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1i 2 ustawy z dnia 4 lutego 1994 r. o prawie autorskim i prawach pokrewnych (t.j. Dz.U. z 2021 poz.
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Projektowanie, synteza i charakterystyka fotokatalizatorow nowej generacji na bazie zwigzku
TisC, T do usuwania aktywnych substancji farmaceutycznych

do prowadzenia badan naukowych lub w celach dydaktycznych.'

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 t.j.), a takze odpowiedzialnosci cywilno-
prawnej oswiadczam, ze przedktadana rozprawa doktorska zostata napisana przeze mnie
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Oswiadczam, ze tres¢ rozprawy opracowana zostata na podstawie wynikow badan prowadzonych
pod kierunkiem i w $cistej wspotpracy z promotorem dr hab. inz. Anng Zielinska-durek, prof. PG.

Niniejsza rozprawa doktorska nie byta wcze$niej podstawg Zzadnej innej urzedowej procedury
zwigzanej z nadaniem stopnia doktora.

Wszystkie informacje umieszczone w ww. rozprawie uzyskane ze Zrédet pisanych
i elektronicznych, zostaty udokumentowane w wykazie literatury odpowiednimi odnos$nikami,
zgodnie z przepisem art. 34 ustawy o prawie autorskim i prawach pokrewnych.

Potwierdzam zgodnos$¢ niniejszej wersji pracy doktorskiej z zatgczong wersjg elektroniczna.

Gdansk, dnia ...

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.

Gdansk, dnia .........cccoeeeeieeee

podpis doktoranta

T Art. 27. 1. Instytucje oswiatowe oraz podmioty, o ktdérych 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, moga na potrzeby zilustrowania tresci przekazywanych w celach dydaktycznych lub w celu
prowadzenia dziatalnosci naukowej korzysta¢ z rozpowszechnionych utworéw w oryginale i w ttumaczeniu oraz zwielokrotnia¢ w
tym celu rozpowszechnione drobne utwory lub fragmenty wiekszych utworéw.

2. W przypadku publicznego udostepniania utworow w taki sposéb, aby kazdy mégt mie¢ do nich dostep w miejscu i czasie przez
siebie wybranym korzystanie, o ktérym mowa w ust. 1, jest dozwolone wytacznie dla ograniczonego kregu osob uczacych sie,
nauczajgcych lub prowadzacych badania naukowe, zidentyfikowanych przez podmioty wymienione w ust. 1.
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physicochemical properties, and assessment of photocatalytic activity. The possibility of using titanium
carbide as a cocatalyst for photocatalytic processes and as a precursor to obtain TiO,/Ti;C, composites
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and copper, and a compound from the spinel ferrite group (MnFe,O,4) have been proposed to improve their
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Rozdziat I. Wstep

1. Problem zanieczyszczenia wod

Jednym z wyzwan wspotczesnego swiata jest zapewnienie dostepu do czystej wody.
Wzrost demograficzny sprawia, ze zapotrzebowanie na wode jest coraz wieksze, a zmiany
klimatyczne, rosngca antropopresja i zwigzane z nig zanieczyszczenie zasobéw wodnych
powoduja, ze zasoby te systematycznie maleja. Zgodnie z prognozami Organizacji Narodéw
Zjednoczonych (ONZ) do 2050 roku zapotrzebowanie na wode wzrosnie dwukrotnie, a w ciggu
najblizszych lat dostepnos¢ wody zdatnej do spozycia moze zmniejszy¢ sie nawet o 40% [1].
W zwigzku z tym, czystos¢ i jakos¢ wdd jest jednym z najwazniejszych wyzwarn globalnych XXI
wieku.

Przede wszystkim rozwdj przemystu, rolnictwa, czy wzrost urbanizacji, a wiec czynniki
antropogeniczne, przyczyniaja sie do wyzszego zanieczyszczenia wdd, stanowiac zagrozenie
dla zdrowia ludzi oraz ekosystemdw. Do gtéwnych zanieczyszczen nalezg barwniki, jony metali
ciezkich, zwiazki powierzchniowo czynne, pestycydy, petrochemikalia, mikroplastiki oraz
aktywne substancje farmaceutyczne [2]. Zastosowanie konwencjonalnych metod
oczyszczania sciekdw, nie zawsze jest wystarczajace wobec niektdrych grup zanieczyszczen,
miedzy innymi takich jak substancje farmaceutyczne niepodatne na rozktad biologiczny.
W raporcie Komisji Ochrony Srodowiska Morskiego Battyku (HELCOM) ,,Pharmaceuticals in the
aquatic environment of the Baltic Sea region” [3] z 2017 roku stwierdzono, ze tylko 9 z 118
analizowanych substancji farmaceutycznych byto efektywnie usuwane (>95%) ze sciekédw
podczas procesu oczyszczania, z kolei dla blisko potowy zwigzkdw efektywnos¢ oczyszczania
wynosita ponizej 50%.

Aktywne substancje farmaceutyczne (API) s3g jedng z najwazniejszych i najobszerniejszych
grup zwigzkdéw nalezacych do potencjalnych antropogenicznych Zrddet zanieczyszczenia
wody. APl sg powszechnie wykrywane w wodach powierzchniowych, wodach gruntowych, czy
wodzie pitnej. Ich stezenie w ekosystemach wodnych miesci sie w zakresie od nanogramdw na
decymetr szescienny do mikrogramdw na decymetr szescienny i co istotne, z roku na rok rosnie
[4]. Zanieczyszczenia te moga pochodzi¢ z réznych Zrédet. W szczegdlnosci, z odpaddw
poprodukcyjnych w zaktadach farmaceutycznych, co wynika z braku regulacji prawnych
w zakresie dopuszczalnych stezerdt APl w Sciekach, jak rdéwniez stosowania czesto
nieefektywnych metod ich usuwania po procesie produkcyjnym. Takze scieki komunalne,
a w szczegdlnosci scieki szpitalne, zawierajg duze zawartosci substancji farmaceutycznych

wydalanych z organizmu, w formie niezmienionej lub w postaci ich metabolitéw. Zrédtem
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substancji farmaceutycznych w wodzie s3g takze przeterminowane leki, ktére czesto zamiast
prawidtowej utylizacji trafiajg do sciekdw.

Jedne z najnowszych badan przeprowadzonych w Polsce w 2022 roku przez Kucharskiego
i wspétautordw [5] wykazaty obecnos¢ 130 aktywnych substancji farmaceutycznych w osadach
pobranych z 70 punktdw zlokalizowanych na Zalewie Szczeciriskim. Najwyzsze poziomy stezen
zidentyfikowano w poblizu miejsc zrzutu Sciekdw z oczyszczalni, portu i stoczni. Jako
najczesciej  wystepujace  farmaceutyki  zidentyfikowano:  amisulpryd - lek
przeciwpsychotyczny, karbamazepine - lek przeciwpadaczkowy, bisoprolol - lek beta-
adrenolityczny, oraz klindamycyne - antybiotyk. Natomiast najwyzsze srednie stezenia
zidentyfikowano dla metoprololu - leku beta-adrenolitycznego oraz sulpirydu - leku
przeciwpsychotycznego. Stezenia oznaczonych API miescity sie w zakresie od 5 ng/g do 120
ng/g [5]-

Aktywne substancje farmaceutyczne stanowia szczegdlne zagrozenie, gdyz moga
wykazywac aktywnos¢ farmaceutyczng, a ich metabolity czesto wykazujg wyzsza toksycznos¢
niz zwigzek macierzysty. W znacznym stopniu sg to zwigzki trudno degradowalne, a takze co
istotne niepodatne na rozktad biologiczny w konwencjonalnych oczyszczalniach sciekdw.
Ponadto, w srodowisku ulegajg procesom bioakumulacji czyli gromadzeniu w tkankach
organizmdw roslinnych i zwierzecych oraz biomagnifikacji czyli wzrostowi stezenia danej
substancji w nastepujacych po sobie ogniwach taricucha pokarmowego na kolejnych
poziomach troficznych. Obecnos¢ substancji farmaceutycznych potwierdzono miedzy innymi
w roslinach jadalnych, takich jak ogérek, cebula, satata, kukurydza oraz w tkankach ryb [6,7].

Wystepowanie farmaceutykdw w srodowisku ma kluczowe znaczenie i budzi obawy
poniewaz zakres ich zagrozenia, a takze wptyw na zdrowie ludzi, faune i flore jest w duzej
mierze nieznany. Substancje farmaceutyczne i ich pochodne moga wywotywaé niepozadane
efekty biologiczne wsréd organizmdw zywych. Liczne badania potwierdzity, Zze moga
wykazywac dziatanie mutagenne, kancerogenne czy neurotoksyczne [4]. Ponadto, niektdre
substancje farmaceutyczne moga zaktdcac¢ dziatanie uktadu hormonalnego lub powodowac
zaburzenia reprodukgji [8]. Co wazne, dla mieszaniny réznych substancji farmaceutycznych,
w wyniku szeregu interakcji zachodzacych miedzy nimi, moze wystepowad tak zwany
synergiczny efekt toksycznosci.

