified paints with ZnFe;04 (S1-S2) (b,c) and ZnO/ZnFe;04/Si05-TiOy

(S3-S4) samples (d,e).

exposition, almost half of the bacteria were inactivated (Fig. 10 a-b). The
experiment indicated a synergy between the molar ratio of Fe: Zn and
antibacterial properties. The higher concentration of zinc effectively
inhibited the growth of bacteria Gram negative E. coli and Gram positive
S.epidermidis due to in situ formation of ZnO/ZnFe,04 particles. Gram
negative bacteria were more sensitive than Gram positive. E. coli showed
a higher log;o reduction in colony-forming units (CFU/mL) than the
S. epidermidis after 1 h. The efficiency of both bacteria inactivation for
ZnFe304/Si02-TiO3 (Fe:Zn 1:2) paint under visible light activation was
comparable to commercial paint. As presented in Fig. 11, based on XRD
analysis, the presence of Zn was confirmed in the commercial paint
structure.

However, due to the paint composition being only known to the
producer, it was impossible to specify inhibition or stimulation agents.
The maximum reduction of E. coli bacteria under vis irradiation was:
3.26 log for ZnFe;04/Si0,-TiO; (Fe:Zn 1:2) paint, 3.2 log for

commercial paint and 1.16 for ZnFe304/Si0,-TiO5 (Fe:Zn 1:1.5). In the
same conditions for S. epiderimidis the reduction rate was 2.62, 2.82 and
0.92 respectively. As reported by Zuccheri et al. the photocatalytic agent
in commercial paints is used at a very high concentration in the range of
15 vol % - 80 vol % [40]. Moreover a significant bacterial inactivation of
about 90 % (investigated only against E. coli) was reached only after 48 h
of irradiation with UV lamp. It is well known that the antibacterial ac-
tivity of photocatalytic products such as paints is related to efficiency in
generating ROS under light irradiation [40-42]. Both tested in this study
bacteria are facultative anaerobic organism that causes higher sensi-
tivity to oxygen exposure and have weaker mechanisms of ROS neu-
tralisation (in contrast to aerobic organisms) [43]. Another possible
explanation was demonstrated by Hochmannova and Vytrasova [44].
The authors concluded that zinc-containing formulations (paints)
exhibit a few times higher antimicrobial efficiencies than nano TiOy
paints. In an aqueous solution, Zn?" ions can damage the cytoplasmic
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Fig. 7. Paint samples modified with ZnFe;04 (S1-S2), ZnFe,0,4/Si0»-TiO5 (S3-
S4) and SO-white paint before the dying process.

membrane and act as an inhibitor of the glycolytic enzyme through the
thiol group oxidation [45]. It is noteworthy that ZnO/ZnFe304/SiO2--
TiO, modified paints also revealed excellent antimicrobial properties in
darkness (Fig. 10).

Furthermore, it is also possible that electrostatic interactions of
nanoparticles play a crucial role in this process. Metal nanoparticles of
Cu, Ag and Zn are positively charged and can bind to the negatively
charged bacterial cell via electrostatic repulsion. It can cause direct
disruption of electron transport chain or even mechanical damage of cell
walls. Both these abnormalities can lead to bacteria death [46]. As
summarised Kirthika et al., metal and metal oxide nanoparticles (e.g.
ZnO, MgO CuO, TiO; etc.) are classified as active antimicrobial agents
(AAA), which means that they eradicate microbes completely by varied
mechanisms of action. In contrast, passive antimicrobial agents (PAA)
only prevent the growth of microbes [47]. Many of the listed above NPs
exhibit a biocidal activity against Gram-positive and Gram-negative
bacteria or microscopic fungi isolated from varied environments
(human body, water, air etc.), which was described in a wide range of
review papers [17,46-50]. Nevertheless, the mechanism of their anti-
microbial action is not fully known. On the one hand, it is due a variation
and evolution in microorganisms, but on the other, it is caused by rapid
progress in the method of synthesis of nanoparticles characterised by
their different size, shapes, composition or physical properties. Addi-
tionally, in the case of self-cleaning and self-disinfecting building ma-
terials such as paints or coatings, the synergistic effect of NPs in
combination with polymers and chemicals used as a component of the

Ceramics International xxx (xxxx) Xxx

final product determines the antibacterial efficacy of a surface [51].

Finally, the inhibition zones against microorganisms for zinc ferrite
modified paints with a non-stoichiometric Fe:Zn content were analysed
and compaed with the inhibition zones of stoichiometric zinc ferrite
(ZnFey04) modified paint and white paint without additives as refer-
ence. In Table 2, the diameters of zones of inhibition for modified paints
are presented. The labels in the first column are the same as in
Figs. 7-11, and are related to zinc ferrite modified paints and ZnO/
ZnFe04/Si0,-TiO, modified paints. The best antimicrobial activity was
observed for samples S1 and S3 prepared using non-stoichiometric
ZnFe204.

The zones of inhibition against St. aureus and E. coli were observed
for samples of paints S1, S3 and S5. Our results are in good agreement
with others. Mandal et al. reported that zinc ferrite nanoparticles
revealed similar biocidal properties to known antibiotics on many bac-
terial colonies [52]. Garcia-Cruz et al. demonstrated the activity of zinc
ferrite nanoparticles against phytopathogenic bacteria [53]. The highest
antibacterial activity was observed for S3 and S1. However, broad in-
hibition zones of the growth of both bacterial colonies for S1 and S3
samples are clearly visible. The observed inhibition zones are twice as

100
80

60

40

Efficiency of dye removal (%)

120 S4

Fig. 9. The results of photocatalytic degradation of dyes for paint samples S1-
S4 and control sample SO (white paint without modification).

Fig. 8. The images of sample S4 before the dye (natural red) photodegradation process (a) and after the photodegradation process (b). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 11. XRD pattern of commercial white paint.
Table 2

The inhibition zones against microorganisms for trifunctional paints and com-
mercial paint.

Trifunctional paint Zone of inhibition (mm)

Sample Description Staphylococcus Escherichia coli
label aureus ATCC 10536
ATCC 6538
S0 white paint without additives 0 0
S1 non-stoichiometric ZnFe,04 21.3 32.9
(Fe:Zn 1:1.5) modified paint
S3 non-stoichiometric ZnFe,04/ 19.6 33.8
Si0,-TiO,
(Fe:Zn 1:1.5) modified paint
S5 stoichiometric 11.2 18.9

ZnFe,04 modified paint

wide compared to stoichiometric ZnFeoO4. The in situ generation of zinc
oxide into the structure of zinc ferrite markedly improved the original
biocidal properties of pure stoichiometric zinc ferrite.

4. Conclusions and discussion

In the present study, a composition containing an active agent - a
composite based on TiO3, ZnO and ZnFe;04 with a non-stoichiometric
Fe:Zn content and the method of producing this trifunctional paint
was for the first time reported.

Nanocomposites with biocidal, magnetic and self-cleaning properties
were characterised to confirm the effectiveness of the product in the
form of trifunctional paint concerning magnetic properties (analysis of
magnetisation saturation), biocidal properties (analyses concerning
Gram-positive Staphylococcus epidermidis and Gram-negative Escherichia
coli, and self-cleaning properties in the neutral red dye degradation
reaction.

The obtained ferrimagnetic zinc ferrite particles revealed super-
paramagnetic properties at room temperature. The formation of
ZnFe;04 was confirmed by XRD analysis. Moreover, due to the non-
stoichiometric content of Fe:Zn during the synthesis, the characteristic
diffraction peaks for hexagonal wurtzite structure of ZnO were noticed.
The composite with a surface area of about 50 m2.g™!, particles size 50
nm and UV-Vis light absorption properties possessed saturation mag-
netisation of 24 emu-g!, magnetic coercivity of 0.010 T and remanent
magnetisation of 2.9 emu-g™!. Furthermore, the self-cleaning properties
of ZnO/ZnFey04/Si05-TiO, were confirmed. Paint modification with
nanocomposites based on ZnFe;04 and TiO, resulted in the effective
degradation of natural red dye. The paints containing ZnO/ZnFe;04/
SiO4-TiO, particles showed high antimicrobial activity under visible
light conditions.

Currently, there are no compositions on the market for obtaining
protective coatings in the form of paint, which simultaneously exhibits
biocidal, magnetic and self-cleaning - photocatalytic properties. The
synthesised and characterised trifunctional compositions with photo-
catalytic, magnetic and biocidal properties are a novelty in building
industry products. The composite can be added at different stages of
paint formulation, confirming the high efficiency in the elimination of
pathogenic microorganisms, self-cleaning properties and the magnetic
effect that can be applied to different surfaces. The proposed product —
trifunctional paint, enriches the market offer in the broader building
products industry. One of the interesting and promising directions of the
practical application of obtained paints can be the ability for self-
decontamination to finishing materials, for instance, for medical es-
tablishments and premises of public buildings, where mass public
gatherings are observed.
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In the present study, susceptibility to photocatalytic degradation of etodolac, 1,8-diethyl-1,3,4,9 - tetrahydro
pyran - [3,4-b] indole-1-acetic acid, which is a non-steroidal anti-inflammatory drug frequently detected in an
aqueous environment, was for the first time investigated. The obtained p-type TiO,-based photocatalyst coupled
with zinc ferrite nanoparticles in a core-shell structure improves the separation and recovery of nanosized TiO,
photocatalyst. The characterization of ZnFe;0,4/Si0,/TiO,, including XRD, XPS, TEM, BET, DR/UV-Vis, impedance
spectroscopy and photocatalytic analysis, showed that magnetic photocatalyst containing anatase phase revealed
markedly improved etodolac decomposition and mineralization measured as TOC removal compared to photol-
ysis reaction. The effect of irradiation and pH range on photocatalytic decomposition of etodolac was studied. The
most efficient degradation of etodolac was observed under simulated solar light for a core-shell ZnFe,04/Si0,/
TiO, magnetic photocatalyst at pH above 4 (pKa = 4.7) and below 7. The irradiation of etodolac solution in a
broader light range revealed a synergetic effect on its photodegradation performance. After only 20 min of deg-
radation, about 100% of etodolac was degraded. Based on the photocatalytic analysis in the presence of scaven-
gers and HPLC analysis, the transformation intermediates and possible photodegradation pathways of etodolac
were studied. It was found that -0 attack on C2-C3 bond inside pyrrole ring results mostly in the hydroxylation

E-mail address: annjurek@pg.edu.pl (A. Zielifiska-Jurek).

https://doi.org/10.1016/j.scitotenv.2020.138167

0048-9697/© 2018 Published by Elsevier B.V.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2020.138167&domain=pdf
https://doi.org/10.1016/j.scitotenv.2020.138167
mailto:annjurek@pg.edu.pl
https://doi.org/10.1016/j.scitotenv.2020.138167
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv
http://mostwiedzy.pl

Poiwahoer stbbtovrenmysplviedzy . pl

AN\ MOST

2 E. Mrotek et al. / Science of the Total Environment 724 (2020) 138167

of the molecule, which next undergoes -CH,COOH detachment to give 1,9-diethyl-3,4-dihydro-pyrano[3,4-b]
indol-4a-ol. The obtained compound should further undergo subsequent hydropyran and pyrrole ring breaking
to give a family of benzene derivatives.

© 2018 Published by Elsevier B.V.

1. Introduction

Etodolac, 1,8-diethyl-1,3,4,9-tetrahydro pyran-[3,4-b] indole-1-
acetic acid is used worldwide as an anti-inflammatory, analgesic and
antipyretic drug to treat rheumatoid arthritis, chronic soft tissue inflam-
mation (vessels, tendons), nerve inflammation and osteoporosis
(Gadade et al., 2017; Brocks and Jamali, 1994). This pharmaceutical
agent is metabolized in the liver. Although only 1% of etodolac is ex-
creted unchanged from the human body by the kidneys in the urine
and 16% in the feces, etodolac is frequently detected in the aqueous en-
vironment, e.g., rivers, lakes or surface waters (Hoshina et al., 2011;
Temussi et al., 2011; Saxena et al., 2016). In 2011, etodolac (ETD) was
detected in river water samples in Hyogo in Japan at a concentration
of 0.3 ng-dm > (Hoshina et al., 2011). In 2019, Guzel et al. reported
its presence in the concentration of 47.35 ng-dm™> in the Ceyhan
River in south Turkey (Guzela et al., 2019). ETD has a negative effect
on aquatic organisms such as alga, daphnid, and fish. Causing disorders
in normal development or impairing already formed living organisms
(Watanabe et al., 2016). Passananti et al. investigated the parent com-
pound ETD and its derivatives for toxicity to aquatic organisms such as
rotifers, algae, and crustaceans (Passananti et al.,, 2015). It was reported
that the concentration of 25 mg-dm™> for crustaceans and 10 mg-dm—>
in long-term exposure to algae does not lead to mortality but disturbs
and even inhibits the reproduction of the aquatic individuals. The ade-
quate concentration of etodolac in living organisms depends on the
level of education of the living organism. However, what is particularly
important, etodolac and its' derivatives, are susceptible to bioaccumula-
tion (Howard and Muir, 2011).

The bicyclic indole system present in the structure of etodolac is
found in many biological molecules (Passananti et al., 2015). Therefore,
etodolac is resistant to biological degradation but undergoes photolysis.
Saxena et al. studied the degradation of etodolac in acid and base hydro-
lysis, hydrogen peroxide oxidation, thermal degradation, and photolysis
(Saxena et al., 2016) and observed complete degradation after 8 h in
acidic conditions (5 M HCI) and a temperature of 60 °C. Passananti
et al. focused on the photochemical properties of etodolac under UV-B,
UV-A, and direct exposure to sunlight. Direct photolysis involves the
transformation of xenobiotic molecules resulting from the direct ab-
sorption of radiation. The efficient degradation was observed by photol-
ysis under UV-B irradiation, while negligible degradation of etodolac
occurred using UV-A and solar radiation (Passananti et al., 2015). More-
over, the photochemical study proved the oxygen involvement in
etodolac transformation mainly by oxygen attack to the C2-C3 bond
of the pyrrolic ring (Passananti et al.,, 2015). In this regard, advanced ox-
idation processes (AOPs), where nonselective free radical species chem-
ically oxidize pollutants, occurred to be a promising method for
degradation of etodolac in the aqueous phase. Free radical species pro-
duced in-situ in AOP processes, e.g., hydroxyl radical (HOe), superoxide
anion radical (O, hydroperoxyl radical (HO,*), alkoxyl radical (RO*) or
single oxygen (10,) can initiate AOPs to degrade active pharmaceutical
ingredients (APIs) to simple and non-toxic molecules. Among the ad-
vanced oxidation processes, heterogeneous photocatalytic oxidation
has resulted in the efficient degradation of different pharmaceuticals
and their removal from water and wastewater (Kanakaraju et al.,
2018). As far as we know, the photocatalytic decomposition of etodolac
has not been studied yet.

Titanium(IV) oxide is the most commonly used photocatalyst for en-
vironmental applications due to its non-toxic nature, chemical stability,
insolubility in the medium, low cost, and high photocatalytic activity
(Ohtani, 2010). However, in a technological process, there are several
problems with cyclic utilization of the powdered nano-TiO, particles
suspended in the treated water. Owing to nanometric particle size, the
TiO, could be recovered from the treated wastewater mostly by ultrafil-
tration (Lee et al., 2001) Another possibility is the immobilization of
semiconductors' particles on a solid substrate, which can result in a sig-
nificant decrease in a specific surface area and thus decrease the photo-
catalytic activity. Moreover, the TiO, layer is often unstable and
undergoes abrasion during the photodegradation reaction (Folli et al.,
2010).

Recently, magnetic photocatalysts, where semiconductor nano-
particles, usually TiO, and ZnO, are deposited on the surface of ferrite
(Fe304, Fe;04, CoFe,04, ZnFe,04, BaFe,049) allowing easy separa-
tion of a photocatalyst from the system after the purification process,
are considered as the most perspective (Zielifska-Jurek et al., 2017a;
Mishra et al., 2019). Mostly, the described in literature activity of
magnetic nanocomposites' is focused on the organic dyes' degrada-
tion (Meng et al., 2018). Previously, Zielinska-Jurek et al. studied
the structural, photocatalytic, and magnetic properties of Fe;0,@
Si0,/Ti0, nanocomposites in organic compounds (pyridine, phenol,
4-heptanone) degradation as well as their mineralization in the
flow back fluid after hydraulic fracturing process (Zielifiska-Jurek
etal.,2017b). Abdel-Wahab et al. (Abdel-Wahab et al., 2017) focused
on the degradation of paracetamol over magnetic flower-like TiO,/
Fe,05 core-shell nanostructures. Its complete mineralization was ob-
served after 90 min of irradiation.

Similarly, the Fe304/TiO, core structure - Ni/Co doping - coating
nanocomposites used in Amlodipine drug photodegradation allowed
for pharmaceutical compound decomposition after 90 min of expo-
sure in the UV-Vis range (Teimouri et al., 2019). However, to our
knowledge, data on the photocatalytic degradation of etodolac
using TiO,-based magnetic photocatalyst have not been reported in
the literature.

In this regard, for the first time, the present work reports about pho-
tocatalytic degradation of etodolac in the presence of ZnFe,0,4/Si0,/TiO,
magnetic photocatalyst. ZnFe,04-based hybrid photocatalysts possess
magnetic properties that allow effective separation in the external mag-
netic field after degradation reaction (Lee et al., 2001). Zinc ferrite core
was coated with silica layer to (i) increase the surface area of the com-
posite material allowing better adsorption of degraded pollutants and
(ii) prevent photodissolution of iron as well as phase transformation
of ZnFe,0,4 during the photocatalytic reaction. The external photocata-
lytic layer based on TiO, is directly responsible for the oxidation of
etodolac.

Etodolac direct photolytic decomposition and its photocatalytic deg-
radation in the presence of magnetic photocatalyst under UV and Vis
light at different pH values were studied. The reaction kinetics were
interpreted with the molecular structures of the chemicals and the
characteristics of the UV-Vis wavelengths. The reusability of ZnFe,04/
Si0,/TiO, magnetic photocatalyst was studied in the six subsequent cy-
cles of etodolac degradation. Based on the obtained results, a possible
mechanism for the photocatalytic decomposition of etodolac was
proposed.
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2. Experimental
2.1. Preparation of ZnFe,0,/Si0,/TiO, magnetic photocatalysts

Titanium butoxide (pure p.a.) was purchased from Aldrich and used
as a titanium(IV) oxide source. Zinc chloride, iron sulfate heptahydrate,
sodium hydroxide were purchased from Aldrich. Firstly, to obtain zinc
ferrite particles, FeSO4-7H,0 and ZnCl, were dissolved in stoichiometric
2:1 (Fe: Zn) molar ratio in distilled water under stirring (500 rpm) for
30 min. Afterward, the metals were precipitated from the homogenous
solution by adding 5 M NaOH at room temperature until a pH was 12.
The reaction mixture was hydrothermally treated in an autoclave at
200 °C for 5 h. Subsequently, the solid product of the reaction was mag-
netically separated and purified with deionized water several times. The
final product was dried at 100 °C to dry mass.

Furthermore, the magnetic particles were re-dispersed in ethanol,
and tetraethyl orthosilicate (TEOS) was added to the suspension to ob-
tain a silica layer. Afterward, ammonia water was added. The molar
ratio of TEOS to ZnFe,04 and NH4OH to TEOS was equal to 8:1 and
16:1, respectively. The ZnFe,0,4/SiO, particles were magnetically sepa-
rated, washed with ethanol and deionized water, and dried at 60 °C to
dry mass.