Obecnie nie ma regulacji prawnych okreslajgcych dozwolone maksymalne stezenia
substancji farmaceutycznych w srodowisku [9]. Niemniej jednak problem ten jest coraz
czesciejidentyfikowany i podejmowanych jest coraz wiecej dziatart majacych na celu zwrdécenie

uwagi na koniecznos¢ redukcji stezert APl oraz monitorowanie narazenia na skutek
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dtugotrwatej ekspozycji. Miedzy innymi w Stanach Zjednoczonych, Agencja Ochrony
Srodowiska (EPA) ustanowita wytyczne dotyczace bezpiecznych poziomdéw niektérych lekéw
w wodzie pitnej i opracowata program monitorowania farmaceutykéw w $ciekach [10].
Ponadto, Agencja Ochrony Srodowiska i Agencja ds. Zywnosci i Lekéw (FDA) wydaty wytyczne
dotyczace bezpiecznego usuwania niezuzytych lekéw oraz wdrazania programdw zwrotu
lekéw [11]. Dyrektywa Unii Europejskiej 2013/39/UE uznaje zanieczyszczenie wody
pozostatosciami substancji farmaceutycznych za pojawiajacy sie problem srodowiskowy [12].
Substancje takie jak diklofenak, 17-betaestradiol, 17-alfa-etynyloestradiol i estron oraz trzy
antybiotyki makrolidowe: erytromycyna, klarytromycyna i azytromycyna znajduja sie na tak
zwanej ,Liscie Obserwacyjnej”. Ma to na celu gromadzenie danych dotyczacych
monitorowania srodowiska wodnego w Unii Europejskiej. To z kolei pozwala na dobdr
odpowiednich srodkdéw, aby rozwigzac problem zagrozenia, jakie te substancje stanowia.

W zwigzku z tym, wprowadzenie monitoringu i identyfikacji wystepujacych substanc;ji
farmaceutycznych oraz sciezek ich przemian w srodowisku, a takze systemu zarzadzania
zanieczyszczonymi akwenami, stanowi szczegdlnie istotny aspekt w procesie poprawy jakosci
wody. Ponadto, poszukiwanie efektywnych, przyjaznych dla srodowiska iuzasadnionych
zpunktu widzenia ekonomicznego procesdw oczyszczania sciekdw jest kluczowe
w odniesieniu do ograniczenia stezenia srodkdw farmaceutycznych w sciekach i wodach

powierzchniowych.

2. Charakterystyka wybranych aktywnych substancji
farmaceutycznych

Liczne badania wskazujg, ze karbamazepina, ibuprofen, oraz acetaminofen nalezg do
farmaceutykédw powszechnie wykrywanych w ekosystemach wodnych na catym swiecie [13].
Ponadto, karabamazepina uznawana jest za antropogeniczny marker jakosci wody, ze wzgledu
na trwatos¢, niepodatnos¢ na rozktad biologiczny w konwencjonalnych oczyszczalniach

Sciekdw, jak i powszechng obecnos¢ w zbiornikach wodnych [14].

2.1. Wtasciwosci i zastosowanie

Wzory strukturalne wybranych substancji farmaceutycznych przedstawiono na Rysunku 1.
Karbamazepina - s5H-dibenzo[b,f]azepino-5-karboksyamid, nalezy do grupy lekéw
przeciwpadaczkowych. Z kolei ibuprofen - kwas (RS)-2-[4-(2-metylopropylo)fenylo]propanowy

nalezy do grupy niesteroidowych lekédw przeciwzapalnych. Acetaminofen - N-(4-
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hydroksyfenylo)acetamid, powszechnie znany jako paracetamol, to lek o dziataniu
przeciwbdlowym i przeciwgorgczkowym. Jednakze w odrdznieniu od typowych
niesteroidowych lekéw przeciwzapalnych (NLPZ), acetaminofen wykazuje bardzo stabe
dziatanie przeciwzapalne. W Tabeli 1 poréwnano podstawowe witasciwosci aktywnych

substancji farmaceutycznych: karbamazepiny, ibuprofenu, oraz acetaminofenu.

a) b) ¢)
: LT
0 NH, H

CHj

Rysunek 1. Wz¢r strukturalny karbamazepiny (), ibuprofenu (b) i acetaminofenu (c)

Tabela 1. Zestawienie wtasciwosci karbamazepiny, ibuprofenu, i acetaminofenu

Wihasciwosci Karbamazepina Ibuprofen Acetaminofen
Masa 236,27 g/mol 206,13 g/mol 151,16 g/mol
pKa 15,96 4,85 9,46
Rozpuszczalnos¢ 5 3 3
w wodzie 0,15 g/dm 0,068 g/dm 4,15 g/dm
Biodostepnosc¢ po o o o
podaniu doustnym 85%[15] 99%[16] 79%[17]
glukuronid
hydroksyibuprofen, aceta?mlnofenu,
: siarczan
_ 10,11-epoksyd karboksyibuprofen, )
Produkty metabolizmu e satErEsy G [16] acetaminofenu,
pIny L15 N-Acetylo-p-
benzochinonoimina
[18]
Okres péttrwania . . .
w érodowisku 71-93 dni [19] 5-32 dni [20] 1-2 dni [21]
Podatnos¢ na usuwanie
w konwencjonalnych o o 1A
oczyszczalniach <10% [22] Okoto 90% [23] 86-100% [24]
sciekéw

2.2. Stezenia w ekosystemach wodnych

Na podstawie raportu,,Pharmaceuticals in the aquatic environment of the Baltic Sea region”,
sporzadzonego przez HELCOM [3] i opublikowanego w 2017, acetaminofen, ibuprofen
i karbamazepina nalezg do grupy 20 najczesciej sprzedawanych lekéw w krajach regionu
Morza Battyckiego. Ponadto, zwiazki te nalezg do grupy 20 substancji farmaceutycznych

wystepujacych w najwyzszym stezeniu w sciekach wyptywajacych z oczyszczalni sciekdw, co
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przedstawiono na Rysunku 2. Wszystkie trzy substancje wykryto zaréwno w sciekach
wyptywajacych z oczyszczalni, jak i w wodzie morskiej (Rysunek 2 i 4). Najwyzsze stezenie
odnotowano dla acetaminofenu (powyzej 500 pg/dm? w wodzie z oczyszczalni i powyzej 0,5
pg/dm3w wodzie morskiej). Ponadto, ACT i CBZ wykryto takze w wodzie rzecznej (Rysunek 3).

W tych akwenach najwyzsze stezenie zaobserwowano dla karbamazepiny (okoto 5000

pg/dm?).
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1,000
Max detected M Average detected
100
u |
10 |
L
EEan
1 u n
B
0.1
g = £ § § ®E 8 ®B B B B §§ B g BB B £ ® =
i E AR EEREREEEEEEREEERYEE
8§ 5 E 3§85 £ 385 8EE E s 8 2% 5§ ¢
e 2 8 32 E g B s & 3 2 £ E £ § £
5 e ® = & = =z 2 = B8 & 5§ £ 2 =
-] = 3 [
g =
i ~
Rysunek 2. Stezenie API w Sciekach z oczyszczalni z regionu Morza Battyckiego [3]
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Rysunek 3. Stezenie APl w rzekach z regionu Morza Battyckiego [3]
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Rysunek 4. Stezenie APl w wodach Morza Battyckiego [3]

2.3. Toksycznos¢

Qiang i in. [19] stwierdzili, ze obecnos¢ karbamazepiny w stezeniu od 1 do 5 pg/dm3
znaczaco wptyneta na przyspieszenie rozwoju zarodkowego, a takze zaburzyta zachowanie
zarodkéw i larw ryby danio pregowanego (Brachydanio rerio). Wykazano, ze obecnos¢ CBZ
moze wptywac na nieprawidtowa ekspresje gendw nerwowych i uposledza¢ zachowanie ryb,
co z kolei moze wptywad na strukture ich populacji w ekosystemie. Badania przeprowadzone
przez Oliveira i wspétautoréw [25] wykazaty, ze obecnos¢ karbamazepiny nie indukuje stresu
oksydacyjnego. Jednakze zauwazono, ze w przypadku ekspozycji chronicznej, parametry
gonadosomatyczne ulegty pogorszeniu, co wskazuje, ze CBZ moze uposledza¢ zdolnosci
reprodukcyjne, a w efekcie moze mieé wptyw na trwatos¢ populacji.

W przypadku acetaminofenu, Guiloski i wspétautorzy [26] zaobserwowali zakidcenie
dziatania osi podwzgdrze-przysadka-gonady u samcéw suma srebrnego (Rhamdia quelen),
a takze zmienione parametry hematologiczne i hepatotoksycznos¢ w wyniku ekspozycji na
acetaminofen o stezeniu 0,25 i 2,5 pg/dm3 przez 21 dni. Z kolei Branddo i wspdtautorzy [27]
stwierdzili, Zze acetaminofen nie spowodowat wzrostu smiertelnosci matz stodkowodnych
(Corbicula fluminea) zaréwno w przypadku krétkotrwatej (96 godzin), jak i dtugotrwatej
ekspozycji (28 dni).

Toksycznos¢ ibuprofenu wobec suma afrykariskiego (Clarias gariepinus) okreslono
w badaniach Ogueji i wspétautoréw [28]. Smiertelno$é na poziomie 50% w ciggu 96 godzin

ekspozycji zaobserwowano dla stezenia ibuprofenu wynoszacego 0,38 mg/dm3. W przypadku
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ryb narazonych na obecnos¢ ibuprofenu zaobserwowano nadpobudliwos¢, utrate réwnowagi,
zmiane zabarwienia skéry, zwiekszone wydzielanie sluzu czy nieregularne ruchy ptetw (0,38-
0,48 mg/dm3). Dodatkowo obecnos¢ ibuprofenu spowodowata wzrost liczby erytrocytéw
i leukocytéw, poziomu hemoglobiny, oraz znaczny spadek liczby neutrofili. Potwierdzono
negatywny wptyw IBU na funkcjonowanie ryb i wskazano na koniecznos¢ monitorowania jego
poziomu w wodach. W badaniach Xia i wsp&tautoréw [29] poréwnano toksycznos¢ ACT i IBP
(5-500 pg/dm3) wobec wylegania i ruchliwosci danio pregowanego po 6 godzinach od
zaptodnienia. W przypadku ibuprofenu zaobserwowano znaczng redukcje wskaZnika
wylegania o okoto 63% przy stezeniu 500 pg/dm3. Ponadto, ekspozycja na wysokie stezenie IBP
spowodowata zmniejszenie spontanicznych ruchéw oraz odlegtosci, czasu trwania i predkosci
swobodnego ptywania. Z kolei w przypadku acetaminofenu nie zaobserwowano znaczacego
wptywu na rozwdj organizmow.

Jednym z najczesciej wykorzystywanych narzedzi do oceny zagrozenia srodowiskowego
wynikajacego z wystepowania farmaceutykéw w sciekach oczyszczonych jest tak zwany iloraz
ryzyka (RQ) wyznaczany na podstawie wytycznych Europejskiej Agencji Lekdw [30]. Wartos¢
RQ obliczana jest poprzez podzielenie maksymalnego zmierzonego stezenia dla danego API
przez przewidywane stezenie niewywotujgce negatywnych efektéw wsrdd organizmdw
wodnych (np. alg, rozwielitek, ryb). Gdy RQ < 0,1 nie ma zagrozenia dla organizméw wodnych
lub jest ono znikome, gdy 0,1 < RQ < 1,0 ryzyko jest srednie, natomiast, gdy RQ > 1,0 istnieje
potencjalnie wysokie ryzyko dla organizmdéw wodnych. W pracy Khasawneh i Palaniandy [31],
ACT i IBP zostaty sklasyfikowane jako substancje wysokiego ryzyka (RQ > 1), natomiast CBZ jako
substancja wykazujgca srednie ryzyko (RQ < 1). Z kolei w badaniach Bouissou-Schurtz
i wspdtautoréw [32] oszacowano, ze parametr RQ dla ACT réwny jest 1,6, dla ibuprofenu
wynosi 600, zas dla karbamazepiny wynosi 3,2. Wskazuje to, ze wszystkie trzy APl naleza do
grupy substancji wysokiego ryzyka zagrozenia srodowiskowego, a w szczegdlnosci obecnos¢

ibuprofenu stwarza realne ryzyko dla organizmdw zywych.

3. Fotokataliza

Do nowych i zaawansowanych proceséw efektywnych w degradacji substanc;ji
niepodatnych na rozktad biologiczny, w tym zanieczyszczeri farmaceutycznych nalezg
Zaawansowane Procesy Utleniania (z ang. advanced oxidation processes, AOP). AOP
charakteryzuja sie wytwarzaniem in-situ wysoce reaktywnych form tlenu, takich jak: rodniki

hydroksylowe, nadtlenek wodoru, ozon, czy anionorodniki ponadtlenkowe, ktére umozliwiajg
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efektywng degradacje i mineralizacje zanieczyszczen do prostych zwigzkdw nieorganicznych.

Podziat technik AOP przedstawiono na Rysunku 5.

Zaawansowane procesy

utleniania

I l

Procesy homogeniczne Procesy heterogeniczne
Foto-chemiczne ’ Chemiczne Foto-chemiczne Chemiczne
fotoliza UV, foto-Fenton, | I UVv/03 /Ti0, |
UV/0,, UV/H,0, — UV/H,0,/TiO, .
03, 03 /H,0,, ultradzwigki UV/nadsiarczan/ ozonowanie elektro-
Fenton elektro-Fenton katalizator katalityczne, kataliza
ultradzwieki/ katalizator/H;0,

H,0,

Rysunek 5. Podziat zaawansowanych proceséw utleniania - [opracowanie wiasne]

Fotokataliza heterogeniczna nalezy do grupy Zaawansowanych Proceséw Utleniania.
W tym procesie dochodzi do przeksztatcania szeregu zwigzkdw chemicznych m.in. aktywnych
substancji farmaceutycznych do prostych zwigzkdw nieorganicznych, tlenku wegla(lV) i wody.
Proces zachodzi w obecnosci fotokatalizatora, aktywowanego za pomocg promieniowania
elektromagnetycznego.

W procesie fotokatalizy, pétprzewodnik absorbuje sSwiatto o okreslonej dtugosci fali,
o energii réwnej badZ wyzszej wartosci jego przerwy wzbronionej. W wyniku absorpcji swiatta
przez pétprzewodnik dochodzi do wzbudzenia elektronu (e”) z pasma walencyjnego do pasma
przewodnictwa. Efektem czego jest wytworzenie dziur (h*) w pasmie walencyjnym. Elektrony
z pasma przewodnictwa reaguja z czasteczkami tlenu, tworzac anionorodniki ponadtlenkowe.
Z kolei dziury, z pasma walencyjnego reaguja z czasteczkami wody na powierzchni
poétprzewodnika, tworzac rodniki hydroksylowe.

Reakcje zachodzace w trakcie procesu fotokatalizy przedstawiono w oparciu o Réwnania
1-5.

Fotokatalizator + hv » h* + e~ (1)
h"+H,0- OH' + H' (2
h*+ OH™ - OH" (3)
e”+0;- 07 (a)

API + reaktywne formy tlenu — produkty degradacji ()
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W Tabeli 2 poréwnano wady i zalety poszczegdinych metod stosowanych do usuwania
aktywnych substancji farmaceutycznych. Obecnie coraz wigkszg uwage poswieca sie
fotokatalizie, co wynika przede wszystkim z wysokiej efektywnosci degradacji APl oraz stopnia
ich mineralizacji do prostych zwigzkdw nieorganicznych. Korzystnym rozwigzaniem jest tez
opracowywanie hybrydowych technologii na przyktad poprzez sprzeganie metod
biologicznych czy adsorpcji z fotokatalizg. Takie rozwigzanie czesto pozwala na osiggniecie
wysoce wydajnego procesu degradacji [33].

Tabela 2. Poréwnanie wad i zalet réznych obecnie stosowanych metod do usuwania substancji farmaceutycznych
[33,34]

Metoda Zalety Wady
Procesy biologiczne -Niski koszt - Powolny proces
-Niska wydajnos¢ procesu
Adsorpcja -Niski koszt - Niska selektywnos¢
-Wysoka efektywnos¢ -Generowanie odpadu
- Prosta obstuga
Ozonowanie -Wysoce efektywna metoda dla -Ozon stanowi wysoce
sciekdw o wysokim pH toksyczny gaz — wymaga
-Ozon rozktada sie do tlenu i wody, scistej kontroli
dzieki czemu nie wprowadza - Wysoki wktad finansowy
wtdrnych zanieczyszczen do sciekdw oraz koszty operacyjne
Fenton/foto-Fenton - Fe** i Fe3* moga petnic funkcje nie - Mozliwos¢ wykorzystania
tylko utleniajaca ale tez koagulacyjng ~ w zakresie pH 2-4 lub 3-6
-Stosunkowo tanie reagenty w przypadku metody
-Metoda efektywna takze w wysokiej foto-Fentona
temperaturze -Tworzenie osadu Fe(OH);
Fotokataliza -Wysoka efektywnos¢ wzgledem - Zabarwienie i metnos¢
szerokiego spektrum zanieczyszczert  sciekdw moga ograniczad
- Fotokatalizator moze by¢ aktywnos¢
odzyskiwany i wielokrotnie -Problemy z separacja
wykorzystywany fotokatalizatora po
- Fotokatalizator np. TiO, jest stabilny procesie
i stosunkowo tani -Fotokatalizatory
aktywowane przez swiatto
uv
-Szybka rekombinacja
nosnikéw tadunku
ogranicza aktywnos¢

Wiekszos¢ znanych i zbadanych pdtprzewodnikdw stosowanych w fotokatalizie, w tym
najpowszechniej wykorzystywany TiO, charakteryzuje sie szeroka przerwg energetyczng, a co
sie z tym wigze, aktywnoscig fotokatalityczng w zakresie promieniowania ultrafioletowego.
Promieniowanie UV stanowi jedynie od 3 do 5% energii swiatta stonecznego, co ogranicza
zastosowanie naturalnego promieniowania w procesach fotokatalitycznych, a przez to

generuje koszty zwigzane z koniecznoscig stosowania energochtonnych zrdédet swiatta.
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W zwigzku z tym, jednym z wyzwan wspétczesnej fotokatalizy, jak przedstawiono na Rysunku
6, jest poszukiwanie efektywnych pétprzewodnikédw aktywnych w swietle widzialnym.
Przestawione w literaturze rozwigzania dotycza gtédwnie: 1) inzynierii powierzchni i defektéw
- optymalizacja struktury krystalicznej, powierzchni witasciwej, morfologii czastek, czy
wprowadzanie defektdéw, 2) domieszkowania - wprowadzania do struktury atomdéw niemetali
(np. O, S, N, C, P) oraz metali (np. Fe, V, Co, Cu), 3) sensybilizacji barwnikami lub kompleksami

metali, 4) tworzenia heteroztaczy z materiatami aktywnymi w swietle widzialnym [35].