Following that, ZnFe,0,/SiO, particles were dispersed in
isopropanol ethanolic solution, and titanium(IV) butoxide (TBT) was
added. The rate of TBT addition was kept at 0.5 cm>-min~". Finally,
the obtained gel was treated in a Teflon-lined autoclave at 200 °C for
24 h, resulting in the preparation of the ZnFe,04/SiO,/TiO,_I
photocatalyst. The obtained composite material was calcined at 400 °C
(sample ZnFe;0,4/Si0,/Ti0O,_400) as well as at 650 °C for 1 h (sample
ZnFe;0,4/Si0,/Ti0,_650_1).

Additional samples of magnetic photocatalysts ZnFe;0,4/SiO,/TiO,_lII
and ZnFe,0,4/Si0,/Ti0,_650_II were prepared by adding cationic surfac-
tant (CTAB) into the solution during the preparation of magnetic core -
photocatalytic layer composite at alkaline conditions (pH of 8). In this
regard, ZnFe,0,4/SiO, particles were dispersed in isopropanol, and
CTAB ethanolic solution added dropwise into a mixture, with the
molar ratio of TiO, to CTAB equaled to 1:1. Then, titanium(IV) butoxide
(TBT) was added with a rate kept at 0.5 cm>-min~". Finally, the suspen-
sion was treated in a Teflon-lined autoclave at 200 °C for 24 h resulting
in the preparation of the core-interlayer-shell ZnFe;04/Si0,/TiO,
photocatalysts. The obtained product was separated and purified with
deionized water several times to remove the surfactant before drying
at 60 °C (sample ZnFe,04/Si0,/TiO,_II) and calcination at 650 °C for
1 h (sample ZnFe;04/Si0,/Ti0,_650_1I).

2.2. Characterization of ZnFe;0.,4/Si0,/TiO, magnetic photocatalysts

X-ray powder diffraction (XRD) analysis was performed using
Rigaku MiniFlex 600 X-ray diffractometer (Rigaku Corporation, Tokyo,
Japan). The patterns were obtained in step-scanning mode (A26 =
0.01°) in the range from 20° to 80° 26. The crystalline and amorphous
phase content was analyzed using an internal standard (NiO, Aldrich,
Germany).

The magnetic properties of coated ferrite nanocomposites were in-
vestigated using the Physical Properties Measurements System (Quan-
tum Design, San Diego, CA, USA) at the temperature of 293 K and in
the range of 0-3 T. The diffuse reflectance (DR) spectra were analyzed
using a Thermo Scientific Evolution 220 spectrophotometer (Waltham,
MA, USA) with an integrating. Nitrogen adsorption-desorption iso-
therms were analyzed using the Micromeritics Gemini V instrument.
Surface charges (zeta potential) and particle size were measured using
Nano-ZS Zetasizer dynamic light scattering detector (Malvern Instru-
ments, UK) equipped with a 4.0 mW internal laser. The fluorescence
spectra of the ZnFe,0,/Si0,/TiO, photocatalysts were measured using
a fluorescence spectrophotometer (Perkin Elmer LS55). The morphol-
ogy of the prepared photocatalysts was determined by high-resolution

transmission electron microscopic analysis (HR-TEM) using an electron
microscope (TEM, FEI Europe, Tencai F20 X-Twin. For TEM analysis,
ZnFe,0,4/Si0,/TiO, particles were dispersed in ethanol and placed in
an ultrasound bath for 1 min. Subsequently, a few drops of suspension
were deposited on Lacey Carbon microgrid. XPS spectrophotometer
(Escalab 250Xi, Thermofisher Scientific) was used to determine the sur-
face composition of the photocatalytic material. Electrochemical imped-
ance spectroscopy (EIS) was studied using the potentiostat-galvanostat
(AutoLab PGStat302N system, Utrecht, The Netherlands) under GPES/
FRA software control. Electrochemical impedance spectroscopy (EIS)
analysis was perfomed in a three-electrode cell in 0,2 K,SO,4 solution
using the potentiostat-galvanostat (AutoLab PGStat302N system,
Utrecht, The Netherlands) under GPS/FRA software control. As a refer-
ence electrode Ag/AgCl in 0.1 M KClI was applied, while platinum
mesh was used as a counter electrode. The spectra were run at the fre-
quency range from 20 kHz to 0,1 Hz with a 50 mV amplitude of the al-
ternating current.

2.3. Photocatalytic degradation of etodolac

The photocatalytic activity was studied as examining the rate of
etodolac degradation. In this regard, 0.05 g of the photocatalysts' parti-
cles was added to a quartz reactor containing 25 cm® of etodolac (ETD)
solution with an initial concentration of 15 mg-dm 3. The suspension
was stirred and aerated. During the photocatalytic process, the reactor
was irradiated using a 300 W Xenon lamp (Photonics Hamamatsu,
Japan), as ultraviolet-visible (UV-Vis) light source. To assess the degra-
dation in visible light, a GG filter that transmitted light wavelength
>400 nm was used. During the photocatalytic process, samples of
1 cm? of the suspension were collected at regular time intervals. The
pharmaceuticals' degradation rate was measured as a pharmaceutical
concentration decrease using HPLC chromatograph Shimadzu LC-6A
(Kyoto, Japan) combined with (SPD-M20A) photodiode array detector.
During the measurements, a mobile phase consisting of 1:1 (v/v) aceto-
nitrile and 0,1 M KH,PO, solution mixture was used at 1 cm>-min~'
flow, together with Phenomenex Gemini 5 um C18; 150 x 4,6 mm col-
umn working at 45 °C. Etodolac identification and further quantification
were based on a standard compound and performed external calibra-
tion for a characteristic 273 nm signal.

3. Results
3.1. Characterization of ZnFe,0,/Si0,/TiO, photocatalysts

The physicochemical characteristics of the magnetic photocatalysts
e.g., crystallite sizes, indirect band gap values, BET surface areas are
given in Table 1.

The composition of the crystalline phase was examined by XRD anal-
ysis for both as-obtained ferrite and its further modifications, and the
results are shown in Fig. 1. Formation of pure ZnFe,0,4 was confirmed
by the presence of the signals at 26 of 18.16°; 29.8°; 35.2°; 42.8°;
53.1% 56.5° and 62.1°, which corresponds to JCPDS card No. 82-1042.
The broad reflections indicated the formation of fine ferrite crystallites
with a size of about 10 nm (see in Table 1). The deposition of both
SiO, and TiO,, layers resulted in a visible weakening of ZnFe,0,4 signals.
However, most of the composite material remained amorphous (~80%)
before calcination.

Calcination of ZnFe;0,4/SiO,/TiO,_I sample at 400 °C resulted in both
the appearance of more intense TiO, signals and crystallites growth to
approximately 11.5 nm. The reflections at 26 of 25.3°; 36.9°; 37.7°;
48.0°; 53.9%; 62.7° corresponded to anatase crystal planes (101),
(103), (004), (200), (105), (204), respectively (JCPDS card No. 89-
4203). The sample ZnFe,0,4/Si0,/TiO,_400 composed of anatase (39%)
and amorphous phase of TiO, and SiO, (48.5%), without rutile. The for-
mation of the rutile phase occurs above 600 °C (Mansour, 2019; Ohtani
et al.,, 1997). In this regard, to enhance charge carrier separation, the
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Table 1
Characteristics of the obtained ferrite particles and magnetic composite materials.
Sample TiO, Preparation Crystallite size Phase content BET Surface Vior Eg
label Source  condition [nm] [%] Area [cm?/g]  [eV]
2
Surfactant ~ Calcination Anatase  Zinc Anatase  Rutile  Zinc Amorphous (m/e]
temperature ferrite ferrite phase
[°q
ZnFe,04 - - - - 10 - - 58.5 415 25 0.012 1.68
ZnFe,04/Si0, - - - - 10 - - 34 66 62 0.030 1.88
ZnFe;04/5i0,/Ti0_I TBT - - 2 10 5 - 15 80 187 0.092 3.33
ZnFe;04/Si0,/Ti0,_lI TBT CTAB - 2 10.5 5 - 15 80 106 0.051 2.98
ZnFe,04/Si0,/Ti0,_400 TBT - 400 11.5 11 39 - 12.5 48.5 75 0.037 3.13
ZnFe,0,4/Si0,/Ti0,_650_1  TBT - 650 20 12 46 3 19 32 50 0.025 3.18
ZnFe,04/Si0,/Ti0,_650_11  TBT CTAB 650 315 12 47 4.5 8.5 40 18 0.009 3.25
obtained magnetic photocatalyst particles were also calcined at 650 °C. m?-g~ !, respectively, and finally decreased for samples calcined at

Previously, for the most photocatalytic active TiO, powder (P25,
Evonik), Ohno et al. proofed that the fairly high photoreactivity of this
material results from the creation of heterojunction between anatase-
rutile particles (Ohno et al., 2001). The fine rutile crystallites facilitate
the e™ transport to anatase trapping sites and thus forming photocata-
lytic hot spots at the rutile-anatase interface (Gambarotti et al., 2012).
The diffraction peaks at 26 of 35.2°; 53.9°; 56.7°; 62.2° demonstrates
the possible presence of rutile clusters (JCPDS, No. 76-1940). For the
samples ZnFe,0,4/Si0,/Ti0O,_650_I and ZnFe,0,4/Si0,/Ti0,_650_II con-
taining anatase phase (~46-47%) with a small amount of rutile
(3-4.5%), higher crystallinity (60-68%) than for ZnFe;04/SiO,/
TiO,_400 (~51.5%) was observed.

Moreover, no crystallites growth of ZnFe,0,4 was observed, suggest-
ing that formed ferrite particles should be tightly covered with SiO,/
TiO, layer, which prevents it from further growth (approx. crystallites
size of 10 nm, and 11 nm for the as-obtained ZnFe,04 and after 400 °C
calcination, respectively). Finally, no crystallization of silica was ob-
served, suggesting that SiO, remains an amorphous layer. Crystalliza-
tion of SiO, is kinetically difficult and starting above 600 °C (Tomita
and Kawano, 1993).

The specific surface area of bare zinc ferrite was 25 m?-g~! and in-
creased after coating with SiO, layer to 62 m?-g~!. Further, for
ZnFe;0,4/Si0,/Ti0,_I and ZnFe,0,4/Si0,/Ti0,_II samples coated with
TiO,, layer, the specific surface area increased to 187 m?-g~ ! and 106

400 °C and 650 °C. The BET area of ZnFe,0,4/Si0,/Ti0,_400 and
ZnFe,0,/Si0,/Ti0,_650_1 decreased from 75 m?-g~! to 50 m?.g~!
with increasing calcination temperature from 400 °C to 650 °C and ana-
tase crystallite size increased from 11.5 nm to 20 nm, respectively. In-
creased crystallites size observed for the annealed samples results
from the crystallization of the TiO, structure from amorphous precursor
as well as from minimalization of the surface energy as the grain/crys-
tallites boundary is reduced through their growth. The amorphous
phase is metastable, and the surface formation is always accompanied
by the energy barrier, which should tend to minimize both factors
(Porter et al., 1995; Zhang et al., 2000). At higher temperatures, the mo-
bility/diffusion of atoms inside solids is facilitated by the temperature. In
this regard, the observed behavior for the obtained samples is consistent
with the basic mechanisms of crystallization. For ZnFe,04/SiO,/
TiO,_650_II core-shell photocatalyst obtained in the presence of cat-
ionic surfactant, which acts as a binder of ZnFe,0,4/SiO, and TiO, layer,
further reduction in specific surface area to 18 m?-g~ ! and increase of
anatase crystallite size to 30 nm was noticed. Regarding the literature,
the use in this study excess of cationic surfactant (2-times higher than
CMC value) may lead to the formation of the second layer of surfactant
and cylindrical micelles containing several core-shell nanoparticles in
crystalline structure (Liu et al,, 2013).

The TEM microscopy analysis, shown in Fig. 2, confirmed the forma-
tion of the core-shell structure of ZnFe;0,4/SiO,/TiO, nanoparticles with
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Fig. 1. XRD diffraction patterns of the as-prepared ZnFe,0,4, ZnFe,0,4/Si0,, and ZnFe,0,/Si0,/TiO, magnetic photocatalysts calcined in 400 °C and 650 °C.
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Fig. 2. Morphology (TEM images) (a), EDS and EDS-line measurements (b-c) of ZnFe;04/Si0/TiO»_650_II photocatalyst.

the total composite particle size of about 50-60 nm (Fig. 2a). The aver-
age particle size of the samples is larger than nanocrystals size calcu-
lated based on XRD measurements, which confirmed that the zinc
ferrite core (~10 nm) is coated with a TiO, shell (~30 nm). The particles
were spherical and uniformly distributed, and agglomeration of grains
was caused by the magnetic attractions. Additional TEM images of the
prepared magnetic photocatalyst are shown in the Supplementary ma-
terials (Fig. S1). The Energy Dispersive Spectroscopy (EDS) revealed the
presence of Zn, Fe, Si, O, and Ti in the structure of the as-prepared pho-
tocatalytic material (Fig. 2b). Moreover, the EDS line scanning profiles
(Fig. 2c-d) across the particle also showed that it consisting of zinc fer-
rite core and titania shell. The signals for Zn and Fe occurred in the same
area inside the structure, while the signals for Si, O, and Ti outside the
structure of the magnetic particle.

It can be concluded from EDX analysis that all basic elements of
ZnFe;0,4/Si0,/Ti0; exist in the prepared composite nanomaterial, as
confirmed by XRD characterization, as well.

The survey of XPS spectra of ZnFe;0,4/Si0,/TiO,_650_II photocatalyst
recorded in the binding energy (BE) range of 0 to 1300 eV is presented
in Fig. S2 in the Supporting materials. Several peaks associated with Ti,
0, and a trace amount of Si, Zn, Fe are detected, as well as a signal iden-
tified with the C 1s peak. Fig. S2b shows that binding energy of 458.5 eV
corresponds to the peak of Ti 2ps», whereas binding energy of 464.3 eV
is associated with Ti 2p; . The Ti 2p binding energies indicate the incor-
poration of Ti into the lattice of TiO, as Ti**. Moreover, the Auger signals
assigned to the Ti LMV transition were observed. As presented in
Table S1 in the Supplementary materials, the titanium content was

about 27 at.%. Exhibited in Fig. S2c are the O 1s components with the
binding energies at 529.7 eV, 531.8 eV, and 532.9 eV, which are associ-
ated with different types of oxygen bonds. Two of the most intense
peaks corresponded to lattice oxygen (Ti—O groups) and oxygen in hy-
droxyl groups (Ti-OH), respectively. The peak at about 103 eV, shown in
Fig. S2d, could be assigned to Si-O-Si from the O 1s spectrum. The oxy-
gen content was 49.7 at.%. The iron content was on the verge of noise
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Fig. 3. Magnetic hysteresis loop of ZnFe,0, and ZnFe,0,/Si0,/TiO, photocatalyst.
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detection (see in Fig. S2e), while the Zn 2ps,; and Zn 2p;, components
characteristic of a low amount of Zn?* are located at 1021.2 eV and
1044.3 eV, respectively. The zinc content was 1.4 at.%. The origin of car-
bon presents (~13.9 at.%) is mainly attributed to atmospheric
contaminants.

As shown in Fig. 3, as-obtained ZnFe,0, ferrite particles exhibited
strong ferrimagnetic properties with a saturation magnetization (Ms)
of 40 emu-g~! and can exhibit superparamagnetic behavior due to
small coercivity (Hc) and remanent magnetization (Mr) values.

The obtained results are consistent with the reported for ZnFe,0y,
revealing it as a soft ferromagnetic material with an extensive range of
possible magnetization values (Yao et al., 2007). For an ideal magnetic
particle, the Ms value should decrease together with the particle size
due to the development of the surface area and possible defects, leading
to the magnetic moments' misalignment. It was shown in detail far
compounds like magnetite Fe30,4 (Lee et al., 2015; Mascolo et al,,
2013). However, ZnFe,0,4 behaves differently due to the preference to
form a normal spinel structure in its bulk form, which was found to be
antiferromagnetic (Yao et al., 2007; Lee et al., 2015; Mascolo et al.,
2013; Mozaffari et al., 2010). Because of this, visible magnetic properties
of zinc ferrite are mostly observed for its nanoparticles, for which cation
distribution is usually at least partially inverted. The final magnetization
of the ZnFe,0,, therefore, depends on both particle size and specific cat-
ion distribution, which was found to depend on particle shape, size, and
specific preparation conditions e.g., pH (Mozaffari et al., 2010; Kurian
and Mathew, 2018; Shanmugavani et al.,, 2014). After the formation of
both SiO, and TiO, layers, the magnetization of the composite decreased
to 25 emu-g~ ', as shown in Fig. 3 for ZnFe,0,4/Si0,/TiO, photocatalyst.
It was expected since ZnFe,04 make up only a small fraction of the final
material. As revealed by the XRD and XPS analysis, TiO, and SiO,, are the
predominant in both ZnFe,0,4/SiO,/TiO,_650 samples, and therefore the
magnetization decrease should be proportional to their content.

The DR/UV-Vis spectra were measured to study the optical absorp-
tion properties of the magnetic photocatalysts. As shown in Fig. 4, all
samples absorb UV light due to the sp-d interaction between valence
band electrons of O and d electrons of Ti or Zn/Fe atoms in TiO, and
ZnFe, 0,4 structures, respectively. The absorption properties decreased
after the coating of ZnFe,04 with SiO,, indicating that the SiO, layer

remarkably influenced the UV-Vis absorption ability of zinc ferrite par-
ticles, protecting them from photodissociation during the photocatalytic
reaction. The light absorption edge in the ultraviolet region for nano-
composites was close to that of the pure titania particles. For all the
ZnFe,0,4/Si0,/Ti0, composites, the absorption was markedly red-
shifted after the coating of ZnFe,0, ferrite with SiO, and TiO, layer. Ob-
tained spectra were transformed into the Kubelka-Munk function, and
the Tauc transformation was used to determine the band gap energy.
As expected, the ZnFe,0, ferrite sample exhibited low band gap energy
of 1.68 eV, and it widened after coating with silica to 1.88 eV, see in
Table 1. According to literature, the band gap of pure TiO, particles de-
pends on the polymorphs and is reported at ~3.0 eV for rutile and
3.2-3.3 eV for anatase (Amtout and Leonelli, 1995; Tang et al., 1995).
The band gap energies for ZnFe,0,4/SiO, composite coated with TiO,
particles after annealing process varied from 3.13 eV to 3.25 eV.

Widening of the bandgap region may lead to various defects and dis-
crete energy states. Therefore, it is important to study the radiative re-
combination transitions occurring in the prepared nanomaterial. In
this regard, the fluorescence spectroscopy analysis of the obtained
photocatalysts was performed and shown in Fig. 5.