AKTYWNOSC
FOTOKATALIZATORA W
SWIETLE WIDZIALNYM

EFEKTYWNA SEPARACJA
FOTOKATALIZATORA PO

WYZWANIA PROCESIE
WSPOLCZESNE)

FOTOKATALIZY

PRZEZWYCIEZENIE SZYBKIE]
REKOMBINAC)I NOSNIKOW
tADUNKU

Rysunek 6. Wyzwania wspdtczesnej fotokatalizy [opracowanie wiasne]

Czestym zjawiskiem jest takze rekombinacja elektronédw wzbudzonych z pasma
przewodnictwa i dziur z pasma walencyjnego, co ogranicza tworzenie wolnych rodnikdw.
W zwigzku z czym efektywna separacja nosnikdw tadunku jest rdwniez istotnym wyzwaniem
wspotczesnej fotokatalizy. Zmniejszenie rekombinacji par elekron-dziura mozna osiggna¢
poprzez 1) tworzenie heteroztgczy z innymi materiatami (ztgcza Schottky’ego, ztacza typu p-n,
zfacza typu II, ztacza typu Z), 2) depozycje metali szlachetnych/ko-katalizatora, 3)
domieszkowanie, 4) wprowadzanie defektéw powierzchniowych, 5) kontrole morfologii [36—
39]

Z punktu widzenia praktycznego zastosowania procesu fotokatalizy do usuwania
pozostatosci APl ze sciekdw, wyzwaniem jest zapewnienie szybkiej i prostej metody odzysku
fotokatalizatora po procesie oczyszczania. Wielkos¢ czastek fotokatalizatora zawiera sie
w granicach od kilku mikrometréw, a ostatnio coraz czesciej takze w granicach od kilku do
kilkunastu nanometréw. Wymagane jest zatem stosowanie dtugotrwatej i kosztownej

nanofiltracji, aby zapobiec tworzeniu wtdrnych zanieczyszczen w Sciekach w postaci
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nanoczastek. W celu ufatwienia separacji fotokatalizatora po procesie oczyszczania,
rozwigzaniem moze by¢ jego immobilizacja na nosniku (np. granulacie polimerowym, kulkach
szklanych, zelu krzemionkowym, witdknie szklanym, ceramice) [40,41], czy tez taczenie
z materiatem o wiasciwosciach magnetycznych (Fe;O,, ferryty spinelowe), co pozwoli na

separacje za pomoca zewnetrznego pola magnetycznego [42].

4. Synergizm fotokatalizy i aktywacji PMS

Potaczenie procesu fotokatalizy z aktywacja nadtlenomonosiarczanu (PMS) jest nowym,
obiecujgcym rozwigzaniem w zakresie oczyszczania wéd. Aktywowany PMS moze skutecznie
wytwarzad rodniki siarczanowe (¢SO,”) o silnych witasciwosciach utleniajacych. Rodniki
siarczanowe charakteryzuja sie zblizonym lub nawet wyzszym potencjatem redoks (wynoszacy
2,5-3,1 V), w poréwnaniu z rodnikami hydroksylowymi (E°= 1,8-2,8 V) [43]. Ponadto, rodniki
siarczanowe wykazuja wyzszg selektywnos¢, dtuzszy okres péttrwania (30-40 ps) i moga by¢
aktywowane w szerszym zakresie pH (od 2 do 8) niz rodniki ® OH [44]. Aktywacja PMS zachodzi
w wyniku dziatania energii zewnetrznej, w tym ciepta, ultradZzwiekdw, promieniowania UV,
promieniowania gamma, reakcji katalitycznej w obecnosci metali przejsciowych (np. Fe, Mn,
Cu, Co), materiatéw weglowych (np. grafen, wegiel aktywowany) oraz procesu fotokatalizy
[45]. W tym odniesieniu, kombinacja fotokatalizy z aktywacja PMS moze umozliwi¢ osiggniecie
synergicznego dziatania obu proceséw w celu zwiekszenia wydajnosci procesu degradacji

zanieczyszczen niepodatnych na rozktad biologiczny.

5. MXeny

5.1. Ogolna charakterystyka MXendw

MXeny to grupa materiatéw nowej generacji, ktére zostaty po raz pierwszy opisane w 2011

roku przez zespdt Profesora Yury Gogotsi’ego (patrz Rysunek 7).
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Rysunek 7. Historia MXendw [opracowanie wihasne]

Aktualnie do grupy poznanych i opisanych MXendw zalicza sie ponad 70 materiatéw.
MXeny to materiaty stanowigce wegliki, azotki lub wegliko-azotki metali przejsciowych.
Prekursorem do otrzymywania MXendw s3 zwigzki fazy MAX o wzorze ogdlnym M,..AXn, gdzie
M to metal przejSciowy, taki jak: Ti, Zr, Sc, V, Mo, Cr, Hf, Nb, Ta, A to Al, Si, Ga (pierwiastki grup
13-14), natomiast X to C lub/oraz N, a n=1-3 [46]. Wigzania M-X s3 duzo silniejsze niz wigzania
M-A, w zwigzku z czym warstwa metalu A, moze by¢ z tatwoscig usunieta bez niszczenia
wigzan M-X. Dzieki czcemu MXeny otrzymywane sg na drodze selektywnego usuwania metalu
(A) ze struktury zwiazkédw fazy MAX, najczesciej poprzez wytrawianie za pomocg kwasu
fluorowodorowego lub mieszanin fluorku litu, sodu, potasu, ikwasu chlorowodorowego
(kwas fluorowodorowy tworzony in-situ) [47]. W przypadku zastosowania soli fluoru
dodatkowo dochodzi do interkalacji kationdw metali: Na*, K*, Li* pomiedzy warstwami
MXendw, powodujgc zwiekszenie odlegtosci miedzyptaszczyznowych [48]. Proces
wytrawiania glinu, na przyktadzie Ti;AlIC,, odbywa sie zgodnie z reakcjg przedstawiona
Réwnaniem 6. Dodatkowo obecnos¢ wody i kwasu fluorowodorowego wptywa na

wytworzenie powierzchniowych grup —~OH i -F, zgodnie z Réwnaniami 7i 8 [49].

Ti;AIC; + 3HF — TisC, + AlFs + 3/2H, (6)
Ti3C2 + ZHzo e Ti3C2(oH)2 + Hz (7)
TisC + 2HF = TisGF, + H, (8)

Parametry procesu wytrawiania — temperatura, czas, czy ilos¢ kwasu fluorowodorowego
dobierane sg w zaleznosci od rodzaju MXenu, a w szczegdlnosci od energii wigzarn. Nazwa
MXeny podkresla usuniecie metalu A ze zwigzku fazy MAX. Wzér ogdiny MXendw to Mn.XaTyx,

gdzie Tx odnosi sie do grup funkcyjnych obecnych na powierzchni po procesie wytrawiania,
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najczesciej—OH, —O i —F. Obecnos¢ takich grup funkcyjnych na powierzchni determinuje szereg

wiasciwosci MXendw [50].

5.2. WHasciwosci fizykochemiczne MXendw

Od czasu odkrycia MXendw az do dnia dzisiejszego badania nad materiatami z grupy
MXendw rozwijajg sie coraz bardziej dynamicznie w wielu dziedzinach nauki. W 2023 roku
liczba publikacji naukowych ze stowem kluczowym ,,MXene” osiggneta blisko 93 tysigce. Wigze
sie to z ich wieloma unikalnymi i korzystnymi wtasciwosciami, wynikajagcymi z ich natury
zblizonej do grafenu. Szczegdlnie korzystne jest to, ze ich wtasciwosci moga by¢ odpowiednio
modyfikowane w zaleznosci od wymagan adekwatnych do rodzaju zastosowan. Odbywa sie
to poprzez dobdr kompozycji, powierzchniowych grup funkcyjnych, czy korelacji morfologii
i struktury geometrycznej.

W zaleznosci od rodzaju i orientacji grup powierzchniowych, MXeny moga wykazywac
wiasciwosci typowe dla metali, wtasciwosci pétmetaliczne, czy tez charakterystyke typowa dla
przewodnikéw waskopasmowych [51]. MXeny takie jak np. Hf,CO,, Zr,CO,, V,CF,, V,C(OH),,
Ti,CO,, Sc2C(OH),, Sc,CF; i Sc.CO, charakteryzujg sie niezerowg przerwa wzbroniona [52,53].

Podobnie grupy funkcyjne na powierzchni wptywaja na zmiane pracy wyjscia MXendw.
MXeny wykazuja ogromny potencjat tworzenia bariery Schottky’ego z pétprzewodnikami. Gdy
MXen tworzy ztacze z pétprzewodnikiem, oddziatywania van der Waalsa zapewniajg tak zwane
stabe ,,przypiecie” poziomu Fermiego (z ang. weak Fermi-level pinning), co w pofaczeniu
z niska/wysoka praca wyjscia MXenu umozliwia transfer wolnych elektronéw/dziur przez
bariere Schottky’ego do pétprzewodnika [54].

MXeny charakteryzuja sie takze doskonatg wytrzymatoscig mechaniczng i elastycznoscia.
Parametry takie jak struktura i tekstura (grubosci warstwy, odlegtosci miedzy warstwami,
wymiary i porowatos¢), typ (tj. wegliki lub azotki), skfad (tj. jedno- lub dwusktadnikowe,
domieszkowanie, defekty), a takze obecnos¢ grup funkcyjnych (-O, -OH i -F) determinujg
wiasciwosci mechaniczne MXendw [55]. Silne wigzania M-C i/lub M-N w strukturze MXenu
charakteryzuja sie duzg statg sprezystosci, przekraczajaca 500 GPa. Ti,Ci Ti;C; moga wytrzymad
do 17% odksztatcenia przy naprezeniu jednoosiowym i dwuosiowym. Wartos¢ ta moze by¢
wyzsza nawet 0 28% w wyniku funkcjonalizacji powierzchni grupami funkcyjnymi, ktére hamuja
zapadanie sie powierzchniowej warstwy atomowej dzieki oddziatywaniom miedzy atomami Ti
i powierzchniowymi grupami funkcyjnymi [56].

Ponadto, ze wzgledu na obecnos¢ na powierzchni MXendw atomoéw tlenu i fluoru o duzej

elektroujemnosci, posiadajg one ujemny tadunek powierzchniowy. W zwigzku z tym, mozliwa
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jest interkalacja dodatnio natadowanych jonédw poprzez silne oddziatywania kulombowskie
miedzy kationami, a MXenem. Dzieki temu MXeny wykazuja dobre zdolnosci adsorpcyjne [57].

MXeny absorbujg promieniowanie elektromagnetyczne w zakresie dtugosci fali od 300 do
500 nm (UV-vis). Ponadto wykazujg szerokie i silne pasmo absorpcji w zakresie bliskiej
podczerwieni (NIR) od 700 do 800 nm. W zakresie energii ultrafioletu MXeny z grupami
funkcyjnymi na powierzchni charakteryzujg sie wyzszym wspétczynnikiem odbicia swiatta
w poréwnaniu do MXenu bez grup funkcyjnych. Z kolei w zakresie swiatta widzialnego, MXeny
zgrupami —-O wykazujg wiekszg intensywnos¢ absorpcji fali elektromagnetycznej i nizszy
wspdtczynnik odbicia swiatta, podczas gdy fluorowanie powierzchni badz obecnos¢ grup -OH
skutkuje stabszg intensywnoscig absorpcji w poréwnaniu z MXenem bez grup funkcyjnych
[58]-

Zwiazki z grupy MXendw wykazujg zdolnos¢ do konwersji fototermicznej, co oznacza, ze
sg efektywnym materiatem absorbujacym swiatto i przeksztatcajagcym je na energie cieplna.
Przeprowadzone badania wykazaty, ze w przypadku Ti;C; zdolnos¢ konwersji swiatta na ciepto
bliska jest 100%. Taki mechanizm przypisywany jest wystepowaniu efektu zlokalizowanego
powierzchniowego rezonansu plazmonowego (LSPR) jaki wystepuje w przypadku ztota czy
srebra. Ti;C; wykazuje silng absorpcje w zakresie bliskiej podczerwieni, podobnie jak
w przypadku metali szlachetnych [59,60]. Efekt LSPR w MXenach jest zwigzany
z kolektywnym  drganiem  elektronédw przewodnictwa w  wyniku naswietlania
promieniowaniem zwifaszcza w zakresie Swiatta widzialnego lub bliskiej podczerwieni.
W MXenach plazmony powierzchniowe s3 zalezne od gestosci nosnikéw tadunku
swobodnego na powierzchni. MXeny wykazujg wyrazng metaliczng gestos¢ swobodnych
elektrondw, ktdra jest scisle zwigzana z licznymi grupami funkcyjnymi na powierzchni.
W przypadku MXendéw kazda pojedyncza warstwa zachowuje sie jak izolowany arkusz,
posiadajacy unikalny zestaw moddw plazmondw powierzchniowych, potwierdzajac
fundamentalng rozbieznos¢ pomiedzy MXenami a ,,tradycyjnymi” metalami plazmonowymi
[61,62].

Ponadto, niektére z MXendw wykazujg whasciwosci ferromagnetyczne (np. Ti.C, Ti.N, Cr,C)
lub antyferromagnetyczne (np. Cr:N, Mn,C) [52]. Natura magnetyczna zwigzana jest
z przyrostem gestosci elektronéw w poblizu regionu Fermiego. Natomiast funkcjonalizacja
powierzchni prowadzgca do zmniejszenia gestosci elektronowej wokét poziomu Fermiego
skutkuje zanikiem wiasciwosci magnetycznych [63].

MXeny okreslane jako materiaty nowej generacji posiadaja nie tylko zalety, ale tez wady.

Gtéwnym ograniczeniem jest fakt, ze pod wzgledem skfadu chemicznego, MXeny s3
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termodynamicznie niestabilne, dlatego musza by¢ przechowywane w miejscach suchych i bez
dostepnosci tlenu. Pojedyncze i kilkuwarstwowe struktury wykazujg wiekszg tendencje do
utleniania niz struktury wielowarstwowe. Liczne badania potwierdzajg, ze utlenianie struktury
MXendw rozpoczyna sie od ich krawedzi z wytworzeniem tlenku metalu, co w konsekwencji
prowadzi do zmniejszenia przewodnictwa. Jest to tzw. ,,efekt domina” prowadzacy od
utlenienia krawedzi do catej powierzchni, zmieniajgc wtasciwosci materiatu. W zwigzku z tym,
efektywng metodg zapobiegajgcg utlenianiu moze by¢ ,,ochrona” krawedzi np. poprzez
kontrolowang adsorpcje kationdw na powierzchni. Inng metoda jest stosowanie wegla do
powlekania powierzchni MXendw. Czesto tez konieczne jest przetwarzanie w niskich

temperaturach lub w atmosferze gazu obojetnego, aby zapobiec utlenianiu [64,65].

5.3. Struktury MXendw - od 3D do oD

W zaleznosci od metod otrzymywania MXeny moga charakteryzowac sie r6zng morfologia

w postaci:

o Wielowarstowych arkuszy (3D)

Podstawowa strukturg MXendw otrzymywang w wyniku usuniecia metalu ze struktury
zwigzku fazy MAX s3 wielowarstwowe arkusze przypominajgce tzw. harmonijke z wolnymi
przestrzeniami pomiedzy warstwami, co przedstawiono na Rysunku 8. Metody wytrawiania

glinu ze struktury Ti;AlC, zestawiono w Tabeli 3.

Rysunek 8. Struktura harmonijkowa MXenu otrzymywana w wyniku procesu wytrawiania zwigzku fazy MAX -
TisAlC; [zdjecie whasne]
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Tabela 3. Zestawienie przyktadowych metod usuwania glinu ze struktury zwigzku Ti;AlC;

Zwiqgzek Metoda Uwagi Literatura
fazy MAX wytrawiania
HF - obecnos¢ fluoru na powierzchni [66]
HCl + LiF, NaF, - wytwarzanie HF in-situ w trakcie [67]
Ti5AIC, KF, lub NH,4F procesu
-obecnos¢ fluoru i chloru na powierzchni
- interkalacja jondw Na*, K, Li*, NH,*
ZnCl, - metoda bez fluoru [68]
-obecnos¢ chlor na  powierzchni
i pozostatosci cynku
NaOH - metoda bez fluoru [69]
- proces prowadzony temperaturze
270°C w 27,5 M NaOH
- grupy —OH i —O na powierzchni
- reakcja prowadzona w obecnosci
argonu

o Hydrozeli/aerozeli (3D)

Struktury 2D MXendéw wykazujg znaczna tendencje do agregacji, co ogranicza ich
zastosowanie w wielu dziedzinach. Jednym z rozwigzan tego problemu jest integracja arkuszy
2D w makroskopowe struktury o wymiarach 3D. Ze wzgledu na wtasciwosci MXendw, takie jak
silna hydrofilowos¢, przycigganie w wyniku oddziatywart van der Waalsa, mate rozmiary
i wyrazna sztywnos¢, bezposrednie tworzenie struktur zelu nadal stanowi wyzwanie. Aby
utworzy¢ strukture hydrozelu z MXendw, czesto konieczna jest obecnos¢ czynnika
sieciujgcego, ktéry kompensuje hydrofilowos¢ arkuszy MXenu i utrzymuje strukture 3D. W tym
celu stosuje sie rézne substancje, takie jak zredukowany tlenek grafenu, polimery oraz jony

metali, na przyktad Fe**, Mg**, Co**, Ni**i A3*[70-71]. Z kolei, aerozele z MXendw mozna uzyskac

poprzez bezposrednig liofilizacje dyspersji MXendw lub liofilizacje hydrozeli [72].
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Rysunek 9. Wkasciwosci hydrozeli utworzonych z ptatkéw MXendw, na podstawie [70-72]

Otrzymane hydrozele/aerozele MXendw charakteryzuja sie nizszg gestoscia, bardziej
rozwinieta = powierzchnig  witasciwag, lepszymi  witasciwosciami  mechanicznymi

i elektrochemicznymi niz struktury 2D. Wynika to przede wszystkim z faktu, ze:

1) dobrze zorganizowana sie¢ 3D MXenu zapobiega ponownej agregacji, umozliwiajac
odstoniecie miejsc aktywnych na powierzchni oraz lepszg przepuszczalnos¢ elektrolitu,

2) sie¢ MXenu zapewnia ciggte Sciezki przewodzenia, dla efektywnego transportu
elektrondw/jondw,

3) silne wigzanie MXenu z elektrolitem lub innymi materiatami w matrycy zelu zapewnia
odpowiednig powierzchnie kontaktu na granicy elektrolit/elektroda z niskg rezystancja
miedzyfazowa,

4) zele MXenu maja wyjatkowa gestos¢ upakowania, znacznie wyzszg niz np. grafit czy
komercyjny wegiel aktywowany.