The photoluminescent emission of the photocatalyst is a result of
photoinduced electron-hole pairs recombination. The lower PL intensity
indicates (i) inhibition of charge carriers recombination, therefore, the
higher photocatalytic activity of ZnFe,04/Si0,/Ti0,_650_1 and
ZnFe,0,/Si0,/Ti0,_650_II photocatalysts can be attributed to enhanc-
ing charge carriers' separation (Zhu et al.,, 1998). The PL emission spec-
tra of ZnFe,0,4/Si0,/TiO, photocatalysts calcined at 400 °C and 650 °C
has examined in the wavelength range of 350 to 700 nm. In the spectra,
several emission regions can be distinguished. The emission band from
390 to 400 nm results from the photoexcited charge carriers recombina-
tion of TiO, (Mathew et al., 2012). The intensity of PL in this region is
higher for pure TiO, and the sample ZnFe,0,4/Si0,/TiO,_400 calcined
at 400 °C than for sample ZnFe,0,/Si0,/TiO,_650_] annealed at
650 °C. The emission peaks at 420; 440 and 455 nm can be ascribed to
a shallow-trap state near the absorption band edge, which results
from the presence of oxygen vacancies (Zhu et al., 1998). The emission
peak at 530 nm can be assigned to deep-trap states related to the pres-
ence of oxygen vacancies in the TiO, structure (Tehrani et al,, 2012).

ZnFe,0,/SiO,

SiOZ/Tioz_
nFe,0,/SI0,TIO, 400

ZnFe,0,/SI0/Ti0, 650_Il  Tio,
S
&
Q
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c
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<
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Fig. 4. Diffuse reflectance spectra of ZnFe,04, ZnFe,04/SiO,, pure TiO, used as a reference, ZnFe,0,4/Si0,/TiO, without thermal treatment and ZnFe,0,4/Si0,/TiO, photocatalysts calcined at

400 °C and 650 °C.
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Fig. 5. Photoluminescence spectra of ZnFe,0,4/SiO,/TiO, photocatalysts at room temperature: (a) ZnFe,0,4/Si0O,/TiO,_650_II; (b) ZnFe;04/Si0,/Ti0,_400 and (c) ZnFe;04/Si0,/TiO,_650_1.

3.2. Photolytic and photocatalytic degradation of etodolac in the presence of
ZnFe,0,/Si0,/TiO, nanocomposites

3.2.1. The effect of radiation range

The effective utilization of solar energy (UV-Vis) plays an important
role in photocatalysis. Therefore, photolysis reaction and photocatalytic
degradation of etodolac were performed under simulated solar light by
using a 300 W Xenon lamp. The cut-off filters were applied to measure
the photoactivity under UV light (optical filter UG transmitted light in
the range of 250+400 nm; max. 330 nm), and Vis light (optical filter
transmitted light of wavelength >400 nm).

In order to study the effect of dark reaction of the magnetic
photocatalyst, their components, and bare TiO, as the reference sample,
the photodegradation analyses under UV-Vis irradiation proceeded.
The adsorption-desorption equilibrium was established for 30 min in
the absence of light. As shown in Fig. S3 in the Supporting materials,
the adsorption ratio for the ZnFe;0,4/Si0,/TiO,_II photocatalyst was
equal to 13% after 30 min. Similarly, the etodolac adsorption on the sur-
face of the magnetic core ZnFe,04 amounted to 11%. For ZnFe;04/Si0,

7

k [min"]
o
° L °
- [3,] N

o
=)
a

Etodolac degradation rate

Fig. 6. The effect of irradiation range (Vis N > 420 nm; UV 250 nm < \ <400 nm; simulated
solar light (UV-Vis) on photodegradation of etodolac.

particles with a developed specific surface, the adsorption ratio
exceeded 30%. The reference sample of TiO, powder obtained an equiv-
alent result.

As presented in Fig. 6, all the obtained photocatalysts promoted the
effective photodegradation of etodolac.

The ability of light in photolysis to reduce etodolac concentration
depended on the range of the light spectrum. There was no progress ob-
served in etodolac photolytic degradation under Vis light irradiation. As
shown in Fig. S4 in the Supporting materials, the extension of the pho-
tocatalytic process up to 60 min does not make a positive contribution
into etodolac degradation under Vis light irradiation.

The efficiency of etodolac photolytic degradation after 30 min under
UV light exceeded 60%, however, the highest degradation rate was ob-
served under UV-Vis irradiation. Thus, it can be assumed that irradia-
tion under a wide light range may reveal a synergetic effect on
etodolac degradation efficiency. Compared with photolysis, the degra-
dation of etodolac in the presence of ZnFe,0,4/Si0,/Ti0,_400 and
ZnFe;0,4/Si0,/Ti0,_650_II photocatalysts was significantly improved
under UV and visible light irradiation (>420 nm).

For the photocatalytic reaction in the presence of ZnFe;04/SiO,/
TiO,_650_II about 100% of etodolac was removed within 20 min of irra-
diation under UV and UV-Vis light (see in Fig. 7a). It is worth noting that
the mineralization by ZnFe,0,/SiO,/TiO, photocatalyst was markedly
higher compared to the photolytic reaction, as shown in Fig. 7b. The
highest TOC removal was observed under UV-Vis light for photocata-
lytic degradation in the presence of ZnFe,;0,4/Si0O,/TiO,_650_I1
photocatalyst containing anatase phase with a small amount of rutile
(3-4.5%).

3.2.2. The effect of initial pH on the photocatalytic performance

The initial pH of the aqueous phase is one of the most important pa-
rameters which affects photocatalytic activity. The UV-Vis spectroscopy
was used to determine the pH effect on etodolac stability, as presented
in Fig. 8. The UV-Vis spectrum of etodolac showed an absorption band
with a maximum at the wavelength of about 220 nm and a shoulder
of 270 nm. The results showed that there was no effect of pH on the ab-
sorption spectrum of etodolac.
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by photolysis and photocatalysis in the presence of Vis, UV and UV-Vis light (b).
Experimental conditions: etodolac initial concentration C, = 0.5-10~# M, photocatalyst
loading m = 0.05 g-dm =, 300 W xenon lamp.

The stability of etodolac in the dark reaction was analyzed at 20 °C at
pH 4, 7, and 9. These pHs are usually considered environmentally rele-
vant (Valenti et al., 2009). There was no degradation of etodolac ob-
served after 1 h of mixing. The influence of initial pH in the range of 4
to 9 on the etodolac photocatalytic degradation was studied, and the re-
sults are presented in Fig. 9.
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Fig. 8. UV-Vis spectra of etodolac at different pH values.
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Fig. 9. The effect of initial pH on the etodolac removal under Vis light (a) under UV light
(b) and the TOC removal fraction as a function of pH for ZnFe;04/Si0/Ti0,_650_II
under UV light irradiation (c).

It was observed that a pH above 4 and below 7 facilitated the
etodolac removal. Under visible light, the highest efficiency of
etodolac degradation was observed at pH = 4. After 30 min of irradi-
ation, about 7% and 84% of etodolac were removed in photolytic and
photocatalytic reactions, respectively (see in Fig. 9a).

The highest photodegradation of etodolac was noticed at a pH of 4
and 7 in the presence of UV light, as shown in Fig. 9b. The photolytic re-
moval of etodolac was 58% at pH = 4 and 78% at a pH of 7 during 30 min
of irradiation. At the same time, after 20 min of irradiation, the photo-
catalytic performance at pH = 4 was 97% and increased to 100% at
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pH = 7. However, as the pH value further increased to 9, the photocat-
alytic activity decreased due to the quenching effect of carbonates under
alkaline conditions. The presence of CO5~ and HCO3 presence results in
adsorption and inorganic layer formation on the photocatalyst surface,
and therefore hindering adsorption of other species (Farner Budarz
et al., 2017; Guillard et al., 2005). Moreover, carbonate anions could
act as a scavengers of the generated hydroxyl radicals, which reacts
with the active species produced in the photocatalytic reaction and re-
duce the photocatalytic performance (Zhang et al., 2015). Scavenging
of photogenerated hydroxyl radicals may especially explain almost full
inhibition of TOC removal at alkaline conditions, as shown in Fig. 9c. Fi-
nally, at pH = 9 both etodolac and the surface of ZnFe;0,4/SiO,/
TiO,_650_I magnetic photocatalyst are expected to be negatively
charged, which should promote their repulsion through electrostatic
interactions.

Etodolac is a weakly acidic pharmaceutical agent having a pK, of
4.65. Its solubility depends on the pH of the aqueous phase and in-
creases significantly above the pK, value. The pH of isoelectric point
(pHigp) for ZnFe,0,4/Si0,/TiO,_650_I1 was about 4.7, as shown in
Fig. S5 in the Supporting materials. The photocatalyst surface was posi-
tively charged at pH < pH;gp and negatively charged at pH > pHjgp. At
acidic conditions below pHigp, the photocatalyst was positively charged
and was facilitated for the attraction of electron-rich aromatic nucleus
or the oxygens of the etodolac molecule. The higher stability of suspen-
sion was noticed at pH above 6 and below 4. In this regard, the highest
efficiency of etodolac removal was observed at pH above pKa value and
below 7.

The most active in the reaction of etodolac degradation
photocatalyst ZnFe,0,4/Si0,/TiO,_650_II was selected for the reusability
studies. In order to examine the photocatalytic effectiveness of the mag-
netic photocatalyst after its recovery, the six subsequent cycles were
carried out, as can be seen in Fig. 10. At the end of each run of etodolac
degradation, ZnFe,0,4/Si0,/TiO,_650_II nanoparticles were separated
from reaction slurry by an external magnetic field and then treated
etodolac solution was discharged. Afterward, the separated
photocatalyst was reused without any treatment. High efficiency of
photocatalytic degradation was maintained after six subsequent cycles,
without any loss in etodolac degradation and photomineralization.
Mean TOC reduction TOCy-TOC/TOC, for each cycle amounted to
0.62 4 0.05.

3.3. Degradation mechanism and pathway

To verify the mechanism of photocatalytic activity the fluorescence
spectra analysis of 3 mM terephthalic acid (TA) solution under UV-Vis
was performed. A fluorescent product of TA photocatalytic reaction
with -OH is 2-hydroxyterephthalic acid (2-HTA), which emits fluores-
cence at 426 nm, as shown in Fig. S6 in the Supporting materials.
There was no peak observed for the TA before irradiation indicating
that fluorescence was linked only to the 2-HTA presence. The character-
istic fluorescence of 2-HTA increased with the irradiation time, suggest-
ing that the ZnFe;0,4/Si0,/Ti0O, 650_II photocatalyst can produce -OH
under UV-Vis irradiation.

Furthermore, to provide insight into the mechanism of etodolac re-
moval, oxidative species participating in the photocatalytic reaction
have been investigated by reference experiments in the presence of
scavengers. Photocatalytic activity of ZnFe;0,4/SiO,/TiO,_650_1II in reac-
tion of etodolac degradation in the presence of tert-butanol (hydroxyl
radicals (-OH) scavenger,), benzoquinone (superoxide radical anion
(*05) scavenger), ammonium oxalate (hole (h™) scavenger) and silver
nitrate (electron (e™) scavenger) are presented in Fig. 11. The etodolac
photocatalytic degradation determined without scavengers served as a
reference sample.

The introduction of t-BuOH trapping the photogenerated hydroxyl
radicals had little effect on the efficiency of etodolac degradation and
its mineralization. The photocatalytic performance was significantly
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Fig. 10. The efficiency of etodolac degradation in the presence of ZnFe,0,4/SiO/TiO,_650_1I
photocatalyst measured in the six subsequent cycles of degradation.

suppressed in the presence of benzoquinone, indicating that <0, plays
an important role in photodegradation or competes with the potential
active species involved in the degradation process. In the presence of
ammonium oxalate, which was introduced as the scavenger of
photogenerated holes (h™), the photodegradation reaction was sup-
pressed by 10%, suggesting that h™ also played a role in the degradation
of etodolac. The 2-times lower mineralization measured as TOC inhibi-
tion efficiency was observed for the photoreaction proceeded with the
addition of -05 scavenger and h™ scavenger.

To further study the photocatalytic degradation mechanism, the
HPLC/MS analyses of photooxidation and photodegradation products
were performed.

The initial steps of etodolac photolysis in the presence of UV-A, UV-B
or sunlight irradiation reported by Passananti et al. suggest the genera-
tion of two main photoproducts in the form of spiro (product 3) and lac-
tam (product 4) compounds, respectively (Guzela et al., 2019). As
presented in Fig. 12, the transformation of etodolac is initiated by reac-
tive oxygen species attack on the C2-C3 bond of pyrrole ring in the ex-
cited molecule, which is also characteristic for the oxidation of indoles
in other processes (Xu et al., 2019; McClay et al., 2005; Iesce et al.,
2005). Obtained radical intermediate should further undergo series of
spontaneous rearrangements to possibly give products 2, 3 and 4,

—a— without scavenger
4~ with 'OH scavenger
—e— with ‘O, scavenger

with h'* scavenger

—»— with e scavenger

el

Efficiency of etodolac degradation C/C

Irradiation time (min)

Fig. 11. Photocatalytic degradation of etodolac for ZnFe,0,4/Si0,/TiO,_650_II photocatalyst
in the presence of e, h*, 05, and *OH scavengers.
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Fig. 12. The proposed mechanism of initial etodolac photodegradation under UV-Vis.

from which 3 and 4 were identified as main stable derivatives, with m/
z = 304 and 320, respectively.

The compound with m/z = 304 was observed for both photolytic
and photocatalytic processes. Moreover, in the presence of ZnFe,04/
Si0,/Ti0,_650_II photocatalyst, an additional signal with m/z = 302
was found, which can be the product of compound 4 dehydration,
marked as 5. The analogical process was already observed by Afsah
et al. in their study on the reactivity of dibenzo-azonines (Afsah et al.,
2015), where compounds similar to lactam 4 underwent
cyclodehydration under the Schmidt reaction conditions (NHs/H™).
The formation of both possible byproducts during the photocatalytic
process corresponds well with the observed role of *O,” species in the
degradation of etodolac and suggested formation of hydroperoxide 1a
after initial oxygen addition to the double bond of the pyrrole ring of
etodolac (compound 1). According to literature, a spiro derivative 3
with m/z = 304 should absorb UV light with a maxima at 225 nm and
255 nm (Passananti et al., 2015). In this study, no similar compound
was observed. Instead, the formation of a derivative 2 with three max-
ima at 215 nm, 256 nm, and 292 nm was detected. Since compound 2
is presented as a parent for a spiro, it is suggested that it was mainly ob-
served as m/z = 304 compounds. Stabilization of a structure 2 occurred

P

N
e A
HO 6

m/z = 246

due to a lack of mineral acid catalyst, which was required to perform the
described transformation in a quantitative yield, as described by Mateo
and co-workers (Mateo et al., 1996). Therefore, the formation of com-
pound 2 as the main oxidation product of photocatalytic degradation
was observed.

Both compounds 2 and 5 can later undergo -CH,-COOH detach-
ment to form compounds with m/z = 246 and m/z = 244, deriva-
tives 6 and 7, respectively. Product 6 was observed on the MS
spectrum mainly during the photocatalytic process, while the forma-
tion of compound 7 was found mostly during the photolysis of ETD in
acidic conditions. The transformation was based on a hydroxyl attack
on o-carbon, relative to carboxyl moiety, which was also found to be
promoted in the presence of -OH radicals in citric acid (CA) oxidation
(Zeldes and Livingston, 1971; Meichtry et al., 2011).

Further, compounds 6 and 7 can undergo breaking of hydropyrane
ring. This results in the formation of 7-ethyl-tryptophol derivative
(structure 8 in Fig. 13) or other indolic compounds, together with corre-
sponding ketones as byproducts.

Indeed mainly at acidic conditions, spontaneous formation of a com-
pound with board single absorption maximum at 274 nm was observed,
which corresponds to 2-butanone (Lee et al., 1988; Schiitze and

" 8a
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Fig. 13. The suggested further steps of etodolac degradation under UV-Vis.
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Herrmann, 2004). Its formation was additionally promoted under visi-
ble light irradiation, what's shown in Fig. S7 in the Supporting materials,
suggesting that similar transformation could be crucial for increased
TOC removal under the UV-Vis spectrum, rather than UV only.

The presence of 2-butanone was mainly found in photolytic degra-
dation at pH = 4, while during the photocatalytic process the com-
pound quickly disappeared, suggesting its further efficient
mineralization. It can be reasoned that photocatalyst presence can pro-
mote similar process to photolysis but with more efficiency, either
through formation of reactive oxygen species (O3, *OH) as well as pos-
itively charged states of TiO, by h™ trapping on the surface or because of
Lewis-acidic active sites, that are characteristic for anatase structure
(Pérez-Lopez et al., 2018; Martra, 2000). The involvement of ROS and
photogenerated holes in the mechanism of etodolac degradation was
confirmed, since the significant effect of h* and <0, scavenging on
TOC removal was observed.

Furthermore, the Mott-Schottky analysis was performed to deter-
mine the location of flat band energy (Eg) by measuring the space
charge region capacitance (Cs) at electrode/electrolyte interface, ac-
cording to Eq. (1).

1
Coe = =5 )

Csc — capacitance of the space charge region, Z" - imaginary imped-
ance, o - angular frequency.

Model Mott-Schottky plots of the ZnFe,04/SiO,/TiO,_650_II sample
are presented in Fig. S8 in the Supporting materials. The capacitance
of the space charge region was calculated for three different frequencies,
resulting in three different values of Ep,. The differences in Mott-
Schottky plots for various data series are observed due to the electrode
porosity and increasing faradaic current influence on the current distri-
bution at low-frequencies (Scribner, 1990).

The Mott-Schottky plots indicated that the analyzed photocatalyst
acts as the p-type semiconductor. The flat band potential of
photocatalyst was estimated at 1.7 V vs. Ag/AgCl (0.1 M KCl), therefore
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Fig. 14. Schematic representation of the energy positions of the conduction band (Cg) and
flat band energy (E) with corresponding valence band (Vg) of ZnFe,04/SiO,/TiO,_650_11
photocatalyst.

for the p-type material, the valence band edge is expected to be placed
slightly lower to its flat band potential (Babu et al.,, 2014). The position
of conductive band edge was estimated as the difference between the
flat band edge position (1.7 V vs. Ag/AgCl (0.1 M KCl), equal to
1.988 V vs. NHE) and the band gap value E, (3.25 eV) and amounted
—1.212 V vs. NHE. Fig. 14 shows the proposed value of the conductive
band edge (Cg) and the respective position of the flat band (Eg) with
corresponding energy of valence band edge (Vg). According to the esti-
mated results of Cg and Vg position, the examined photocatalyst can ef-
ficiently oxidize H,O into oxygen and reduce oxygen particles into
superoxide radicals. The presented results correspond with the photo-
catalytic analysis conducted in the presence of reactive oxygen species
scavengers, where the photocatalytic activity of ZnFe,04/SiO,/
TiO,_650_II photocatalyst was significantly suppressed in the presence
of O, scavenger.

Although TiO, is widely considered to be an n-type semiconduc-
tor, p-type semiconductivity of TiO, was already reported
(Nowotny et al., 2010; Conrado et al., 2013). Acceptor dopants,
such as cations with a lower valence than Ti*™, can act as acceptors
of electrons and shift the n-type to p-type transition. P-type behavior
of TiO,-based photocatalysts may results from the formation of tita-
nium vacancies (acceptor-type defects). Kaariainen et al. obtained p-
n junction in TiO, between p-type anatase and n-type rutile. The
polycrystalline materials revealed enhanced photocatalytic perfor-
mance compared to the n-type TiO,, which indicates that superior
photoactivity results from the formation of p-n heterojunction
(Conrado et al., 2013).

4. Conclusions

In summary, the TiO,/Si02/ZnFe,04 magnetic photocatalysts were
synthesized successfully and used for the first time in the
photodegradation of etodolac. This study provides new insight into
the application of heterogeneous photocatalysis, where pollutants are
chemically oxidized by nonselective free radical species, for degradation
of xenobiotics under simulated solar light.

The significantly enhancement of photocatalytic activity can be at-
tributed to the p-n junction in TiO, of the TiO,/Si0,/ZnFe;04_650_II
composite material. The trapping experiments revealed that h™, <0,
and *OH were ROS involved in ETD photocatalytic degradation. The PL
spectra analysis showed the lower intensity for ZnFe,0,4/SiO,/TiO, mag-
netic photocatalysts than for pure TiO,_400, which indicates lower
electron-hole recombination rate and higher photocatalytic activity.
The photocatalytic tests in the present of ROS scavengers as well as
the Mott-Schottky analysis confirmed that the studied magnetic
photocatalyst can efficiently oxidize H,0 into oxygen and reduce oxy-
gen particles into superoxide radicals.

The effect of irradiation range on the ability to reduce etodolac con-
centration in photolysis and photocatalytic degradation was confirmed.
There was no progress observed in etodolac photolytic degradation
under Vis light irradiation.

The highest efficiency of etodolac removal was observed at pH
above the pKa value of etodolac and below pH = 7 under UV and
UV-Vis light. Compared with photolysis, the degradation of etodolac
in the presence of ZnFe,0,4/Si0,/TiO, photocatalysts was markedly
improved under UV and visible light. After 20 min of irradiation,
about 100% of etodolac was decomposed. Based on HPLC/DAD and
HPLC/MS analysis six intermediates were determined both in pho-
tolysis and photocatalytic reaction and the degradation pathway of
photodegradation was proposed.
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Synteza i charakterystyka nanokompozytow TiO,
0 wlasciwosciach magnetycznych do degradacji
zanieczyszczen organicznych w fazie wodnej

1. Wprowadzenie

Tlenek tytanu(lV) nalezy do tlenkow metali przejSciowych, jest najbardziej
rozpowszechnionym i najtrwalszym zwiazkiem tytanu. Wystepuje W przyrodzie
W postaci mineralow: tetragonalnego rutylu i anatazu oraz rombowego brukitu. TiO,
jest szeroko stosowany w przemysle farb i lakieréw, tworzyw sztucznych, widkien
syntetycznych jako bialy pigment pod nazwag biel tytanowa. Jest zwiazkiem
nietoksycznym, stabilnym w szerokim zakresie pH oraz relatywnie tanim. Pomimo ze
wiekszo$¢ parametrow fizyko-chemicznych dotyczy TiO, niezaleznie od wielkoSci
czastek, istniejg specyficzne wlasciwosci, ktore wykazujg jedynie czastki w skali nano,
szczegolnie 0 wielkosci od kilku do kilkunastu nanometréw. Obnizenie kgta zwilzania
ponizej 5° dla powierzchni impregnowanej nanoczgstkami TiO, tzw. superhydro-
filowos$¢ powierzchni czy zdolnos¢ generowania reaktywnych form tlenu indukowana
promieniowaniem elektromagnetycznym decyduja 0 zastosowaniu  nano-TiO;
W inzynierii materiatowej, a W szczegdlnosci fotokatalizie heterogenicznej [1].

Fotokataliza (zgodnie z definicjg podang przez IUPAC) jest reakcja, ktora polega na
absorpcji $wiatla przez fotokatalizator Iub substrat, natomiast fotokatalizator to
substancja, ktora umozliwia reakcje W obecnos$ci §wiatla i nie zuzywa si¢ W jej trakcie.
Termin ,,heterogeniczna” oznacza, ze reakcja katalizowana zachodzi na granicy faz
pomiedzy cialem stalym igazowa lub ciekla mieszaning reagentow. W procesie
fotoka-talitycznym najczeSciej wykorzystywane sg tlenki metali przej$ciowych typu
,N”, takie jak: ZnO, ZrO,, WOj; czy TiO,. Sposrod nich to TiO, wykazuje najwyzsza
aktywnos$¢ w reakcjach degradacji zwigzkow organicznych i jest obecnie najczesciej
stosowanym fotokatalizatorem.

2. Podstawy procesu fotokatalizy

Zgodnie z pasmowa teorig ciala stalego, potprzewodniki wykazujg pasmowa
strukture — wystepuje W nich niskoenergetyczne pasmo walencyjne, wysokoenergetyczne
pasmo przewodnictwa irozdzielajaca je przerwa energetyczna nazywana pasmem
wzbronionym. Podczas naswietlania fotokatalizatora, w wyniku absorpcji kwantu
promieniowania o energii przekraczajacej energi¢ pasma wzbronionego, czasteczka
fotokatalizatora ulega wzbudzeniu. W przypadku tlenku tytanu(IV) szeroko$¢ pasma

! im.izabela.malinowska@gmail.com, Katedra Inzynierii Procesowej i Technologii Chemicznej, Wydziat
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wzbronionego wynosi okoto 3,2 eV, co oznacza, ze do wzbudzenia czasteczki TiO,
potrzebna jest fala elektromagnetyczna niosaca co najmniej takg energie [2]. Wybity
zpasma walencyjnego elektron zostaje przeniesiony do pasma przewodnictwa.
W miejscu wybitego elektronu w pasmie walencyjnym powstaje luka elektronowa
(tzw. dziura elektronowa), czyli nieobsadzony poziom energetyczny, zachowujacy si¢
jak dodatni no$nik tadunku elektrycznego. Powstate no$niki fadunkéw mogg migrowaé
na powierzchni¢ fotokatalizatora ibra¢ udziat w reakcjach utleniania i redukcji
zwigzkow chemicznych zaadsorbowanych na powierzchni potprzewodnika. W przy-
padku reakcji wzbudzonych elektronow z zaadsorbowanym tlenem oraz luk elektro-
nowych z czasteczkami wody powstaja reaktywne formy tlenu (ROS z ang. Reactive
Oxygen Species), takie jak: rodniki hydroksylowe, nadtlenkowe, anionorodniki tlenowe
i tlen singletowy [3]. Reaktywne formy tlenu charakteryzuja si¢ wysokimi
potencjatami utleniajacymi, przez co sa W stanie efektywnie utlenia¢ zwiazki orga-
niczne niepodatne na rozktad biologiczny do prostych zwigzkow — tlenku wegla(IV)
i wody. Schematycznie proces fotokatalityczny zachodzacy w obecnosci TiO, zostat
przedstawiony na rysunku 1.

Oz
TiO2
FOTOREDUKCJA
pasmo przewodnictwa

‘1'* e O;
t3,2eV
' Eg
: b H20

pasma walencyjne
FOTOUTLENIANIE

‘OH
Rysunek 1. Schemat procesu fotokatalitycznego zachodzacego na powierzchni TiO, [opracowanie wiasne]

3. Wyzwania technologiczne zwiazane z zastosowaniem TiO, w procesie
fotokatalitycznym

W poréwnaniu zinnymi fotokatalizatorami potprzewodnikowymi TiO, jest
najbardziej obiecujagcym materiatem, jednak jego zastosowanie w procesie fotokatali-
tycznym jest utrudnione ze wzgledu na kilka specyficznych witasciwosci. Odmiany
polimorficzne TiO, charakteryzujg si¢ szeroko$cig przerwy wzbronionej wynoszacej
okoto 3,2 eV [4]. Wymusza to wzbudzanie czasteczki fotokatalizatora falg elektromag-
netyczng 0 dtugosci co najmniej 388 nm. Swiatlo z zakresu UV stanowi jedynie od 3
do 5% zakresu widma promieniowania stonecznego, co W procesie technologicznym
generuje konieczno$¢ stosowania lamp UV do aktywacji fotokatalizatora. Ponadto
w czgsteczce TiO, zachodzi szybka rekombinacja fotowzbudzonych no$nikow tadun-
koéw, co znacznie zmniejsza wydajno$¢ reakcji fotokatalitycznej [5]. W celu zwigkszenie
efektywnego wykorzystania $wiatla stonecznego w procesach fotokatalitycznych
i zmniejszenia stopnia rekombinacji no$nikow tadunku stosuje si¢ domieszkowanie
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TiO, niemetalami oraz modyfikacje powierzchni fotokatalizatora za pomoca metali
przejsciowych.

Kolejnym istotnym aspektem zwigzanym z zastosowaniem TiO, do oczyszczania
wad i Sciekow jest separacja fotokatalizatora z zawiesiny reakcyjnej w celu ponow-
nego wykorzystania. Do stosowanych obecnie metod mozna zaklasyfikowa¢ metody
sedymentacji, koagulacji czy ultrafiltracji [6], ktore czgsto okazuja si¢ by¢ mato
skuteczne ze wzgledu na obecno$¢ ultradrobnych czastek w cieczy nad osadem, badz
generuja zbyt wysokie koszty separacji. Sposrdd proponowanych rozwigzan mozna
wymieni¢ takze immobilizacj¢ TiO, na nosniku statym, np. ceramice, weglu aktywo-
wanym, zeolicie, co prowadzi jednak do redukcji powierzchni wiasciwej fotokatalizatora.
Ponadto warstwa fotokatalizatora jest nietrwata i ulega zniszczeniu w trakcie kolejnych
reakcji fotokatalitycznych, a osadzajace si¢ na niej produkty posrednie degradacji
znaczaco zmniejszaja aktywno$¢ fotokatalityczna. W tym odniesieniu, obiecujacym
rozwigzaniem jest osadzenie fotokatalitycznej warstwy TiO, na powierzchni rdzenia
magnetycznego, co umozliwi proste iefektywne odseparowanie czastek fotokata-
lizatora z zawiesiny reakcyjnej po przytozeniu zewngtrznego pola magnetycznego [7].

4. Modyfikacja powierzchni fotokatalizatora czastkami metali przejSciowych

Jedng z metod aktywacji TiO, w szerszym zakresie spektrum promieniowania
elektromagnetycznego oraz zwigkszenia stopnia separacji no$nikow ladunku jest
modyfikacja powierzchni fotokatalizatora za pomoca czastek metali przejsciowych,
W szczegdlnosci nanoczgstek metali szlachetnych [8], takich jak: platyna (Pt) czy
pallad (Pd). Nanoczgstki metali szlachetnych (ang. plasmonic metal nanoparticles,
NPs) moga zosta¢ osadzone na powierzchni fotokatalizatora metoda sonochemiczna
[9], metodami fotochemicznymi [10] lub metodg chemicznej redukeji [11]. Wielko$é
i zawarto$¢ czastek metali szlachetnych na powierzchni TiO; sg istotnymi czynnikami,
ktore moga wpltywac na aktywnos¢ fotokatalizatora. W przypadku duzej zawarto$ci
czastek metali na powierzchni fotokatalizatora moze dojs¢ do zablokowania centrow
aktywnych oraz zmniejszenia drogi przenoszenia tadunkéw, co moze prowadzi¢ do
wzrostu stopnia rekombinacji elektronow z lukami elektronowymi [12]. Negatywny
efekt modyfikacji powierzchni fotokatalizatora czastkami metali szlachetnych jest
widoczny w przypadku przekroczenia optymalnej ilosci 1% wagowego metalu
w stosunku do masy fotokatalizatora [13]. Réwniez zbyt mata zawarto$¢ czastek
metalu szlachetnego nie gwarantuje aktywizacji TiO,, ze wzgledu na zbyt matg
powierzchni¢ kontaktu elektrycznego potrzebnego do efektywnej wymiany tadunkow.

Wptyw NPs na aktywno$¢ fotokatalityczng TiO, moze przejawiaé si¢ na kilka
sposobdw. Czysty TiO, wykazuje silng absorpcje promieniowania elektromagne-
tycznego w zakresie ponizej 400 nm, skutkujaca przeniesieniem tadunku z pasma
walencyjnego (tworzonego zazwyczaj przez orbitale 2p anionéw tlenowych) do pasma
przewodnictwa (tworzonego przez orbitale 3d kationow Ti**) [14]. Widma reflektancji
TiO, z dodatkiem NPs (Pt, Au oraz Pd) wskazuja na wystgpowanie przesuni¢cia
batochromowego, czyli zwigkszenia absorpcji W kierunku wyzszych dlugosci fali [12].
Nanoczastki metali wykazuja zdolno$¢ do absorbowania promieniowania z zakresu
widzialnego, ktory odpowiada dlugosciom fali powyzej 400 nm. Jest to spowodowane
wystepowaniem zlokalizowanego rezonansu plazmonu powierzchniowego (ang.
Localized Surface Plasmon Resonance, LSPR), czyli drgan oscylacyjnych gestosci
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swobodnych elektronéw. LSPR wystepuje, jezeli na elektrony z pasma przewodnictwa
metalu oddzialuje pole elektromagnetyczne, ktore wprawia elektrony w drgania, patrz
rysunek 2. Po jednej stronie nanoczastki tworzy si¢ tadunek ujemny (chmura elektro-
nowa), natomiast po drugiej stronie — tadunek dodatni [15]. Oscylujace naprzemiennie
fadunki emitujg fale elektromagnetyczne, ktore sprzyjaja wzbudzeniu wickszej ilosci
elektronow idziur, atakze podnosza temperature osrodka, zwiekszajac szybkosé
zachodzacych reakcji. Wystepowanie LSPR powoduje réwniez transfer elektronu
ze wzbudzonej czastki metalu szlachetnego do pasma przewodnictwa tlenku
tytanu(lV). W przypadku platyny stwierdzono takze intensywng adsorpcje grup
hydroksylowych na jej powierzchni, ktére dziatajac jako donory elektronow sa
w stanie efektywnie zmiata¢ fotogenerowane luki elektronowe w pas$mie walencyjnym
potprzewodnika [16].

0 czastka wzbudzona
. . o
o o
oo o
S .

czgstka w stanie
podstawowym

Rysunek 2. Zlokalizowany rezonans plazmonu powierzchniowego dla nanoczastek metalu [opracowanie
wlasne]

Kontakt elektryczny nanoczastek metali zZ powierzchnia potprzewodnikow skutkuje
réwniez wytworzeniem bariery Schottky’ego, ktora zapobiega migracji elektronéw do
struktury objetosciowej fotokatalizatora, dzialajac jako centrum putapkowania
elektronow, przez co efektywnie zmniejsza si¢ stopien rekombinacji no$nikow tadunku
[15, 16]. Wielkos¢ bariery Schottky’ego odpowiada roznicy pomigdzy pasmem
przewodnictwa polprzewodnika i poziomem Fermiego metalu; wzbudzone elektrony
po pokonaniu bariery, pozostawiajg dodatkowe luki elektronowe, ktore po migracji na
powierzchni¢ fotokatalizatora biorg udziat w reakcjach utleniania zwigzkow
organicznych.

5. Domieszkowanie tlenku tytanu(lV) niemetalami

Najnowsze trendy w nauce i inzynierii prowadza do wykorzystania odnawialnych
zrodet energii. Efektywne wykorzystanie energii stonecznej jest bardzo waznym
aspektem w fotokatalizie. Spo$roéd znanych i przebadanych fotokatalizatorow tlenek
tytanu(lV) — TiO, jest najczgsciej wykorzystywany ze wzgledu na jego wysoka
wydajnos¢, niski koszt, stabilnos¢ chemiczng i fotochemiczng [18]. Obecnie
prowadzone sa badania dotyczace modyfikacji TiO,, tak aby fotokatalityczna akty-
wacja zachodzita pod wptywem $wiatta widzialnego. Jednym z mozliwych rozwigzan
jest domieszkowanie TiO, za pomocg niemetali, takich jak: azot (N), siarka (S), wegiel
(C), fluor (F) czy jod (1). Wyroznia si¢ dwa sposoby domieszkowania niemetalami.
W pierwszym z nich domieszka zastepuje atomy tlenu (domieszkowanie zastepcze),
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natomiast w drugim wbudowuje si¢ W strukture miedzyweztows (domieszkowanie
migdzyweztowe). W pierwszym przypadku domieszkowania atom tlenu jest zastepo-
wany przez inne pierwiastki chemiczne m.in. azot, wegiel czy bor, a pasmo walencyjne
polprzewodnika moze zostaé pozbawione odpowiednio jednego, dwoch lub trzech
elektronéw. Im mniejszy jest atom petniacy funkcje domieszki, tym wyzsza jest
energia pasma 2p z powodu mniejszego efektywnego tadunku jadra. Domieszkowanie
w strukturze migdzyweztowe] ma miejsce wtedy, gdy rozmiary atoméw domieszki sg
na tyle mate, ze mogg migrowac¢ do wnetrza struktury poétprzewodnika i wbudowywaé
si¢ W ptaszczyzne migdzyweziowa. Domieszka peini funkcje donora elektronow.
W przypadku domieszkowania zastepczego tlenku tytanu(lV) azotem, powstaje pasmo
2p 0,14 eV nad pasmem walencyjnym. Niesparowany elektron zlokalizowany jest na
pasmie p azotu, prostopadle do ptaszczyzny wyznaczajacej przez trzy atomy tytanu.
W domieszkowaniu mi¢dzyweztowym niesparowany elektron jest dzielony migdzy
atom azotu i tlenu, natomiast ggstos¢ spinowa zlokalizowana jest na wigzaniu «t [19].
Oba sposoby domieszkowania sa tak samo faworyzowane termodynamicznie,
wprowadzajac nowe stany energetyczne pomigdzy pasmem walencyjnym a pasmem
przewodnictwa izaleza od potencjatu utleniajgcego W trakcie procesu domiesz-
kowania. Bor jest zdolny do oddania trzech elektronéw do struktury TiO,, co skutkuje
powstawaniem trzech indywiduéw Ti**. Atom boru moze wbudowywaé sie W sieé
Z trzema lub czteroma atomami tlenu tworzac wiazania B-O. Jony Ti** moga zosta¢
zasocjowane trzema stanami B-O, co prowadzi do utworzenia boranu tytanu. Powstaja
dwa nowe pasma. Pierwsze lezy 1,2 eV ponizej pasma przewodnictwa, natomiast
drugie 1,59 eV ponizej pasma walencyjnego [20].

Wegiel charakteryzuje si¢ wicksza elektroujemnoscia od boru, jest zdolny do
oddania dwoch elektrondw, w konsekwencji, czego powstaja dwa pasma Ti** potozone
1,09 eV ponizej pasma przewodnictwa. Dochodzi réwniez do utworzenia pasm 1,73
eV ponizej pasma podstawowego (wigzanie C-O) oraz 1,87 eV powyzej pasma
walencyjnego (wolna para elektronowa) fotokatalizatora [20].

Zaleta jodu w stosunku do innych niemetali jest mozliwos¢ uzyskania struktury
charakteryzujacej sie¢ wysoka zawartoscig wakancji tlenowych. Rezultatem domiesz-
kowania jodem jest rowniez wytworzenie nowych wigzan |-O-Ti oraz jednoczesna
redukcja jonow tytanowych Ti** do Ti*. Dodatkowo, podczas reakcji fotokatali-
tycznej, wbudowane jony jodu petnig funkcje putapki elektronowej, hamujac szybkosé
rekombinacji par elektron-dziura [21-25]. Jod wbudowuje si¢ w strukture TiO,, formie
multiwalencyjnej (I"/1), jonowej: 105", 10,7, I°* oraz czasteczkowej I, dzigki czemu
wzrasta efektywno$¢ fotokatalityczna pdtprzewodnika. Domieszkowanie jodem zmniej-
sza roOwniez energi¢ pasma wzbronionego fotokatalizatora, stwarzajac mozliwos¢
aktywacji tlenku tytanu (1) promieniowaniem z zakresu $wiatta widzialnego.