Hydrozele/aerozele znajduja zastosowanie jako kondensatory elektrochemiczne,
w bateriach, czujnikach, do kontrolowanego uwalniania lekdw, w katalizie, do ekranowania

zaktécen elektromagnetycznych oraz do magazynowania energii [71].

o Jednowarstowe lub kilkuwarstowe arkusze (2D)

Delaminacja wielowarstwowego MXenu prowadzi do otrzymania pojedynczej lub
kilkuwarstwowej struktury MXenu. Najczesciej proces delaminacji odbywa sie dzieki
zastosowaniu interkalacji duzych polarnych czgsteczek organicznych np. dimetylosulfotlenku

(DMSO),  wodorotlenku  tetrametyloamoniowego (TMAOH), «czy wodorotlenku
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tetrabutyloamoniowego (TBAOH) w celu zwiekszenia odlegtosci miedzywarstwowej,
ostabiajgc oddziatywania miedzywarstwowe. Han i wspdtautorzy [73] zastosowali
wspomagany hydrotermalnie proces interkalacji Ti;C;Tx za pomocg TMAOH w obecnosci
przeciwutleniacza. Optymalne warunki prowadzenia procesu to 24 godziny i temperatura
140°C. Potwierdzono, ze skutecznos¢ delaminacji jest znacznie wyzsza i wynosi okoto 74%,
w poréwnaniu do konwencjonalnej interkalacji, dla ktérej efektywnos¢ delaminacji wynosita
ponizej 20%.

W zaleznosci od zastosowanej metody wytrawiania i interkalacji celem delaminacji
wielowarstwowej struktury MXenu, wymagane moze by¢ tez zastosowanie zewnetrznej sity
$cinajacej np. ultradzwiekdw czy wytrzasania [74].

Struktury dwuwymiarowe, w pordéwnaniu do ich wielowarstwowych odpowiednikdw,
charakteryzujg sie bardziej rozwinietg powierzchnig wfasciwg oraz wigksza liczbg miejsc
aktywnych. Ponadto, struktura materiatéw 2D zapewnia ekspozycje licznych atomdw
powierzchniowych oraz skrécona jest droga migracji fotogenerowanych nosnikéw tadunku ze
struktury objetosciowej do powierzchni. Dzieki temu rekombinacja par elekton-dziura zostaje
ograniczona, a w zwigzku z tym wieksza liczba nosnikdw tadunku moze bra¢ udziat w reakgji

katalitycznej na powierzchni [75].

Usuwanie Interkalacja
metalu A i delaminacja ~ ‘
v *czesto wymagane .
jest
wytrzasanie
) - lub sonikacja
Zwiazek Harmonijki
fazy MAX MXenu Arkusze
2D MXenu

Rysunek 10. Otrzymywanie arkuszy 2D MXenu [opracowanie wtasne]

o Kropek kwantowych

MXeny mozna réwniez otrzymywaé w formie oD czyli kropek kwantowych. Kropki
kwantowe otrzymane ze struktur dwuwymiarowych nie tylko zachowujg korzystne
wiasciwosci struktur 2D, ale takze wykazujg wyzszg stabilnos¢ chemiczng, tatwiejsza
funkcjonalizacje, wyzszy stosunek powierzchni do objetosci czy silniejszg fotoluminescencje,
oraz wydajnoscig kwantowa.

Najpopularniejsza metodg otrzymywania kropek kwantowych MXendw jest tak zwana

metoda z géry na dét (z ang. top-down). Metoda ta polega na zastosowaniu metod fizycznych
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i/lub chemicznych, jak metody hydrotermalne, solwotermalne, mielenie czy ultradzwieki do
tzw.,,ciecia” prekursora w celu osiggniecia rozmiaréw czastek ponizej 10 nm. W trakcie syntezy
hydro/solwotermalnej rozmiar i grupy funkcyjne kropek kwantowych mozna modyfikowac
poprzez dobdr czasu reakcji, temperatury, pH, czy rozpuszczalnika. Najczesciej jako
rozpuszczalnik stosuje sie amoniak, dimetylosulfotlenek, czy etanol [75].

W poréwnaniu z innymi kropkami kwantowymi, kropki MXendw odznaczajg sie znacznie
wiekszg powierzchnig wtasciwg, ktéra bogata jest w hydrofilowe grupy funkcyjne
umozliwiajgce fatwe i trwate taczenie z innymi materiatami. Kropki TisC; majg znacznie wyzszy
potencjat redoks. Typowe pdtprzewodnikowe kropki kwantowe absorbujg promieniowanie
z zakresu UV. W przypadku kropek MXendw jest to zakres UV-vis oraz bliska podczerwier (NIR)
[76]. Ponadto wykazujg one silng fotoluminescencje, ktdra zalezna jest od obecnosci grup
funkcyjnych, defektéw powierzchniowych, stopnia pasywacji powierzchni, podobnie jak
w przypadku kropek kwantowych z wegla czy grafenu [77,78]. Ze wzgledu na szereg
korzystnych wtasciwosci, badania nad zastosowaniem kropek kwantowych MXendw
prowadzone s3 w obszarze obrazowania komdrek, proceséw fototermicznych, czujnikach pH,
do wykrywania H,0,, w akumulatorach sodowo-jonowych, czy procesach fotokatalitycznej

konwersji CO,, m.in. do CH, czy CH;OH oraz procesach fotogenerowania H, [77].

g
%
©
.
J J %
Synteza
hydrotermalna e %o, .
L ] L] L2 °
e ,° °
L ® )
o ® 2 [ie 5 %
. %
120°C, 10
godzin

kropki kwantowe

proszek TiCN TiEN

Rysunek 11. Otrzymywanie kropek kwantowych MXenu, na podstawie [79]
5.4. MXeny w fotokatalizie

Ze wzgledu na wtasciwosci metaliczne, pétmetaliczne lub typowe dla pétprzewodnikdéw
waskopasmowych, MXeny na ogdt nie wykazujg aktywnosci fotokatalitycznej i nie s3
samodzielnie stosowane jako fotokatalizatory. Jednak fakt ten nie ogranicza mozliwosci

zastosowania ich w fotokatalizie. MXeny stosowane sg przede wszystkim w roli ko-katalizatora
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bedacego alternatywa dla metali szlachetnych np. ztota, platyny czy palladu. Ponadto, MXeny
stanowig prekursory do wytworzenia heteroztgczy MXen-pétprzewodnik in-situ np. Ti;C,/TiO,,
V,C/V,0s, Nb,C/Nb,Os w wyniku utleniania powierzchni MXenu. Na Rysunku 12 zestawiono

funkcje MXendw i obszary ich zastosowar w procesach fotokatalitycznych.

Redukcja CO2

O
Sene owanie WoS°

Rysunek 12. Rola i zastosowanie MXendw w fotokatalizie [opracowanie wasne]
5.4.1. MXeny w fotokatalizie jako ko-katalizatory

MXeny stosowane s3 jako ko-katalizatory proceséw fotokatalitycznych, czyli zwigzki
wspierajace dziatanie witasciwego fotokatalizatora. Obecnos¢ grup funkcyjnych na
powierzchni umozliwia tworzenie bezposredniej powierzchni kontaktu pomiedzy MXenem
i pétprzewodnikiem. Ponadto, MXeny moga stanowi¢ dobre podtoze dla fotokatalizatora,
pozwalajac na réwnomierny wzrost i wysoki stopieri dyspersji fotokatalizatoréw. Dodatkowo,
dzieki wspomnianym licznym grupom funkcyjnym na powierzchni, tworzacym swego rodzaju
zawade przestrzenng, MXeny ograniczajg rozmiar krystalitéw fotokatalizatora. Jedna
z istotnych cech MXendw, wykorzystywang w procesach fotokatalitycznych jest tez doskonate
przewodnictwo metaliczne. Na przyktad, energia poziomu Fermiego dla Ti;C.Tx wynosi okoto
-0.05 V, co jest wartoscig znacznie bardziej dodatnig niz potozenie pasma przewodnictwa dla
wielu pStprzewodnikdw typu n (wykazujacych przewodnictwo elektronowe), co pozwala na
transfer i akumulacje elektrondw, a w konsekwencji na efektywng separacje nosnikdw tadunku
[80]. Z punktu widzenia fotokatalizy istotny jest tez fakt, ze MXeny charakteryzuja sie silng
reaktywnoscig w reakcjach redoks, i moga by¢ wykorzystywane jako centra aktywne reakcji

utleniania/redukcji [81].
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Kompozyty z MXenami uzyskuje sie w wyniku mieszania mechanicznego, samoorganizacji
dwdch komponentdéw lub stracania pdtprzewodnika na powierzchni MXenu. W Tabeli 4
zestawiono przyktadowe zastosowania MXendw w roli ko-katalizatoréw procesdéw

fotokatalitycznych w pofaczeniach z réznymi pétprzewodnikami.
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Tabela 4. Przyktadowe zastosowania MXendéw w roli ko-katalizatorédw procesdw fotokatalitycznych