W wyniku domieszkowania struktury TiO, za pomocg jodu zachodzg nastgpujace
reakcje:

105 + H+ - HIOs (1)
4HIO3 - 2[> + H20 + 50> (2)
4105 - 310y + I 3)
5F + 105 + 6H* - 3, + 3H-0 (4)
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Podsumowujac, wwyniku domieszkowania powstaja nowe stany energetyczne
polozone ponizej pasma przewodnictwa TiO,. Ponadto, powstajace wakancje tlenowe,
zaro6wno na powierzchni, jak i w strukturze potprzewodnika, petnia podwojng funkcije:
zwigkszaja absorpcje promieniowania z zakresu widzialnego i bliskiej podczerwieni
oraz odgrywaja rol¢ miejsc aktywnych fotokatalizatora.

6. Ferryty spinelowe

W ostatnich latach prowadzone sg badania zwigzane z zastosowaniem ferrytytow
spinelowych jako materialdw magnetycznych, optycznych, potprzewodnikowych do
degradacji barwnikow. Znalazty zastosowanie rowniez W elektronice, biomedycynie,
obrazowaniu medycznym i katalizie [26-31].

Struktura ferrytu spinelowego MeFe,O,4, gdzie Me oznacza odpowiedni metal, jest
opisywana jako sze$cienny, $ci§le upakowany ukltad atoméw tlenu, z Me*" i Fe®
w dwoch roznych miejscach krystalograficznych. Miejsca te maja koordynacje
tetraedryczng i oktaedroksygenowa (okreslang odpowiednio jako miejsca A'i B),
w wyniku czego lokalne symetrie obu miejsc sg rozne [26]. Struktura zostata przedsta-
wiona na rysunku 3. Struktura spinelu zawiera dwa miejsca kationowe dla kationow
metali: 8 miejsc A, w ktorych znajduja si¢ kationy metali koordynowane tetraedrycznie
Z tlenem oraz 16 miejsc B, ktore posiadaja koordynacje oktaedryczng. Kiedy miejsca
a s zajete przez kationy Me®*, a miejsca B zajete przez Fe**, to uzyskuje si¢ normalng
strukture spinelowa owzorze (Me*")[Fe;*']O,>, przykladem takiej struktury sa
cynkowe ferryty spinelowe, (Zn*")[Fe* Fe*" 10> .

Odwrotna struktura spinelowa o wzorze (Fe**)[Me**Fe*]0,* powstaje, gdy miejsca
asa catkowicie zajete przez kationy Fe®*, a miejsca B s3 zajmowane przez kationy
Me*" i Fe*. Opisang strukture posiadaja magnetyt (FesO,), niklowy ferryt spinelowy
(NiFe,0,) oraz kobaltowy ferryt spinelowy (CoFe,0O,) [26-28].

/ A: czworoscienne migjsce

ﬁ B: oktaedryczne miejsce
O 0: fen

Rysunek 3. Struktura ferrytow spinelowych [26]
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Mieszana struktura spinelu powstaje, gdy kationy Me** i Fe** zajmujg pozycje
A B, wzor strukturalny tego ferrytu to (MeftsFeyt)[Mej* Fe3*s|07™, gdzie § to
stopien inwersji. Manganowy ferryt spinelowy MnFe,O, reprezentuje ten typ struktury
ima stopien inwersji 6 = 0,2, azatem jego struktura wyglada nastgpujaco:
(Me§iFe3t)|MelsFedt]oi.

Wilasciwosci magnetyczne ferrytow zostaly wyjasnione przez Neel’a, ktory
stwierdzil, Ze momenty magnetyczne ferrytdow sg sumg momentdw magnetycznych
W poszczegolnych podsieciach [29]. W zaleznosci od wymiany elektronéw pomigdzy
jonami w okreslonych podsieciach A i B, powstajg r6zne wzajemne interakcje:

e interakcja A-B, interakcje jondw podsieci A i B, ktore sg najsilniejsze,
e interakcja A-A, okoto dziesigciokrotnie stabsza od interakcji A-B,
e interakcja B-B, ktora jest najstabsza.

W ferrytach spinelowych dominujg interakcje typu A-B. W ferrytach spinelowych
0 odwroconej strukturze krystalograficznej potowa jonéw Fe®* jest umieszczona na
tetraedrycznych miejscach A, a pozostata czes¢ w oktaedrycznych miejscach B. Ich
momenty magnetyczne sg wzajemnie skompensowane, & moment magnetyczny ferrytu
wynika z sumy spinéw momentéw magnetycznych dwuwartosciowych kationow Me?*
w miejscach B.

Ferryt cynkowy ZnFe,O, jest jednym z szeregu spineli szeSciennych na bazie
zelaza, z podstawowa struktura spinelu z jonami Zn w miejscach tetraedrycznych (A)
i jonami Fe w oktaedrycznych miejscach [B]. Ze wzgledu na superaktywne oddziaty-
wanie antyferomagnetyczne pomig¢dzy jonami B-B, spinelowy ferryt cynku jest
antyferomagnetyczny. Charakteryzuje si¢ magnetyczng strukturg materialu, polegajaca
na antyrownoleglym uporzadkowaniu elementarnych momentéw magnetycznych
w podsieciach sieci krystalicznej. Otrzymane spinelowe ferryty cynkowe charak-
teryzuja si¢ normalna struktura ZnFe,O, gdzie jony cynku Zn®* zajmuja glownie
tetraedryczne miejsca A, a jony zelaza Fe** znajduja si¢c w oktaedrycznych miejscach B
sieci spinelowej AB,O, [6]. Spinelowy ferryty cynkowy jest paramagnetykiem
w temperaturze pokojowej, wynika to z zajgcia przez niemagnetyczne atomy cynku
tetraedrycznych miejsc w strukturze krystalograficznej [30]. Jednakze rozdrobnienie
tego materialu do wielkosci czgstek rzedu nanometréw sprzyja otrzymywaniu
mieszanej struktury spinelu owzorze (Zn*.Fe*")[Fe*,,JO%, wktorej jony Zn**
i Fe*" sa rozmieszczone wzdtuz miejsc A i B, a nawiasy okragle i kwadratowe ozna-
czaja odpowiednio miejsca A i B, za$ x oznacza stopien inwersji [25].

Magnetyczne nanoczastki ferrytow spinelowych wykazuja zjawisko superparamag-
netyzmu. Posiadaja mniejsza magnetyzacje niz klasyczne materialy ze wzgledu na
obecnos¢ amorficznej, niemagnetycznej warstwy o grubosci 1-2 nm na powierzchni
materiatu. Jednocze$nie wykazuja wyzsza niz material makroskopowy wartos$é
poczatkowej podatnosci magnetyczne;.

7. Wyniki badan i ich dyskusja

Nanokompozyty TiO, o0 wiasciwos$ciach magnetycznych otrzymano w wyniku

impregnacji powierzchniowej czastek ferrytu cynkowego warstwa SiO,, a nastgpnie

TiO,. W pierwszym etapie magnetyczne rdzenie oparte na ferrytach spinelowych
domieszkowanych cynkiem syntezowano metodg hydrotermalng. wtym celu sole
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metali odpowiednio FeSO4 7H,0 i ZnCl, rozpuszczono w wodzie destylowanej. Pota-
czono dwa jednorodne roztwory i dodawano 5M NaOH w temperaturze pokojowej do
pH = 12. Otrzymang zawiesing umieszczono W autoklawie ze stali nierdzewnej
wylozonym teflonem i prowadzono reakcje hydrotermalng w temperaturze 200°C
przez 5 godzin. Otrzymany produkt separowano magnetycznie, przemywano wodg
dejonizowang i suszono w temperaturze 100°C do statej masy.

W celu otrzymaniu warstwy inertnej wykorzystano metode Stobera. Czastki
ZnFe,O,4 zdyspergowano w mieszaninie etanolu i wody dejonizowanej w stosunku 4:1.
w trakcie mieszania dodano roztwor wody amoniakalnej do pH = 12. Po dodaniu
prekursora krzemionki tetraetoksysilanu (TEOS) w stosunku molowym 8:1 do czgstek
ferrytu cynkowego, kontynuowano mieszanie w temperaturze pokojowej przez
6 godzin, nastgpnie czastki odseparowano magnetycznie, przemyto trzykrotnie miesza-
ning etanolu Z woda w stosunku 1:1 i suszono w 60°C do statej masy.

W kolejnym etapie otrzymane czastki ZnFe,0,@SiO, zdyspergowano w alkoholu
izopropylowym z dodatkiem trietylenoaminy. Do uktadu dodano prekursor TiO, —
tertbutanolan tytanu (TBT). W przypadku probek domieszkowanych jodem na etapie
hydrolizy prekursora TiO,, do uktadu reakcyjnego wprowadzono odpowiednig objetosé
wodnego roztworu kwasu jodowego(V). Mieszaning umieszczono W autoklawie ze stali
nierdzewnej wylozonym teflonem i prowadzono reakcje przez 24 godziny w tempe-
raturze 200°C. Otrzymang zawiesing czgstek separowano magnetycznie i przemywano
kilkukrotnie wodg dejonizowang i alkoholem etylowym (70:30), a nastepnie suszono
w 60°C do statej masy. Otrzymane czgstki kalcynowano w temperaturze 300-400°C
przez 2 godziny.

W celu zmniejszenia stopnia rekombinacji no$nikéw tadunku w reakcji fotokata-
litycznej, powierzchni¢ fotokatalizatora na bazie TiO2 dodatkowo modyfikowano
nanoczastkami metali Szlachentych Pt lub Pd. Otrzymane nanokompozyty
ZnFe204/Si02/TiO2 zdyspergowano w wodzie dejonizowanej idodano do nich
prekursory metali — H2PtCI6 i PdCI2 w ilosci 0,1% mol. W stosunku do liczby moli
TiO2. Nastepnie do mieszaniny dodano reduktor — roztwor wodny borowodorku sodu
w nadmiarze molowym w stosunku do jonéw metali wynoszacym 3:1. Otrzymane
nanokompozyty separowano magnetycznie i suszono w temperaturze 70°C do statej
masy.

Morfologi¢ otrzymanych nanokompozytow 0 wiasciwos$ciach magnetycznych
okreslono poprzez analiz¢ powierzchni¢ wiasciwej metodg izotermy BET (Brunauer’a,
Emmett’a i Teller’a), wykorzystujgc aparat Micromeritics Gemini V. Analizy dyfrakcji
rentgenowskiej otrzymanych nanokompozytow zostaly wykonane za pomocg aparatu
MiniFlex 600 firmy Rigaku, parametry analizy: zakres katow odbtysku 5-80°, predkos¢
skanowania: 1,00°/min, krok skanowania: 0,008°. Wtasciwosci absorpcyjne zbadano
na podstawie analizy spektroskopowej DR/UV-Vis oraz na ich podstawie z przeksztat-
cenia Tauca wyznaczono szeroko$¢ przerwy energetycznej (Eg). Do ramienia
powstalej po przeliczeniu reflektancji na funkcje Kubelka-Munk (KM) zaleznosci
wyznaczono styczng przechodzaca przez o$ X. Punkt przecigcia stycznej zZ osig X
definiuje szeroko$¢ przerwy wzbronionej. Pomiary wykonano za pomocg spektrofo-
tometru UV/Vis DR Thermo Scientific Evolution 220 wyposazonego W przystawke
z kulg fotometryczng. Charakterystyke otrzymanych fotokatalizatorow magnetycznych
na bazie TiO, modyfikowanych czastkami Pt, Pd idomieszkowanych jodem
przedstawiono w tabeli 1.
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Tabela 1. Charakterystyka fizykochemiczna otrzymanych fotokatalizatoréw magnetycznych

S Efektywnos¢ |Efektywnosé
Nazwa probki BET g;iﬁﬁfgw Eg | degradacji degradacji
[m%g] [nm [eV] | fenolu, [%]  [fenolu, [%]
A>400nm  |UV-Vis
ZnFe,04/Si0,/TiO,-Pd | 180 9 29 |28 30
ZnFe,0,/Si0,/TiO,-Pt 183 10 29 |29 53
ZnFe,04/Si0,/TiO,-I-Pt | 185 10 22 |32 77
ZnFe,04/Si0yTiO,-| 190 9 21 |30 40

Nanokompozyty na bazie TiO, modyfikowane nanoczastkami Pt oraz Pd otrzymane
w wyniku reakcji hydrotermalnej charakteryzuja si¢ znacznym rozwini¢ciem
powierzchni wiasciwej. Powierzchnia whasciwa BET zawierata si¢ w przedziale od
180 m%g do 190 m?/g. Otrzymane fotokatalizatory charakteryzowaty si¢ zblizonym
sktadem. Dominujaca frakcj¢ stanowit anataz 0 $redniej wielkosci krystalitow tlenku
tytanu(IV) wynoszacej okoto 7 nm. Wielkos¢ krystalitow ferrytu cynkowego wynosita
okoto 9-10 nm.

Na rysunku 4 przedstawiono widma dyfrakcyjne otrzymanych fotokatalizatorow.
Na dyfraktogramach nie sg widoczne refleksy odnoszace si¢ do fazy krystalicznej
krzemionki. Spowodowane jest to temperaturg kalcynacji wynoszaca 300°C dla
ZnFezo4/Si02/TiOg—I—Pt i ZnFezoJS|02/T|02-I oraz 400°C dla ZHFCZO4/SiOZ/Ti02-Pt
i ZnFe,04/Si0L/TiO,-Pd. Obecno$é krystalicznej krzemionki obserwuje sie podczas
wygrzewania w temperaturze powyzej 500°C. Na widmie dyfrakcyjnym widoczne sa
refleksy charakterystyczne dla anatazu przy warto$ciach kata odbtysku 25,2°, 36,9°,
37,8°, 48,0°, 53,9°, 55,4°, 56,6°, 62,1°, odpowiadajace strukturom krystalicznym [101],
[103], [004], [112], [200], [105], [211], [220], [213] (karta JCPDS nr 89-4203).

—— ZnFe204/S102/T102-Pt —— ZnFe204/8102/T102-Pd

ZnFe204/S102/Ti02-1-Pt
® anataz
‘ . ZI]FEQO;;
O e o ©
[ ] ° °
20 30 40 50 60 70 80
20

Rysunek 4. Widmo XRD nanokompozytow
ZnFe,0,4/Si0y/ TiO,-Pt, ZnFe,0,4/SiO,/TiO,-Pd i ZnFe,04/SiOy/ TiO,-I-Pt
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Nanoczastki ZnFe,0, wykazuja intensywny pik przy 26 = 35,2°, ktory potwierdza
wysoce krystaliczng sze$cienng strukture spinelu, zgodnie Z normg widma ZnFe,0,4
XRD (karta JCPDS nr 22-1012).

Tlenek tytanu(1V) charakteryzuje si¢ szerokoscig przerwy energetycznej wynoszaca
okoto 3,2 eV, przez co efektywnie absorbuje promieniowanie W zakresie UV (A > 388 nm),
modyfikacja tlenku tytanu (IV) czgstkami Pt, Pd oraz i spowodowato zmniejszenie
szerokosci przerwy energetycznej, co pozwolito na absorpcje promieniowania z zak-
resu $wiatta widzialnego. Wartosci Eg dla otrzymanych nanokompozytéw miescity si¢
w zakresie od 2,1eV dla fotokatalizatorow domieszkowanych jodem (ZnFe,O,/SiO,/
TiOx-1 1 ZnFe,04/SiOTiOL-1/Pt) do 2,9 eV dla fotokatalizatorow modyfikowanych
platyng lub palladem (ZnFe,04/SiO,/TiO,-Pt i ZnFe,04/Si0,/TiO,-Pd).

Wriasciwoscei fotokatalityczne otrzymanych nanokompozytow zbadano w reakcji
degradacji fenolu. Fenol stanowi modelowe zanieczyszczenie organiczne. W czasie
reakcji degradacji fenolu w fazie wodnej zastosowano nastgpujace parametry procesu:
stezenie fenolu wynosito 20 mg/dm®, catkowita objetosé reaktora 0,025 dm®, do reakcji
uzyto 2 g/dm® nanokompozytu, catkowity czas naswietlania wynosit 60 min. Efektyw-
nos¢ degradacji fenolu pod wptywem promieniowania widzialnego (A > 420 nm) oraz
w zakresie UV-Vis dla nanokompozytow ZnFe,04/SiO,/TiO,-Pt, ZnFe,0,/SiO,/TiO,-
Pd, ZnFe,04/Si0x/TiO,-1-Pt i ZnFe,04/Si0,/TiO,-1 przedstawiono na rysunku 5.
«=¢=ZnFe204/Si02/Ti02-Pt =l=ZnFe204/Si02/Ti02-Pd

ZnFe204/Si02/Ti02-I-Pt == ZnFe204/Si02/Ti02-I

)

1B

08 +—— %
O ———— u
0,6

—

0,4

0.2

Efektywnos¢ degradacji fenolu [C/C,]

T T )
0 20 40 60
Czas naswietlania [min]

b) 1
0,8 &

=4==27ZnFe204/Si02/Ti02-Pt == 7nFe204/Si02/Ti02-Pd

ZnFe204/Si02/Ti02--Pt  ===ZnFe204/Si02/Ti02-I

Efektywno$¢ degradaciji fenolu [C/C,]

T T )
0 20 40 60
Czas naswietlania [min]

Rysunek 5. Efektywno$¢ degradacji fenolu a) w swietle Vis b) w §wietle UV-Vis dla nanokompozytow
ZnFe,04/Si0,/TiO,-Pt, ZnFe,0,/Si02/TiO2-Pd, ZnFe,O,/SiOy/ TiO,-1-Pt i ZnFe,04/SiO,/TiO,-|
Najwyzszg efektywno$¢ w reakcji degradacji fenolu wykazywat fotokatalizator
ZnFe,0,@Si0,/TiO, domieszkowany 10% jodu i modyfikowany 0,1% Pt. Po 60 min
naswietlania degradacji ulegto 77% fenolu (UV-Vis) oraz 32% fenolu pod promie-
niowaniem z zakresu $wiatta widzialnego.
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Otrzymane nanokompozyty w wyniku osadzania kolejno warstw SiO, i TiO;
modyfikowanego nanoczastkami Pt, Pd oraz domieszkowane jodem charakteryzuja si¢
wysoka magnetycznoscig. Na rysunku 6 przedstawiono separacj¢ magnetyczng
otrzymanych nanokompozytow 0 strukturze wielowarstwowej. Wszystkie funkcjonali-
zowane fotokatalizatory charakteryzowaty sie wysokim stopniem odzysku w polu
magnetycznym przekraczajacym 90%, co $wiadczy 0 mozliwosci efektywnej separacji
W kroétkim czasie po procesie oczyszczania Sciekow.

Rysunek 6. Zdjecie przedstawiajace separacj¢ magnetyczng nanoczastek ZnFe,04/SiO,/TiO,-Pd po 1 minucie
i 5 minutach po przylozeniu zewnetrznego pola magnetycznego

8. Podziekowania

Badania zostaty sfinansowane ze $rodkéw Narodowego Centrum Nauki w ramach
projektu Sonata-12 pt.: ,,Badania nad synteza, charakterystyka wiasciwosci fizyko-
chemicznych oraz fotokatalitycznych nanokompozytow TiO, opartych na ferrytach

spinelowych i heksagonalnych do utleniania zanieczyszczen organicznych w fazie
wodnej” (grant nr NCN 2016/23/D/ST5/01021).