Proces

Materiat

Metoda otrzymywania kompozytu/Funkcja MXenu/Gtéwne wnioski

Literatura

Redukcja CO,

Usuwanie
barwnikow

Generowanie
wodoru

Ti;Ca/Bi:WOe

TizCa/g-CsN,

Ti;Co/CsPbBrs

Ti;Co/TiO,

Ti;C,/ZnO

ZnO|V,C

TiyC,/Fe,04

TizCa/g-CsN,

Ti;C./ZNnS

- Synteza Bi,WOs na powierzchni MXenu

- Krétka odlegtos¢ przenoszenia tadunku i duza powierzchnia kontaktu miedzyfazowego zapewnia
wydajny transfer elektrondéw z fotokatalizatora do ko-katalizatora

- Blisko 5-krotnie wyzsza wydajnos¢ redukcji CO, do CH;OH i CH, dla kompozytdw niz Bi,WOs

- Kalcynacja mocznika w obecnosci TisC,

- Wyzszy stopieri konwersji CO, (okoto 8-krotnie) dla kompozytu niz dla CG3N,

- Bezposredni kontakt miedzy komponentami zapewnia efektywng separacje nosnikéw tadunku

- Synteza CsPbBr; na powierzchni Ti;C,

- Wysoce selektywna redukcja CO, do CO i CH,

- Efektywny transport nosnikéw fadunku pomiedzy MXenem i CsPbBr;

- Mieszanie mechaniczne dwdéch komponentdéw

- Kompozyt wykazywat 3-krotnie i 277-krotnie wyzsza wydajnos¢ tworzenia CO i CH,4 niz komercyjny
P25

-Doskonate przewodnictwo elektryczne MXenu utatwia separacje i przenoszenie nosnikéw tadunku
- Grupy -OH na powierzchni stuzg jako miejsca aktywne dla adsorpcji i aktywacji czasteczek CO,

- Synteza ZnO na powierzchni Ti3C,

-Kompozyt ZnO/MXen charakteryzowat sie znacznie wiekszym natezeniem fotopradu
i skuteczniejsza separacjg nosnikdw tadunku niz ZnO

- Samoorganizacja komponentéw w wyniku przyciggania elektrostatycznego

- Stata szybkosci degradacji btekitu metylenowego byta 16-krotnie wyzsza niz dla ZnO

- Dobra stabilnos¢ fotokatalityczna kompozytu w 4 cyklach degradaciji

- Samoorganizacja komponentdw wspomagana ultradzwiekami

- Nanoczastki Fe,O; byty dobrze rozproszone i zakotwiczone na warstwach Ti;G, tworzac liczne
powierzchnie kontaktu, ktdre pozwalajg osiggnac silng absorpcje swiatta widzialnego i wysoka
wydajnos¢ separacji nosnikéw fadunku

- Samoorganizacja komponentéw wspomagana ultradzwiekami

- Kompozyt wykazywat prawie 3-krotnie wyzszg efektywnos¢ generowania wodoru niz C;N,

- Dzieki doskonatemu przewodnictwu MXenu, elektrony z pasma przewodnictwa C;N;, moga by¢
szybko przenoszone do powierzchni MXenu, co sprzyja separacji nosnikdw tadunku

- Wytwarzanie ZnS na powierzchni Ti;C, w wyniku reakcji solwotermalnej
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Usuwanie LZO

Usuwanie
farmaceutykdéw

Redukcja metali
ciezkich

CdS/Nb,C

TizC,/ZnO

Ti3C2/Bi2W06

Ti3C2/M OSz

Ti;Co/Sm-C5N,

Nb,C/Bi,WOs

T|3C2/B|2M006

- Wprowadzenie Ti;C, wspomaga przenoszenie fadunku i wydtuza czas zycia nosnikéw fadunku, co
skutkuje zwiekszong wydajnosciag produkcji H., ktdra jest prawie 4-krotnie wyzsza niz dla ZnS

- Otrzymywanie CdS w obecnosci Nb,C w reakcji solwotermalnej

- Obecnos¢ Nb,C ograniczyta aglomeracje nanoczastek CdS

- Kompozyt wykazywat 4-krotnie wyzszg efektywnos¢ generowania wodoru niz CdS

- Wyzsza aktywnos¢ wolnych rodnikdw w przypadku materiatu kompozytowego niz CdS

- Tworzenie ZnO na powierzchni Ti;C,

- Ti3C, stanowi podtoze zapewniajgce znaczng liczbe miejsc aktywnych umozliwiajacych osadzanie
czastek ZnO oraz adsorpcje LZO

- Zwiekszenie powierzchni kontaktu wigze sie z wiekszg liczbg centréw katalitycznych i minimalizuje
odlegtosci przenoszenia tadunkéw

- Heteroztgcze Schottky’ego ogranicza rekombinacje par elektron-dziura

- Stata szybkosci rozktadu formaldehydu dla kompozytu byta blisko 3-krotnie wyzsza niz dla ZnO

- Samoorganizacja komponentdw w wyniku przyciggania elektrostatycznego

- Kompozyt charakteryzowat sie zwiekszonym fotopradem i staba fotoluminescencje pod wptywem
naswietlania dzieki efektowi putapkowania elektronéw za pomoca Ti;C,

- MXen wykazuje silng adsorpcje chemiczng dla HCHO i CH;COCH;, podczas gdy Bi.WOs staba
adsorpcje fizyczna

- Kompozyt wykazywat 2-krotnie i 7-krotnie wyzszg degradacje HCHO i CH3COCH; w pordwnaniu
z BiZWOG

- Otrzymywanie MoS; na powierzchni Ti;C, w trakcie reakgji solwotermalnej

- Tworzenie heteroztgcza MoS,/Ti;C, utatwia separacje par elektron-dziura i przenoszenie tadunku

- Kompozyt wykazywat degradacje ranitydyny i mineralizacje na poziomie odpowiednio 88,4%
i 73,58%, co potwierdzito znaczng poprawe w poréwnaniu do MoS,

- Prepolimeryzacja Sm-C3N, a nastepnie f3czenie z Ti;C,

- W kompozycie wtasciwosci optyczne oraz wydajnos¢ separacji elektrondw i dziur ulegty poprawie
- Otrzymywanie Bi,WO¢ na powierzchni Nb,C w wyniku reakcji solwotermalnej

- Ztacze Schottky’ego ogranicza rekombinacje par elektron-dziura a elektrony z Bi,WOs przenoszone
s3 na powierzchnie Nb.C gdzie s3 akumulowane

- Synteza Bi,M0oQOs w obecnosci TisC, w trakcie reakcji solwotermalne;j

- Silny kontakt miedzyfazowy i niewielka odlegtos¢ transportu fadunku miedzy Bi-MoOs i TisC,
zapewniajg dobra zdolnos¢ przenoszenia tadunku powierzchniowego i miedzyfazowego

- Szybkosci usuwania jondw metali ciezkich Cr(VI) byty okoto 11-krotnie wyzsza niz dla BiM0Os

37

[91]

[92]

[93]


http://mostwiedzy.pl

A\ MOST

TizC/ZnIn,S,

Ti3C2/Bi2.15W06

- W kompozycie Bi,M0oO¢/Ti;C, zapewniane sg nowe miejsca adsorpcji, co sprzyja wyzszym interakcja
miedzy zanieczyszczeniami a fotokatalizatorem

- Otrzymywanie Znin,S, na powierzchni MXenu

- Silne interakcje miedzy ZnIn,S, a MXenem pozwalajg na silne wykorzystania energii stonecznej,
zwiekszona zdolnos¢ separacji tadunkdw, doskonate zdolnosci fotokatalitycznych i stabilnosci
fotokatalizatora

- Samoorganizacja komponentdw w wyniku przycigganie elektrostatycznego

- Konwersja Cr(V1) dla kompozytu byta 3-krotnie wyzsza niz dla Bi,..sWOe

- TisC, sprzyja separacji nosnikdw, a tym samym znaczgco poprawia dziatanie fotokatalityczne
kompozytu
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5.4.2. MXeny w fotokatalizie jako prekursory heteroztaczy MXen/tlenek metalu