Literatura

1. Haider A., Jameel Z., Al.-Hussaini I., Review on: Titanium Dioxide Applications, Energy
Procedia, 157, 2019, 17-29.

2. Bedghiou D., Reguig F., Boumaza A., Novel high/ultrahigh pressure structures of TiO,
with low band gaps, Computational Materials Science, 166, 2019, 303-310.

3. Rosales M., Zoltan T., Yadarola C., Mosquera E., Gracia F., Garcia A., The influence of
the morphology of 1D TiO, nanostructures on photogeneration of reactive oxygen species
and enhanced photocatalytic activity, Journal od Molecular Liquids, 281, 2019, 59-69.

4. Alpuche-Aviles M., Gutierrez-Portocarrero S., Barakoti K., Challenges in semiconductior
single-entity photoelectrochemistry, Current Opinion in Electrochemistry, 13, 2019, 174-180.

5. Kusiak-Nejman E., Morawski A., TiO,/graphene-based nanocomposites for water
treatment: a brief overview of chargé carrier transfer, antimicrobial and photocatalytic
performance, Applied Catalysis B: Environmental, 253, 2019, 179-186.

6. Al.-Hetlani E., Amin M., Madkour M., Detechable photocatalysts of anatase TiO2
nanoparticles: Annulling surface charge for intermediate photocatalyst separation,
Applied Surface Science, 411, 2017, 355-362.

7. Wilson M., Cheng C., Oswald G., Srivastava R., Beaumont S., Baydal J., Magnetic
recyclable microcomposite silica-steel core with TiO, nanocomposite shell photocatalysts
for sustainable water purification, Colloids and Surfaces A: Physicochemical and
Engineering Aspects, 523, 2017, 27-37.

8. LiX., WenJ., Fang Y., YuJ., Design and fabrication of semiconductor photocatalyst for
photocatalytic reduction of CO, to solar fuel, Science China Materials, 57, 2014, 70-100.

134


http://mostwiedzy.pl

A\ MOST

Synteza i charakterystyka nanokompozytow TiO, o wlasciwosciach magnetycznych
do degradacji zanieczyszczen organicznych w fazie wodnej

10.

11.

12.

13.

14.

15.

16.

17.

18.

10.

20.

21.

22.

23.

24.

25.

26.

27.
28.

Mizukoshi Y., Makise Y., Shuto T., Hu J., Tominaga A., Shironita S., Tanabe S.,
Immobilization of noble metal nanoparticles on the surface of TiO2 by the sonochemical
method: Photocatalytic production of hudrogen from an aqueous solution of ethanol,
Ultrasonics Sonochemistry ,14, 2007, 387-392.

Yang J., Kim Y., Shul Y., Shin C., Lee T., Characterization of photoreducted Pt-TiO, and
decomposition of dichloroacetic acid over photoreduced Pt-TiO, catalysts, Applied
Surface Science, 121-122, 1997, 525-529.

Singh S., lizuka Y., Xu Q., Nickel-palladium nanoparticle catalyzed hydrogen generation
from hydrous hydrazine for chemical hydrogen storage, International Journal of Hydrogen
Energy, 36, 2011, 11794-11801.

Sakthivel S., Shankar M., Palanichamy M., Arabindoo B., Bahnemann D., Murugesan V.,
Enhancement of photocatalytic activity by metal deposition: characterisation and photonic
efficiency of Pt, Au and Pd deposited on TiO, catalyst, Water Research, 38, 2004, 3001-3008.
lliev V., Tomova D., Bilyarska L., Tuliev G., Influence of the size of gold nanoparticles
deposited on TiO, upon the photocatalytic destruction of oxalic acid, Journal of Molecular
Catalysis A, 263, 2007, 32-38.

Gerischer H., Heller A., The role of oxygen in photooxidation of organic molecules in
semi-conductor particles, Journal of Physical Chemistry, 95, 1991, 5261-5266.
Zielinska-Jurek A., Progress, Challenge, and Perspective of Bimetallic TiO,-Based
Photocatalysts, Journal of Nanomaterials, 2014, 2014, ID 20892.

Zhang X., Chen Y., Liu R., Tsai D., Plasmonic photocatalysis, Reports on Progress in
Physics, 76, 2013, 046401.

Ma X., Sun H., Wang Y., Wu X., Zhang J., Electronic and optical properties of strained noble
metals: Implications for applications based on LSPR, Nano Energy, 53, 2018, 932-939.

Tojo S., Tachikawa T., Fujitsuka M., Majima T., lodine-Doped TiO, Photocatalysts:
Correlation between Band Structure and Mechanism, The Journal of Physical Chemistry
C, 112, 2008, 14948-14954.

Dozzi M.V., Selli E., Doping TiO, with p-block elements: Effects on photocatalytic
activity, Journal of photochemistry and Photobiology C: Photochemistry Reviews, 14,
2012, 13-28.

Di Valentin C., Pacchioni G., Trends in non-metal doping of anatase TiO,: B,C,N and F,
Catalysis Today, 206, 2011,12-18.

Li Q., Yuan N., Geng W., Chi Y., Li X., Preparation of magnetically recoverable
Fe;0,@Si0,@meso-TiO, nanocomposites with enhanced photocatalytic ability, Materials
Research Bulletin, 47, 2012, 2396-2402.

Wang W., Shi Q., Wang Y., Cao J,, Liu G., Peng P., Preparation and characterization of
iodine-doped mesoporous TiO, by hydrothermal method, Applied Surface Science, 257,
2011, 3688-3696.

Shi L., Weng D., Formation of impurity bands in iodine cation substitutionally doped TiO,
and its effects on photoresponse and photogenerated carriers, Physics Letters A, 372,
2005, 5901-5904.

Hong X., Wang Z., Cai W., Lu Z., Fan J., Liu Q., Chen J., Visible light activated
nanoparticles photocatalysts of iodine-doped titanium dioxide, Chemistry of Materials, 17,
2005, 1548-1552.

Maalam K. El., Fkhar L., Mahhouti Z., Mounkachi O., AitAli M., Hamedoun M.,
Benyoussef A., The effects of synthesis conditions on the magnetic propertiesof zinc ferrite
spinel nanoparticles, Journal of Physics Conference Series, 758, 2016, 1-8.

Beydoun D., Amal R., Low G.K., McEvoy S., Novel Photocatalyst: Titania-Coated
Magnetite. Activity and Photodissolution, The Journal of Physical Chemistry B, 104, 2000,
4387-4396.

Valenzuela R., Novel Applications of Ferrites, Physics Research International, 2012, 1-9.
Mathew D.S., Juang R.S., An overview of the structure and magnetism of spinel ferrite
nanoparticles and their synthesis in microemulsions, Chemical Engineering Journal, 129,
2007, 51-65.

135


http://mostwiedzy.pl

A\ MOST

Izabela Malinowska, Eryka Mrotek, Anna Zielinska-Jurek

29. Néel L., Antiferromagnetism and ferrimagnetism, Proceedings of the Physical Society
Section A, 65, 1952, 869-885.

30. Makovec D., Kodre A., Arcon ., Drofenik M., The structure of compositionally
constrained zinc-ferrite spinel nanoparticles, Journal of Nanoparticle Research, 13, 2011,
1781-1790.

31. Sugimoto M., The Past, Present, and Future of Ferrites, Journal of the American Ceramic
Society, 82, 1999, 269-280.

Synteza i charakterystyka nanokompozytow TiO, 0 wlasciwosciach
magnetycznych do degradacji zanieczyszczen organicznych w fazie wodnej

Streszczenie

Jednym z najczgsciej stosowanych fotokatalizatorow jest tlenek tytanu(IV), ktory charakteryzuje si¢
wysokim potencjatem utleniajagcym, dobrg stabilno$cig chemiczng w szerokim zakresie pH i wzglednie
niska ceng. TiO, wykazuje zdolno$¢ do absorpcji $wiatta w zakresie UV, przez co w procesie fotokatalizy
efektywnie wykorzystywane jest jedynie od 3 do 5% promieniowania stonecznego. W celu uzyskania
fotokatalizatora aktywowanego $wiatlem widzialnym modyfikuje si¢ TiO,, np. przez dodatek jonéw metali
przejsciowych, czy domieszkowanie niemetalami. Tak otrzymane fotokatalizatory moga by¢ stosowane
m.in. do oczyszczania wod i §ciekow z zanieczyszezen organicznych. Wyzwaniem technologicznym jest
separacja czastek z zawiesiny reakcyjnej, w celu ich ponownego wykorzystania. Odzysk fotokatalizatora
moze by¢ efektywnie prowadzony dzigki zastosowaniu struktur magnetycznych typu rdzen-otoczka, gdzie
na magnetycznym rdzeniu pokrytym inertng powltoka, osadzona jest warstwa fotokatalityczna. Celem
przeprowadzonych badan bylo otrzymywanie i charakterystyka fotokatalizatorow TiO, modyfikowanych
nanoczgstkami platyny lub palladu, 0 wlasciwosciach magnetycznych. Modyfikacja nanoczgstkami
platyny lub palladu wptywa na zmniejszenie rekombinacji nosnikéw tadunku i aktywacj¢ TiO, w zakresie
Vis. Fotokatalizatory o wiasciwosciach fotokatalitycznych oraz magnetycznych scharakteryzowano za
pomoca analizy powierzchni wiasciwej BET, analizy dyfrakcji rentgenowskiej (XRD) oraz analizy
spektroskopowej DR/UV-VIS. Aktywnos¢ fotokatalityczna zbadano w reakcji degradacji fenolu, jako
modelowego zanieczyszczenia organicznego. Najwyzsza aktywno$c fotokatalityczng zaobserwowano dla
fotokatalizatora magnetycznego domieszkowanego jodem i/lub modyfikowanego 0,1% Pt. Fotokatalizator
wykazywal absorpcje $wiatla widzialnego oraz wysoka efektywnos$¢ separacji W zewngtrznym polu
magnetycznym.

Stowa kluczowe: fotokataliza, tlenek tytanu(IV), ferryty spinelowe, separacja magnetyczna

Synthesis and characterization of TiO, nanocomposites with magnetic properties
for degradation of organic pollutants in the aqueous phase

Abstract

One of the most commonly used photocatalysts is titanium(IV) oxide, which is characterized by high
oxidation potential, good chemical stability in a wide pH range and a relatively low price. TiO2 has the
ability to absorb light in the UV range, which effectively uses only 3 to 5% of solar radiation in the
photocatalysis process. In order to obtain a highly active photocatalyst under visible light, TiO2 is often
modified by transition metals or doped with non-metal elements. As-prepared photocatalysts can be used
for the treatment of waters and from recalcitrant organic pollutants. The technological challenge is
separation of nanometer size particles of photocatalyst from the reaction slurry for re-use. The recovery of
the photocatalyst can be effectively proceed by design and preparation of photocatalyst with a core-shell
magnetic structures, where a photocatalytic layer is embedded on a magnetic core covered with an inert
coating of silica or carbon. In this regard, the aim of the present study was preparation and characterization
of TiO2-based photocatalysts modified with platinum or palladium nanoparticles with magnetic properties.
Modification of TiO2 with platinum or palladium nanoparticles reduces the recombination of charge
carriers and activates TiO2 under visible light irradiation. Obtained ZnFe204/SiO2/TiO2-Pd,
ZnFe204/Si02/TiO2-Pt, ZnFe204/Si0O2/TiO2-1 and ZnFe204/SiO2/TiO2-1/Pt composites with
photocatalytic and magnetic properties were characterized by BET surface area analysis, X-ray diffraction
analysis and DR/UV-VIS spectroscopy analysis. Photocatalytic activity was examined in reaction of
phenol degradation. The highest photocatalytic activity was observed for a magnetic photocatalyst doped
with iodine and/or modified with 0.1% of Pt. The photocatalyst showed visible light absorption and high
separation efficiency in the external magnetic field.

Keywords: photocatalysis, titanium(1V) oxide, spinel ferrites, magnetic separation
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Abstract

In this study, we report the potential of 2D/2D TiO,-GO-ZnFe,0, photocatalyst obtained using the fluorine-free lyophilization
technique for the degradation of ibuprofen belonging to the group of active pharmaceutical ingredients (API). The improved
ibuprofen degradation under simulated solar light was achieved in the presence of a composite of 2D TiO, combined with GO
and embedded ZnFe,0,, which additionally provides superparamagnetic properties and enables photocatalyst separation after
the photodegradation process. After only 20 min of the photodegradation process in the presence of 2D/2D TiO,-GO-ZnFe,O,
composite, more than 90% of ibuprofen was degraded under simulated solar light, leading to non-toxic and more susceptible
to biodegradation intermediates. At the same time, photolysis of ibuprofen led to the formation of more toxic intermediates.
Furthermore, based on the photocatalytic degradation analysis, the degradation by-products and possible photodegradation
pathways of ibuprofen were investigated. The photodegradation tests and electronic spin resonance analyses indicated the
significant involvement of superoxide radicals and singlet oxygen in the ibuprofen photodegradation process.

Keywords Magnetic photocatalyst - Magnetic separation - Ibuprofen degradation - TiO, nanosheets - Pharmaceuticals
degradation - Photocatalysis

Introduction

Ibuprofen (IBU), i.e., isobutylphenylopropionic acid, is
the third most commonly used worldwide over-the-coun-
ter, non-steroidal anti-inflammatory drug to treat pain of
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various origins. IBU world production is several kilotons
per year, and due to the increased consumption rate, it has
been detected at the level from hundreds of ng-dm~ to a few
pg-dm in surface waters and wastewater treatment effluents
(Buser et al. 1999; Lee et al. 2003).

In 2003, Andreozzi et al. (2013) noticed the presence of
ibuprofen and other emerging contaminants in European
cities river waters, including France, Italy, Sweden, and
Greece. Ibuprofen was detected in a wide concentration
range of 0.05 pg-dm~> to 7.11 pg-dm=. In 2007, ibupro-
fen was found in wastewater from northern Scotland at a
concentration of 0.405 pg-dm~> (Nebot et al. 2007). The
reported results indicate that the scale of the problem is local
and global.

However, the presence of trace amounts of pharmaceu-
ticals is not so dangerous as their ability to bioaccumulate
and biomagnify in living organisms. The detrimental effect
depends on the cellular level (Wang et al. 2016). In the
case of fish, IBU impairs the reproductive system (Flippin
et al. 2007). For example, Gagne et al. studied the effect
of IBU on rainbow trout and observed an enzymatic and
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metabolite disorder in this group of organisms (Gagne et al.
2006). Hayashi et al. (2008) studied the effect of the drug
on crustaceans Daphnia magna. Therefore, it is essential to
prevent ibuprofen and other emerging contaminants from
being released into the environment by applying advanced
water treatment technologies complementary to commonly
used biological degradation processes.

In the group of advanced oxidation processes, photoca-
talysis has been proposed as one of the green technologies
for degradation of emerging contaminants. Photocatalysis is
an artificial photosynthesis technique, which can be conveni-
ently employed as a tertiary treatment process in existing
wastewater treatment plants. Chemically stable semi-con-
ductors can produce reactive oxygen species upon irradiation
and degrade xenobiotics into non-toxic compounds (Li et al.
2020). However, their photocatalytic activity is usually lim-
ited as sunlight-driven photocatalysts due to large bandgap
and relatively low quantum yield efficiency resulting from
charge carrier recombination.

In 2D nanostructures, the single-crystalline character-
istic allows fast in-plane electron transport (Sheng et al.
2017; Nguyen-Phan et al. 2011). Graphene oxide possesses
great adsorption capacity for organic compounds through
strong w-w interactions. Therefore, to further enhance the
performance of TiO,, combining titanium (IV) oxide with
2D graphene oxide as a co-catalyst is an effective approach
to improve the surface adsorption of organic pollutants and
inhibit electron—hole recombination (Nguyen-Phan et al.
2011). Recently, Erim and co-workers applied 3D TiO,/2D
GO/chitosan photocatalyst for the photodegradation of
cefixime, an antibiotic used against gram-negative and gram-
positive aerobic bacteria infections. The efficiency of TiO,
supported by graphene oxide cross-linked with chitosan
reached 95% in 60 min of photodegradation in the presence
of UVA light (Erim et al. 2021).

Recently, in various efforts to extend TiO, photocata-
lytic activity, special attention has been focused on TiO,
morphology and microstructure design to enhance emerg-
ing contaminant photodegradation. Although visible-light
active titanium (IV) oxide photocatalysts require chemical
modification, their total efficiency has significantly improved
by controlling the photocatalyst morphology (Dudziak et al.
2021; Sajan et al. 2016). In recent years, two-dimensional
TiO, nanomaterials have attracted considerable attention due
to developed specific surface area and structural coherence
in the width dimension.

Furthermore, hybridization of semi-conductor material
with magnetic particles enables to overcome of another
challenge in photocatalysis related to the separation of pho-
tocatalyst nanoparticles from post-process suspension. Gra-
phene oxide and reduced graphene oxide can form stable
bonds with TiO, and ferrite particles incorporating magnetic
properties that facilitate the separation of photocatalyst after

@ Springer

wastewater treatment. Aflatoxin B, one of the most toxic
among the mycotoxins, was successfully degraded to less
harmful by-products in the presence of Fe;0,/GO/3D TiO,
photocatalyst under UV—vis light (Suna et al. 2021).

In this regard, in the present work, a new 2D/2D
Ti0,-GO-ZnFe,0, composite was obtained and for the first
time used for ibuprofen photocatalytic degradation under
simulated solar light. Regarding sustainable development
and green chemistry, 2D TiO, photocatalyst structures with
exposed {0 0 1} facets were synthesized using the fluorine-
free lyophilization technique as a green concept for the syn-
thesis. The as-obtained 2D anatase nanosheets were used
as building blocks for hybridization with graphene oxide to
enhance the photocatalyst performance by (1) maximiza-
tion of UV-vis light absorption, (2) increasing the lifetime
of photoexcited electrons and holes, (3) improvement of
transport kinetics to surface reaction sites, and (4) increas-
ing of the reaction kinetics on the surface sites. Further-
more, incorporating zinc ferrite particles with superpara-
magnetic properties allowed for the separation of 2D/2D
TiO,-GO-ZnFe,0, ternary composite material in an external
magnetic field. The reactive oxygen species participating
in the photocatalytic degradation were investigated by ref-
erence experiments in the presence of scavengers. Based
on LC-MS analysis, intermediates were determined in the
photocatalytic reaction, and a possible mechanism of ibupro-
fen photodegradation was proposed. Moreover, the toxicity
of ibuprofen and its photodegradation intermediates was
studied to specify whether the degradation process in the
presence of 2D/2D TiO,-GO-ZnFe,0, can reduce the acute
toxicity of active pharmaceutical ingredients.

Experimental
Materials

Aqueous ammonia (25%), hydrogen peroxide (30%), and
titanium(I'V) oxysulphate were provided by Sigma Aldrich
and used for titanium(IV) oxide synthesis. Graphene oxide,
zinc chloride, iron sulfate heptahydrate, and sodium hydrox-
ide were purchased from Aldrich (Germany). POCH Gli-
wice (Poland) supplied cationic surfactant hexadecyltri-
methylammonium bromide (CTAB). Benzoquinone (reagent
grade, > 98%) and fert-butanol (anhydrous, >99.5%) were
purchased from Sigma Aldrich, POCH Gliwice provided
AgNO; (pure p.a.) and EDTA (pure p.a.).

Preparation of 2D anatase nanosheets
First, 7.6 g of TIOSO, was dissolved in 100 cm’ of deion-

ized water (DI-H,0), heated up to 35 °C until clarification
of the solution, and then cooled to 0 °C using an ice bath.
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Then, ammonia solution (25%) was added until the pH
of 8. The obtained precipitate was washed several times
with deionized water, centrifuged and suspended in DI-
H,O. Furthermore, hydrogen peroxide solution (45%) was
added, which caused a decrease in pH from 8 to 2 and
changed the suspension color from white to yellow. The
suspension was stirred for 30 min at room temperature
until a clear solution formed. The solution was aged for
48 h at 3 °C to form a yellow gel that was further lyophi-
lized at -84 °C and a pressure of 0.3 Pa. The lyophilized
material was calcined at 700 °C for 1 h with the formation
of TiO, nanosheets.

Preparation of 2D/2D TiO,-GO

Graphene oxide (0.03 g) was dispersed in 50 cm? of etha-
nol (EtOH) and deionized water (70:30) solution and
ultrasonicated for 30 min to isolate graphite layers. Subse-
quently, 3 g of 2D TiO, (prepared according to the proce-
dure given above) was added and stirred for 6 h, placed in
a stainless steel autoclave lined with Teflon, and subjected
to hydrothermal reaction at 130 °C for 6 h. The amount of
graphene oxide relative to TiO, was 1%. The final product
2D/2D TiO,-GO was separated, purified with a mixture of
EtOH/DI-H,0 (1:1) several times, and dried to dry mass
at 70 °C.

Preparation of 2D/2D Ti0,-GO-ZnFe,0,
photocatalysts

First, to obtain zinc ferrite particles, FeSO,+7H,0 and ZnCl,
were dissolved in a stoichiometric 2:1 (Fe: Zn) molar ratio
in deionized water under stirring (500 rpm) for 30 min.
Afterwards, the metals were precipitated from the homog-
enous solution by adding 5 M NaOH at room temperature
until the pH was 12. The suspension was transferred into an
autoclave and treated at 200 °C for 5 h. Subsequently, the
obtained magnetic particles were separated in the magnetic
field, washed several times with deionized water, and dried
at 100 °C to dry mass.

Furthermore, ZnFe,0, nanoparticles (0.1 g) were dis-
persed in 60 cm® of 0.2 M CTAB in deionized water and
ultrasonicated for 2 min. Then 20 cm® of ammonia solution
was added. The mixture was stirred for an hour, and 2 g of
2D TiO,-GO was added, mixed using a mechanical stirrer
for 2 h and solvothermal treated in an autoclave at 30 °C for
24 h. The content of zinc spinel ferrite to TiO,-GO was 5%
by weight. The obtained composite material was separated
and washed with deionized water several times and dried
at 70 °C. Finally, the obtained composite was calcined at
550 °C for 3 h.

Characterization of 2D/2D
Ti0,-GO-ZnFe,0, photocatalysts

X-ray powder diffraction (XRD) analysis was performed
using Rigaku MiniFlex 600.

X-ray diffractometer (Rigaku Corporation, Tokyo, Japan).
The patterns were obtained in the range from 10° to 80°
20 with a A20=0.01°. The diffuse reflectance (DRS) spec-
tra were analyzed using a Thermo Scientific Evolution 220
spectrophotometer (Waltham, MA, USA) with an integrat-
ing sphere. Brunauer—-Emmett-Teller (BET) surface area
analysis was performed using the Micromeritics Gemini V
instrument. The morphology of the prepared photocatalysts
was determined using Cs-corrected STEM (High Angle
Annular Dark Field, HAADF) and HR-TEM (FEI Europe,
Tencai F20 X-Twin) microscopy. For TEM analysis, 2D/2D
TiO,-GO-ZnFe,0, particles were dispersed in ethanol and
placed in an ultrasound bath for 1 min. Subsequently, a few
drops of suspension were deposited on the copper micro-
grid. Electrochemical analysis was performed using the
potentiostat—galvanostat (AutoLab PGStat 302 N system,
Utrecht, Netherlands) under GPS/FRA software control. Ag/
AgCl (3 M KCl) was applied as a reference electrode, while
platinum mesh was used as a counter electrode. The spectra
were run at the frequency range from 20 kHz to 1 Hz with
a 50 mV amplitude of the alternating current. In order to
prepare the Mott—Schottky analysis, the fabricated titania
powders were used to form the paste deposited using the
doctor-blade technique onto the fluorine tin-doped oxide
(FTO) support. The paste consists of deionized water, PEG
(polyethylene glycol), Triton X-100, and the photocatalyst.
Finally, the calcination was performed at 400 °C for 5 h
with a heating rate of 1 °C-min~!, ensuring the removal of
the organic binder. The fabricated electrode material stayed
as a working electrode tested in a three-electrode arrange-
ment, where Ag/AgCl/0.1 M KCl and Pt mesh were used as
reference and counter electrodes, respectively. The deaer-
ated 0.5 M Na,SO, was used as an electrolyte. The electro-
chemical impedance spectroscopy (EIS) data was recorded
from the anodic toward the cathodic direction using Auto-
lab PGStat302N. EIS data were recorded in the potential
range from+1.0 to— 1.0 V vs. Ag/AgCl/0.1 M KClI for the
frequency of 1000 Hz using a 10 mV amplitude of the AC
signal. The capacitance of the space charge layer was further
calculated from the imaginary part of the measured imped-
ance following the equation: C SC=-1/2xnfZ", where f stands
for the frequency of the AC signal and Zim for the imaginary
part of the impedance.

Electron spin resonance (ESR/EPR) spectra were
recorded at room temperature using a BRUKER ELEX-
SYS spectrometer (X-band) equipped with a highly sen-
sitive ER4122 SHQE-W1 resonator. The samples were
prepared as an aqueous suspension of 2DTiO,/GO/
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ZnFe,0, (concentration 1.5 mgecm™) in the presence of
a-phenyl-N-tert-butylnitrone (PBN) spin trap (concentration
40 mmol-dm~). Approximately 0.015 cm? mixture of PBN
and 2DTiO,/GO/ZnFe,0, aqueous suspension was placed
into a thin-walled quartz tube with 0.8 mm ID and put in
an ESR cavity. During the EPR photochemical experiments
performed under aerobic and hypoxic conditions, the sam-
ples were irradiated directly in the EPR resonator with a
light flux of 70 mW/cm?. The aerobic or hypoxic conditions
were obtained by passing air or gaseous N, through the sam-
ples prepared as suspensions. Magnetic measurements were
performed with a SQUID magnetometer (Quantum Design
MPMS XL7), enabling the characterization of the tempera-
ture dependence (5 — 300 K) of the magnetisation and the
hysteresis loops of the samples.

Photocatalytic degradation of ibuprofen

The photocatalytic activity was studied in the reaction of
ibuprofen degradation. In this regard, 0.05 g of the photo-
catalyst particles was added to a quartz reactor containing
25 cm? of ibuprofen (IBP) solution with an initial concen-
tration of 21 mg-dm™. The suspension was stirred and aer-
ated. The reactor was irradiated using a 300 W Xenon lamp
(LSH302, LOT-Quantum Design, Darmstadt, Germany) as
ultraviolet—visible (UV—vis) light source. During the photo-
catalytic process, samples of 1 cm? of the suspension were
collected at regular time intervals. The ibuprofen degrada-
tion rate was measured as a pharmaceutical concentration
decrease using liquid chromatography-quadrupole time of
flight mass spectrometry (LC-TOFMS). Measurements were
performed using LC system 1200 Infinity (Agilent, USA)
with DAD (diode array detector) and QTOF 6540 (Agilent,
USA). All modules were controlled by MassHunter v B9.0
and B7.0, and this software was used for data collection
and processing. The final optimized method for the separa-
tion of possible by-products utilized the Zorbax XDB-C8
column (150 4.6 mm, 3 pm). The chromatographic condi-
tions were as follows: flow rate 0.8 cm>-min~! in isocratic
mode consisting of 60% H,O and 40% of acetonitrile v/v, the
separation temperature was kept at 35 °C, while injection
volume was 0.005 cm? in each analysis. The parameters of
detection and ionization were as follows: data gathering in
SCAN mode of MS in the range 50-300 m/z gas temperature

300 °C, drying gas flow 8 dm>-min~!, nebulizer gas flow 35
psig, the voltage of capillary, fragmentor, and skimmer were
kept at 3500, 60, and 60 V, respectively.

Toxicity assessment

The toxicity of the initial IBU solution and its by-products
during degradation were based on the inhibition of the bio-
luminescence of marine bacteria Vibrio fischeri (Microtox
Acute Reagent, Modern Water, UK). The toxicity tests were
conducted with the standard Microtox Acute Toxicity Test
Screening 81.9% protocol, and the luminescence was deter-
mined using Microtox Model 500 (Modern Water, UK).
According to the formula below, the luminescence inhibition
(LI%) of reconstituted bacteria in ibuprofen and its degrada-
tion products solution was calculated compared to a blank
control.

_ lelank - Hx
L% = —=——— +100% 6]
LIblank

The EC, and TUj, values for the initial ibuprofen solu-
tion and its degradation products after 120 min of photolytic
and photocatalytic processes were determined by running
the standard Microtox Acute Toxicity Test Basic 81.9%
protocol. ECs, value indicates the pollutant concentration
causing a 50% reduction of the initial bacteria luminescence,
thus meaning a lethal effect on 50% bacteria population. The
toxic unit for the pharmaceutical solution was calculated
as the reversal of the ECy, value multiplied by 100. The
obtained toxicity data were recorded after 15 min of recon-
stituted bacteria solution exposure to each sample (before,
during, and after photocatalytic degradation).

Results

Characterization of 2D/2D
Ti0,-GO-ZnFe,0, photocatalysts

The physicochemical characteristics of the magnetic photo-
catalysts, e.g., crystallite sizes, indirect band gap values, and
BET surface areas, are given in Table 1.

Table 1 Th? physicochemical Sample BET (m2~g"l) Pore volume Eg Crystallite size (nm)
characteristics of 2D TiO,, 2D (cm’/g)
TiO,-GO, ZnFe,0,, and 2D/2D Anatase Rutile Zinc ferrite
TiO,-GO-ZnFe,0,
2D TiO, 11.5 0.005 32 22 - -
2D TiO,-GO 24.5 0.012 29 23 - -
ZnFe,0, 215 0.002 L5 - - 9
2D TiO,-GO -ZnFe,0, 13.9 0.007 2.85 23 - 31
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The crystalline phase composition was examined by XRD
analysis for both as-obtained zinc ferrite particles and mag-
netic ternary composites, and the results are presented in
Fig. 1. The formation of ZnFe,O, particles was confirmed
by the presence of the signals at 20 of 29.92°, 35.28°,
36.92°, 42.88°, 53.16°, 56.72°, and 62.24° correspond-
ing to (220), (311), (222), (400), (422), (511), and (440)
planes assigned to the cubic phase of the spinel ZnFe,O,
(JCPDS card 00-002-1043). Bragg reflections associated
to ZnO secondary phase can also be detected in the initial
ZnFe,0, sample. The zinc ferrite crystallite size calcu-
lated according to the Scherrer equation was about 9 nm
(see Table 1). The XRD pattern of the 2D/2D TiO,-GO
composite revealed similar diffraction peaks of anatase
nanoparticles, with the most intense at 20 =25.25° JCPDS
card no. 21-1272). The amount of graphene oxide relative

.-TiO2 [-ZnFe204o-ZnO ——2DTiO,
— ZnFe204
. ——2DTi0,-GO
—— 2D Ti0,-GO-ZnFe O,

Normalized intensity

2-Theta (°)

Fig.1 XRD diffraction patterns of the ZnFe,O4, 2D TiO,, 2D
TiO,-GO, and 2D/2D TiO,-GO-ZnFe,0, magnetic photocatalysts

det ‘/mode| mag WD

HV | det mode/mag = WD - HV 9
10.00 kVIETD _SE (50 000 x 8.6 mm 10.00 KVIETD| SE |50 000 x 10.2 mm

to TiO, was 1%. Therefore, the typical diffraction signals
for graphene oxide were undetected in the XRD pattern
of TiO,-GO and TiO,-GO-ZnFe,0,. In the previous stud-
ies, the characteristic diffraction peaks of GO at 26 10-12°
for TiO,/GO composites were also not observed since its
amount was negligible compared to TiO,, and its diffraction
intensity was relatively low (Saravani et al. 2019; Yadav and
Kim 2016; §tengl et al. 2013). The crystallite size of anatase
in Ti0,-GO and TiO,-GO-ZnFe,0, was about 22-23 nm,
indicating that the incorporation of GO in the TiO, structure
has little influence on the crystallite size of the TiO, phase
structure.

For 2D/2D TiO,-GO-ZnFe,0, composite, all the char-
acteristic diffraction peaks can be assigned to ZnFe,0O, or
anatase TiO,, confirming the combination of ZnFe,0, with
GO-TiO,. The most intense diffraction peak of zinc ferrite
particles in the XRD pattern of 2D/2D TiO,-GO-ZnFe,O,
composite became weaker than that of ZnFe,0O, due to even
distribution and relatively lower content in the final compos-
ite structure. The BET surface area varied from 11.5 m*g™!
to 24.5 m>g~!.

The morphology of the obtained 2D TiO, was examined
by SEM microscopy analysis. Based on that, it can be con-
cluded that TiO, obtained by lyophilization is characterized
by a two-dimensional structure, as presented in Fig. 2.

The TEM microscopic analyses confirmed the formation
of a 2D/2D Ti0O,-GO-ZnFe,0, nanocomposite structure
with a total particle size of the composite of about 30—40 nm
(Fig. 3a and b). The particles are flaky (2D structure) and
contain GO embedded with zinc ferrite. The layer spac-
ing equal to 0.35 nm (Fig. 3c) referred to (101) planes of
TiO,. For 2D/2D TiO,-GO-ZnFe,0, composite, the lat-
tice spacings of 0.235 nm and 0.423 nm were also distin-
guished, indicating the presence of (311) and (111) planes of
ZnFe,0,. Moreover, lattice fringes from the HRTEM results
also give additional information about inter-planar distance
dgg, for GO equaled 0.71 nm (Mukhopadhyay et al. 2016;

Fig.2 SEM analysis of TiO, nanosheets after lyophilization (a and b) and after calcination at 700 °C (c)
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Fig.3 2D/2D
TiO,-GO-ZnFe,0, composite
(a and b) TEM images, (¢ and
d) HRTEM with marked lattice
spacing for TiO, and ZnFe,0,,
and (e) TEM images of compos-
ite with fast Fourier transform
results (inset)
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Lemine et al. 2011). Based on STEM images and mapping
of the selected area, graphene oxide layers are intercalated in
2D TiO, and embedded with ZnFe,O, (see Fig. 4). Energy
dispersion spectroscopy (EDS) confirmed the presence of
Zn, Fe, C, O, and Ti in the structure of the photocatalytic
material. Signals for Zn and Fe occurred in the same area
inside the structure, and signals for C, O, and Ti outside

@ Springer
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the magnetic particle structure. In the composite, graphene
oxide consists of several layers.

The optical absorption properties of the magnetic pho-
tocatalysts are presented in Fig. 5. The analyzed sam-
ples absorb UV light due to the sp-d interaction between
valence band electrons of O and d electrons of Ti or Zn/
Fe atoms in TiO, and ZnFe,0O, structures, respectively.
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Fig.4 Morphology (TEM images) and mapping of the 2D/2D TiO,-GO-ZnFe,O, photocatalyst
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Fig.5 Diffuse reflectance spectra of ZnFe,O,, pure 2D TiO,, 2D
TiO,-GO, and 2D/2D TiO,-GO-ZnFe,0, composite

The light absorption edge in the ultraviolet region for 2D
titania particles was about 400 nm. For 2D TiO,-GO and
TiO,-GO-ZnFe,0, composites, the absorption was mark-
edly redshifted after incorporating ZnFe,O, with GO and
TiO, layer. The ternary composite absorbs light in UV-vis
light; therefore, solar light can be used for photocatalytic
degradation of emerging contaminants in the presence of
2D/2D TiO,-GO-ZnFe,0, particles. Obtained spectra were
transformed into the Kubelka—Munk function, and the Tauc
transformation was used to determine the optical bandgap
energy. As expected, the ZnFe,O, ferrite sample exhibited
low bandgap energy of 1.5 eV, which widened after hydro-
thermal treatment with GO. The bandgap energy for 2D
TiO, was 3.2 eV.

According to the literature, the energy bandgap of pure
TiO, particles depends on the polymorphs and is reported
at~3.0 eV for rutile and 3.2-3.3 eV for anatase. The energy
bandgap for 2D TiO,-GO was 2.9 eV. The extended light
absorption in the visible light of TiO,-GO can be ascribed
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to the formation of Ti—O-C covalent bonds between oxy-
gen groups from GO and Ti atoms promoted during the
hydrothermal treatment (Ti—~O—C). The energy bandgap of
TiO,-GO composite with magnetic particles of ZnFe,O, was
about 2.85 eV.

Figure 6 shows the high field magnetization, M, (applied
magnetic field uyH =6 T) versus temperature, 7, and zero-
field-cooled and field-cooled (ZFC-FC) magnetization
curves obtained at 50 Oe for the ZnFe,0O, nanoparticles and
the 2D Ti0,-GO-ZnFe,0, composite. Bulk ZnFe,0, is anti-
ferromagnetic with Neel temperature, T,= 10 K, displaying
reduced magnetic susceptibility at 300 K. Bulk Zn ferrite is
a normal spinel, where Fe>* cations anti-ferromagnetically
coupled occupy octahedral (B) sites, and Zn** cations (non-
magnetic) are preferentially located at the tetrahedral A posi-
tions (Antic et al. 2013). However, ferrimagnetic behavior is
usually found at the nanoscale as a consequence of the cation
redistribution between octahedral and tetrahedral sites and
the occurrence of mixed states (i.e., Fe3* cations in both
B and A sites). This behavior can be confirmed in Fig. 6a,
where the high field magnetization evolves with temperature
similarly to reported ZnFe,O, ferrimagnetic nanoparticles
(Goémez-Polo et al. 2018).

Furthermore, the occurrence of a maximum value in the
ZFC magnetization curve around 75 K (see Fig. 6a) con-
firmed the superparamagnetic behavior of the Zn ferrite
nanoparticles with characteristic blocking temperature, Ty

« 75 K. However, slight changes in the magnetic response
are found in the 2D TiO,-GO-ZnFe,0, composite, mainly
in the ZFC-FC magnetisation curves (see Fig. 6d).

The shift of the wide maximum in the ZFC magneti-
zation toward higher temperatures would be compatible
with wide size distribution and an increase in the mean
nanoparticle size. Nevertheless, no significant changes can
be detected in the high-field magnetization (see Fig. 6¢)
compared with the initial ZnFe,O, nanoparticles. It should
be noted that the superparamagnetic behavior (anhysteric
magnetic behavior at temperatures above Tp) is of rele-
vance considering the photocatalytic applications since it
enables a better dispersion of the nanoparticles due to the
absence of inter-particle magnetic interactions. Addition-
ally, a high magnetic susceptibility facilitates nanoparticle
extraction from the medium in which they are immersed
through the application of an external magnetic field. In
the present samples, anhysteretic M-H at 300 K hysteresis
loops can be deduced from Fig. 7 in the initial ZnFe,0,.
However, for the 2D TiO,-GO-ZnFe,0, composite, non-
zero coercivity (H, = 30 Oe) and magnetization at the
remanence (M, « 0.4 emu/g), close to the SQUID detection
limit, are detected and ascribed to the larger magnetic fer-
rite nanoparticles. However, these low values, close to the
anhysteretic response, confirm the utility of the compos-
ite for photocatalytic applications (i.e., reduced magnetic
inter-particle interactions).

Fig.6 High field magnetiza- 25 T T 0.6 T T
tion, M, (applied magnetic field (a) (b)
Uyl =6 T) versus temperature, 20k | 0.5 R
T, for (a) ZnFe,0O, nanoparticles
and (c) 2D TiO,-GO-ZnFe,0, = . 04r g
composite. Zero-field-cooled 3 I5r 1 %"
and field-cooled (ZFC-FC) g g 03t 1
magnetization curves obtained E’ 10+ <
at 50 Oe for (a) ZnFe,0, = 02l |
nanoparticles and (d) 2D sl |
TiO,-GO-ZnFe,0, composite 0.1+ 1
0 Il Il 0 L L
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(c)
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Fig.7 Room temperature M-H hysteresis loops ZnFe,O, nanoparti-
cles and (¢) 2D TiO,-GO-ZnFe,0, composite

Furthermore, the remarkable increase in the magnetic
susceptibility (i.e., magnetization at low applied magnetic
fields) in this composite sample would enhance the recycling
and magnetic separation capability of the photocatalyst.

Photocatalytic degradation of ibuprofen
in the presence of 2D/2D TiO,-GO-ZnFe,0,
nanocomposites

Chemical adsorption takes place in graphene-based materi-
als. This adsorption mechanism is based on the interaction
with n-electron of the graphitic rings, n-x interaction, and
hydrogen bond (Liu et al. 2020; Guedidi et al. 2013; Low
et al. 2017). Therefore, before the photocatalytic analysis,
the adsorption properties of the composite materials were
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studied and presented in Fig. 8a. The obtained photocata-
lysts revealed relatively low adsorption of ibuprofen during
120 min of the process. Besides, no relationship was noticed
between the ability of photocatalysts to adsorb organic pol-
lutants and the specific surface area.

The photodegradation properties of ZnFe,O, were similar
to ibuprofen depletion during photolysis. The highest photo-
catalytic degradation was observed for TiO,-GO nanosheets
and 2D TiO,-GO-ZnFe,0, composite. The photocatalytic
decomposition of ibuprofen reached 90% in only 20 min of
photodegradation under simulated solar light (see Fig. 8b).
During the next 20 min (after 40 min of irradiation), about
99% and 97% were degraded for 2D TiO,-GO-ZnFe,0, and
2D TiO,-GO, respectively. The combination of 2D TiO,-GO
with zinc spinel ferrite does not deteriorate the photocata-
lytic properties and allows to take advantage of high pho-
tocatalytic activity under solar light and magnetic separa-
tion properties. In this regard, the hybrid nanocomposite of
2D/2D TiO,-GO-ZnFe,0, determines photocatalyst new and
improved properties.

Furthermore, the 2D/2D TiO,-GO-ZnFe,0, composite
material was selected for the reusability studies. The five
subsequent cycles were performed to examine the photocata-
lytic stability of the magnetic photocatalyst after its recov-
ery, as presented in Fig. 9a.

After each run of ibuprofen degradation, a defined
amount of IBU was added to the reactor to attain the initial
concentration of 21 mg/dm?; then, next photodegradation
cycle was started. This procedure mitigates the risk of the
impact of photocatalyst amount change or kinetics change
due to fresh/new photocatalyst add-ons or any potential pho-
tocatalyst surface changes during the drying process. There-
fore, it can be understood as “perfect separation and reuse”
of photocatalyst. The 2D/2D TiO,-GO-ZnFe,0, composite

b) 1.0
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Fig.8 The efficiency of ibuprofen degradation in the photocatalytic reaction under UV—-vis light irradiation
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Fig.9 The efficiency of ibuprofen degradation in the presence of
2D TiO,-GO-ZnFe,0, photocatalyst measured in the five subse-
quent cycles of degradation (a), XRD diffractograms of 2D/2D

showed excellent stability without any changes in the struc-
ture of the composite material in the subsequent cycles of
photocatalytic degradation (Fig. 9a and b). High photocata-
lytic degradation efficiency was maintained after the fifth
subsequent cycle without any significant changes in ibu-
profen degradation and mineralization. The TOC reduction
TOC,-TOC/TOC, for each cycle amounted to 0.62 +0.04.
After the fifth irradiation cycle, the photocatalyst was mag-
netically separated (Fig. 9c). The use of zinc ferrite as a
magnetic material allowed the separation of more than 96%
of the entire photocatalyst nanoparticles from the suspension
in less than 5 min, including loss of photocatalyst during
drying before use in the next cycle.

Further LC-MS analyses were performed to iden-
tify reaction intermediates and understand the mecha-
nism of IBU degradation during the photocatalytic
process. The results showed that 2D TiO,-GO and 2D
Ti0,-GO-ZnFe,0, photocatalysts effectively degraded
IBU. The phenolic compounds or aromatic carboxylic
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acids were detected as intermediates of ibuprofen pho-
todegradation. Molecular structures for the intermediate
were proposed based on ion molecular weights and MS
fragmentation patterns. The proposed pathways of IBU
degradation are presented in Fig. 10. First, 2-(4-isobutyl-
phenyl) propanoic acid (ibuprofen, IBU) hydroxylation
results in the formation of 2—4-isobutylacetophenone (2).
Further demethylation leads to the loss of the terminal
—CH; group producing 4-isobutylbenzaldehyde (3), which
can be hydroxylated to carboxylic acid derivative (4), or
its isobutyl group can be demethylated to 4-ethylbenzalde-
hyde (6) and 4-(1-hydroxyethyl)benzaldehyde (7). Finally,
through the decarboxylation yielding to isobutylbenzene
(5), which is hydroxylated to the phenolic derivative (8)
and (9). Then, oxidation leads to aromatic rings opening
by the radical attack and producing short-chain organic
acids, further mineralizing to CO, and H,O. In pathway
11, 2-(4-isobutylphenyl) propanoic acid (1) is hydroxylated
to 2-(4-(1-hydroxy-2-methyl propyl)phenyl)propanoic
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Fig. 10 The possible ibu- 2-(4-Isobutylphenyl) propranoic acid (Ibuprofen), IBP)
profen degradation pathways o
in the presence of 2D/2D H.C
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acid (3) and further transformed into the carboxylic acid
derivative (12). The decarboxylation and isobutyl group
demethylation give (13) further hydroxylated to form
(14). Finally, the decarboxylation leads to the formation
of isobutylbenzene, which is hydroxylated to the phenolic
derivatives. The third pathway of IBU degradation is direct
demethylation. In the first stage, the IBU is hydroxylated,
and 2-(4-(1-hydroxy-2-methyl propyl)phenyl)propanoic
acid is formed. Subsequently, decarboxylation of this

[}
Aromatic ring opening and mineralization

intermediate leads to the formation of 1-(4-ethyl phenyl)-
2-methyl propan-1-ol (15), which is further demethylated
and hydroxylated to form isobutylbenzene (5). Finally, the
reactive oxygen species are involved in degradation, which
attacks the phenyl ring yielding simple aromatic organic
compounds generation, e.g., hydroquinone. Then, the phe-
nyl ring in these compounds disintegrates, and short-chain
organic acids are produced, which are further mineralized
to CO, and H,O.
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Identification of reactive species and mechanism
of ibuprofen photodegradation

In order to confirm the mechanism of ibuprofen photo-
catalytic degradation, reactive oxygen species participat-
ing in the photocatalytic process were analyzed in refer-
ence experiments in the presence of scavengers. In this
regard, the photocatalytic activity of the most active 2D/2D
TiO,-GO-ZnFe,0, photocatalyst in the presence of tert-
butanol (hydroxyl radical scavenger, ‘OH), benzoquinone
(superoxide radical scavenger, *‘O,"), sodium azide (singlet
oxygen, '0,” scavenger), ammonium oxalate (h* scaven-
ger), and silver nitrate (e~ scavenger) was investigated.
Photocatalytic degradation of ibuprofen determined without
scavengers served as the reference sample. The introduc-
tion of t-BuOH, which captures photogenerated hydroxyl
radicals, slightly affected the efficiency of IBU degradation
(see Fig. 11). However, the photocatalytic efficiency was
significantly reduced in the presence of benzoquinone and
sodium azide, indicating that ‘O, and 'O, play an important
role in the photodegradation of ibuprofen.

Electron spin resonance is one of the most sensitive
methods for free radicals detection. However, superoxide
or hydroxyl radicals have too short lifetime to detect such
radicals directly by ESR. In order to obtain a more sta-
ble adduct that could be detected and identified by ESR,
PBN as a spin trap for short-lived radicals was used. The
broad range of ESR spectra of the sample before irradia-
tion and several dozen minutes after the end of irradiation
are presented in Fig. 12. For irradiated and non-irradiated
samples, the spectra consist of broad, non-symmetrical
line characteristic of ferrite nanoparticles (Li et al. 1996;

Ibuprofen degradation rate constant
k [min-1-102]

Fig. 11 Photocatalytic degradation of IBU for 2D TiO,-GO-ZnFe,0O,
photocatalyst in the presence of “OH, *O,~, h*, e~, and 'O, scavengers

@ Springer

" 33

334

336

B [mT)
T T T T T T T g T T T
100 200 300 400 500 600
B (mT)

Fig. 12 ESR spectra of the aqueous suspension of 2DTiO,/GO/
ZnFe,0, performed under aerobic conditions in the presence of PBN
spin trap. (a) Non-irradiated sample and (b) irradiated sample. The
inserts show the parts of the spectra near the g-factor 2.0056

Naseri et al. 2011; Coskun and Korkmaz 2014; Naseri
et al. 2014). As presented in the inserts of Fig. 12, the
lines which can be assigned to radicals appear only in the
spectrum of the irradiated sample.

Furthermore, the ESR spectra were analyzed under
aerobic conditions (Fig. 13a) and hypoxic conditions
(Fig. 13b). Without light exposure, the presence of any
radicals in the sample was not observed (spectrum 1 in
Fig. 13a and b). Within tens of seconds of irradiation, a
gradual increase of ESR lines was observed (spectra 2
and 3 in Fig. 13a and b), and a distinct triplet of doublets
was formed (radical A), which indicated the interaction
of an unpaired electron with a nitrogen nucleus and a pro-
ton. The radical A was described by the spin Hamiltonian
parameters presented in Table 2 and can be attributed to
PBN-OH radical adduct (Dodd and Jha 2011; Tero-Kubota
et al. 1982; Harbour et al.1974). This radical adduct is cre-
ated if a short-lived hydroxyl radical is trapped by PBN.
Even during irradiation, the second paramagnetic com-
plex B appears in the spectrum (see the last small line in
spectra 3, Fig. 13a and b). Upon termination of irradiation
(spectra 4 and 5 in Fig. 13a and b), the spectrum continues
to change, and the intensity of paramagnetic complex B
increases and complex A decreases. This is evidence of
the conversion of complex A into complex B. About one
thousand seconds after the end of irradiation, only the B
radical was released into the spectrum. This is believed
that the stable complex B is the benzoyl spin adduct,
resulting from the decomposition of PBN (Dodd and Jha
2011; Tero-Kubota et al. 1982).
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Fig. 13 ESR spectra recorded under aerobic (a) and hypoxic condi-
tions for (1) non-irradiated sample, (2-3) spectra recorded during
light irradiation, (4-5) spectra recorded after irradiation was finished.

Table 2 Hyperfine constants of nitrogen (AN) and hydrogen (A"), and
g-factor for radicals created after UV irradiation

Radical AY (mT) A" (mT) g-factor

adduct

A 1.56 +0.01 0.27+0.01 2.0057 +0.0001
B 1.60+0.01 0.46+0.01 2.0056 +0.0001

It should be noted that for both cases, i.e., hypoxic and aero-
bic conditions, ESR detected the same kinds of paramagnetic
centers: hydroxyl radical and benzoyl spin adduct. However,
the ESR spectra of the sample recorded under aerobic condi-
tions (Fig. 13a) are at least twice as intense as those corre-
sponding to hypoxic conditions (Fig. 13b).

Photoexcitation of TiO, can create a valence band hole 4,,*
and e,,” pair (A):

TiO, hy. Tioz(hjb +e,) (D)

In the presence of water molecules or hydroxide ions, the
positive holes can generate hydroxyl radicals, while the con-
duction band electrons change the oxidation state of titanium
ions (Dodd and Jha 2011; Cho et al. 2005):

hye + H,O — H™ +-OH 2)
h,+ +OH  — -OH 3)
e, + Ti* — Ti%F )

A\l ) o \tetsmpntinart N g % "ght
4)

M L WS mewm 69s
“‘S“Z‘MW*WMMWAMW . L2 11808
= I . I e
334 ' 336 ' 338
B (mT)

The recording time of each spectrum was approximately 23 s. The
numbers on the right side of the figure represent the starting time of
each record

Under aerobic conditions, superoxide radicals are cre-
ated (Eq. 5), which can be transformed into hydrogen per-
oxide (Eq. 6) or hydroxyl radicals (Eq. 7). Moreover, Eq. 8
indicates that the hydroxyl radical may be formed by the
interaction of hydrogen peroxide with a conduction band
electron.

0, + e, — Oy~ )
0, + e, +2H" - H,0, ©)
0,-"H,0, - -OH + OH™ + 0, @)
e, + Hy,0, — -OH + OH™ (8)
0, +hy =10, )

The above difference in the ESR spectra intensity
strongly suggests that superoxide radicals are generated by
irradiation, but their lifetime is too short to be trapped by
PBN and detected by ESR. The higher intensity of the ESR
spectrum for the sample under aerobic conditions is due
to the transformation of superoxide radicals to hydroxyl
radicals, as described directly by Eq. 7 and indirectly by
Eq. 6 and 8.

Figure 14 shows a graphical presentation of the pho-
tocatalyst band edges position and charge transfer during
excitation with a light greater than its bandgap energy.
For n-type semiconductors, the flat band potential is
almost equal to the conduction band potential. The flat

@ Springer
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Fig. 14 Schematic representa- NHE
tion of 2D TiO, and 2D/2D
TiO0,-GO-ZnFe,0, band
structure and excitation under
UV-vis light

1.0 2D TiO:

band potential of 2D TiO,-GO-ZnFe,0, was -0.56 V vs.
NHE. The valence band edge location estimated accord-
ing to a value of the flat band edge position and bandgap
energy was 2.34 V vs. NHE.

According to the obtained results, 2D/2D
TiO,-GO-ZnFe,0, can effectively oxidize H,O to oxy-
gen and reduce oxygen into superoxide radicals (Eq. 5).
Furthermore, singlet oxygen can be produced by the
oxidation of the superoxide radical anion (Eq. 10).
The band structure of the 2D TiO,-GO-ZnFe,0, com-
posite correlates with significant inhibition of ibupro-
fen degradation in the presence of benzoquinone as a
"0, scavenger and sodium azide as a 'O, scavenger,
suggesting that the degradation mechanism involving
superoxide radicals and singlet oxygen plays a crucial
role. Furthermore, the presented results correspond with
the electronic spin resonance ESR analysis, indicating
the significant involvement of superoxide radicals in the
IBU photodegradation. The graphene oxide CB band
position is below the 2D TiO, CB position (Low et al.
2017; Xiang et al. 2011). Therefore, the intercalation
of graphene oxide in the structure of 2D TiO,-based
composite enhances the photocatalytic activity of TiO,
due to the fast migration of conduction band electrons
from the photocatalyst to graphene oxide. The transfer
of e” elongates the lifetime of holes in the VB of TiO,.
Accumulated electrons participate in superoxide anion
radical generation from oxygen, whereas photogenerated
holes participate in singlet oxygen production as a main
reactive oxygen species taking part in the photocatalytic
oxidation reaction.

@ Springer
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Toxicity assessment

According to the Globally Harmonized System of Classifi-
cation and Labeling of Chemicals, ibuprofen is classified as
a compound that is harmful to aquatic organisms (Ortiz de
Garcia et al. 2014). The toxicity of IBU degradation prod-
ucts may differ from the initial compound. Therefore, it is
necessary to examine the toxicity of the IBU solution during
the photocatalytic process. The solutions of IBU photodeg-
radation were tested for their toxicity toward Vibrio fischeri.
The ECs, obtained for the initial IBU solution was equal to
59.05%, which leads to EC5,=11.81 mg-dm>. The deter-
mined ECs, value of IBU toxicity toward Vibrio fischeri
bacteria complies with literature data ECsy=12.1 mg-dm®
(Ortiz de Garcia et al. 2014). The following TU5, value
was equal to 8.467, qualifying the IBU solution as a toxic
compound following the toxic unit classification (Dokmeci
et al. 2014).

The photolytic treatment caused an increase in the tox-
icity of IBU solution. After 120 min of IBU photolysis
under UV—vis irradiation, the ECs,, value of the remaining
solution reached 32.47%. Based on the IBU degradation
efficiency for photolysis (IBU degradation efficiency
equaled 64%), the removal of pharmaceutical during the
photolytic process is incomplete. IBU residue, combined
with toxic by-products, increased the reaction mixture
toxicity.

The photocatalytic process in the presence of 2D
Ti0,-GO-ZnFe,0, resulted in a significant decrease in
the toxicity of the solution, reaching an ECs, value equal
to 98.29%. The residual toxicity of the examined sample
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can be caused by trace amounts of by-products such as
1-(4-ethyl phenyl)-2-methyl propan-1-ol, whose presence
was confirmed by LC-MS analysis.

Conclusions

In summary, the 2D/2D TiO,-GO-ZnFe,0, magnetic pho-
tocatalyst was successfully synthesized using the fluorine-
free lyophilization method and applied for the first time
in the photodegradation of ibuprofen. The STEM images
and mapping of the selected area showed that graphene
oxide layers are intercalated in 2D TiO, and embed-
ded with ZnFe,0,. The obtained nanocomposite 2D/2D
TiO,-GO-ZnFe,0, showed a nearly anhysteretic magnetic
response, together with a high initial magnetic susceptibility
value, enabling effective magnetic separation. The valence
band edge location estimated according to a value of the
flat band edge position and bandgap energy correlates with
significant inhibition of IBU degradation in the presence
of superoxide radicals. Furthermore, the photodegradation
tests in the presence of scavengers and the electronic spin
resonance ESR analysis indicated the significant involve-
ment of superoxide radicals and singlet oxygen in the IBU
photodegradation. Based on LC—MS analysis, intermedi-
ates were determined in the photocatalytic reaction, and
a pathway of photodegradation was proposed. For 2D/2D
Ti0,-GO-ZnFe,0, composite, ibuprofen photocatalytic
degradation reached 90% in only 20 min, which proved that
the 2D magnetic composite is a promising photocatalyst
for the degradation of active pharmaceutical ingredients
under solar light. The photolysis of ibuprofen led to the
formation of more toxic intermediates than the parent com-
pound, whereas photodegradation in the presence of 2D/2D
TiO,-GO-ZnFe,0, composite led to non-toxic and more
susceptible to biodegradation intermediates.
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