Heteroztacza MXen/pdtprzewodnik (tlenek metalu M) otrzymuje sie w wyniku utleniania
powierzchni MXenu. Otrzymuje sie struktury MXen/MO, lub MXen/MO/wegiel amorficzny. Aby
kompozyt mégt by¢ wykorzystany w procesach fotokatalitycznych, tlenek metalu musi
wykazywac aktywnos¢ fotokatalityczng. Proces otrzymywania takich struktur moze by¢
realizowany poprzez reakcje hydrotermalng, solwotermalna czy kalcynacje. W zaleznosci od
zastosowanej metody otrzymane podtprzewodniki charakteryzuja sie zrdznicowana
zawartoscia MXenu w kompozycie, morfologia, strukturg krystalograficzna, wielkoscig
krystalitéw, czy powierzchnig witasciwg. Cao i wspdtautorzy [100] zbadali powstawanie
struktur TiO, na powierzchni Ti;C, podczas reakcji w srodowisku wodnym oraz w roztworze
NaOH w temperaturze pokojowej. Utlenianie w wodzie prowadzito do uzyskania nanosfer
TiO,, natomiast reakcja w roztworze NaOH skutkowata tworzeniem nanowitdkien na
powierzchni Ti;C,. Z kolei, Low i wspétautorzy [101] zaproponowali zastosowanie kalcynacji
weglika w temperaturze 350-650°C w atmosferze powietrza. Otrzymane struktury
przypominaty ziarna ryzu osadzone na warstwach Ti;C,. Li i wspétautorzy [102] zaproponowali
metode syntezy TiO,/TisC; poprzez jednoczesne utlenianie i alkalizacje warstw Tis;C,
wroztworze NaOH i H,0,, a nastepnie wymiane jonowa w roztworze HCl i kalcynacje
w temperaturze 300-500°C. W efekcie uzyskano tréjwymiarowe struktury okreslone jako
nanokwiaty o srednim rozmiarze struktur wynoszacym 3um. Peng i in. [103] otrzymali ptytki
TiO, na powierzchni TisC; w wyniku syntezy solwotermalnej prowadzonej w obecnosci NaBH,
i HCl w 160°C przez 12 godzin. W kolejnej pracy opisali sposéb otrzymywania kompozytu
TiO,/TizC, w reakcji solwotermalnej [104], w obecnosci NH,4F i HCl w temperaturze 200°C przez
12-28 godzin. Na powierzchni Ti;C, uzyskano oktaedry TiO,. Zdjecia SEM dla opisanych struktur
zestawiono na Rysunku 13. Potwierdza to mozliwos¢ otrzymania réznych morfologii TiO.
w wyniku utlenienie prekursora Ti;C,.

Morfologia fotokatalizatora i eksponowane ptaszczyzny wptywajg na jego wiasciwosci
fizykochemiczne. Zastosowanie strategii modyfikowania i inzynierii krysztatéw zapewnia
nowe podejscie do projektowanie wysoce efektywnych fotokatalizatoréw i optymalizacje ich

aktywnosci oraz selektywnosci.
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Rysunek 13. Zdjecia SEM kompozytéw Ti;C,/TiO, dla (a) utleniania wobec H,O (b) utleniania w obecnosci NaOH, (c)
kalcynacji w 550°C (d) utleniania w obecnosci NaOH i H,0, (e) utleniania w obecnosci NaBH, i HCI (f) utleniania w
obecnosci NH4F i HCl, na podstawie [100-104]

W heteroztgczach MXen/pétprzewodnik dzieki wystepowaniu bezposredniego kontaktu,
mozliwe jest utworzenie bariery Schottky’ego, jak przedstawiono na Rysunku 14. W przypadku
kompozytu TiO,/Ti;C; fotogenerowane elektrony s3 transportowane iakumulowane na
powierzchni MXenu, dzieki czemu rekombinacja par elektron-dziura moze zostac ograniczona

[105].

Bariera I E' 8- e "'_-\

Schotthy'ego B e e &
Poziom
Fermiego
FO R MXen
MXen MXen/MO
MO

Rysunek 14. Tworzenie heteroztgcza MXen/tlenek metalu M [opracowanie wtasne]

W Tabeli 5 przedstawiono przyktady zastosowart kompozytéw MXen/tlenek metalu M

w procesach fotokatalitycznych.
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Tabela 5. Przyktadowe zastosowania MXendéw w procesach fotokatalitycznych jako prekursoréw kompozytéw MXen/tlenek metalu M

Proces Materiat Metoda otrzymywania kompozytu/Rola MXenu/Gtéwne wnioski Literatura
Redukcja CO, TiO.[TisCa - Kalcynacja weglika w temperaturze 350-650°C w atmosferze powietrza [101]
- Unikalna struktura przypominajgca ziarna ryzu ze znaczng liczbg miejsc aktywnych
- Kompozyt wykazywat 4-krotnie wyzszg wydajnos¢ fotokatalitycznej redukcji CO, niz P25
- Wysokie przewodnictwo TisC, utatwito przenoszenie elektrondw i ograniczenie rekombinacji
Usuwanie TiO,[TisC, - Synteza solwotermalna w obecnosci NaBH, i HCI [106]
barwnikéw - Blisko 100% usuniecie oranzu metylowego w ciggu 40 minut naswietlania, znacznie wyzsza
efektywnos¢ niz P25 (60% w ciggu 40 minut)
-Ztacze Schottky'ego pozwala skutecznie transportowac i gromadzi¢ generowane elektrony
TiO,/[TisC, - Synteza solwotermalna w obecnosci NH,F i HCl a nastepnie redukcja za pomocg hydrazyny [104]
- Ekspozycja ptaszczyzn {111}i{110 } rutylu
- Efektywna separacja nosnikéw tadunku dzieki obecnosci TisC,
Generowanie Nb,Os/C/Nb,C - Utlenianie w atmosferze CO, w 850°C [107]
wodoru - Kompozyt wykazywat najwyzsza efektywnos¢ generowania wodoru, 4-krotnie wyzszg niz dla Nb,Os
- Zwiekszong wydajnos¢ Nb,C/C/Nb,Os przypisywano bliskiemu kontaktowi miedzy Nb,Os
i przewodzacym Nb,C oraz efektywnej separacji nosnikéw tadunku
Utlenianie TiO,/Ti;C, - Kalcynacja weglika w temperaturze 350-650°C w atmosferze powietrza [108]
zwiqzkow - TisC; moze stabilizowa¢ wakancje tlenowe i formy Ti3* w kompozycie, co sprzyja wytwarzaniu
organicznych aktywnych produktéw posrednich podczas fotokatalitycznego utleniania alkoholu benzylowego
- Pasmo walencyjne TiO, w kompozytach zostato przesuniete w gére, co pozwolito unikng¢ dalszego
utleniania benzaldehydu i zwiekszenie selektywnosci
- Kompozyt wykazywat wydajnos¢ konwersji alkoholu na poziomie 97% i selektywnos¢ wzgledem
benzaldehydu na poziomie 98%, czyli 3-krotnie i 1,2-krotnie wyzszg niz dla TiO,
TiO,/TisC, - Utlenianie Ti;C, w obecnosci H,0, [109]

- Wbudowana struktura gwarantuje bliski kontakt i efektywny przeptyw nosnikéw tadunku miedzy
komponentami

- Obecnos¢ Ti3* umozliwia efektywne wykorzystanie swiatta widzialnego przez kompozyty

- 27% aldehydu ulegto degradacji w swietle widzialnym, co byto znacznie wyzszg wartoscig niz dla P25
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Usuwanie
farmaceutykéw

Usuwanie NO

TiO,/TisCa

Nb,Os/Nb,C

TiO,/TisCs

Nb,Os/Nb,C

- Synteza hydrotermalna

- W poréwnaniu z TiO,, kompozyt wykazywat znacznie lepsza wydajnos¢ fotokatalityczng utleniania
D-ksylozy do kwasu D-ksylonowego (64,2%)

- Transfer elektrondw z TiO, do Ti;C; znacznie zwieksza czas zycia nosnikéw tadunku

- Synteza hydrotermalna

- Kompozyty Nb,Os/Nb,CTx wykazujg doskonata aktywnos¢ fotokatalityczng degradacji tetracykliny -
91,2% w ciggu 180 minut w swietle widzialnym

- Zt3cze Schottky’ego pomiedzy Nb,Os i Nb,CTx pozwala na skuteczna separacje fotogenerowanych
nosniki tadunku

- Synteza solwotermalna w obecnosci NaBF,i HCI

- Szybkosci degradacji tetracykliny dla TiO,/Ti;C. wynosita 31,99%, i 28,63% po 150 minutach
naswietlania swiattem widzialnym i NIR

- Tworzenie ztacza Schottky'ego na granicy miedzy ptaszczyzng {001} TiO, i MXenu oraz efekt LSPR
MXenu promuja skuteczne rozdzielanie elektrondéw i dziur po fotowzbudzeniu oraz wydtuzenie czasu
zycia nosnikéw

- Synteza hydrotermalna a nastepnie obrébka termiczna w atmosferze H,/Ar (8% obj. H,) w 500 C

- Otrzymana struktura podobna do aktyni promujaca ekspozycja miejsc aktywnych i powiekszenie
powierzchni kontaktu reakgji

- Synergizm wakancji tlenowych i heteroztacza Schottky'ego pozwala na zwiekszenie separac;ji
fotogenerowanych elektrondéw i dziur
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6. Podsumowanie omdwienia literatury

Starzenie sie spoteczenstwa czy wzrost zachorowan przyczyniajg sie do wiekszej
konsumpcji lekéw, ktére w niezmienionej formie lub formie metabolitdw wydalane s3
z organizmu do sciekdéw. W przypadku wielu aktywnych substancji farmaceutycznych procesy
oczyszczania w konwencjonalnych oczyszczalniach sciekdw s3 nieefektywne i prowadzg doich
uwalniania do ekosystemu. Jednym z markeréw jakosci wody jest karbamazepina.
Efektywnos¢ usuwania karbamazepiny ze sciekdw wynosi ponizej 10%. Takze los oraz $ciezka
przemian APl w srodowisku nie zawsze sg poznane. Produkty degradacji moga wykazywac
aktywnos¢ farmaceutyczng, a czesto takze wyzsza toksycznos¢ niz zwigzek macierzysty,
a zatem moga miec znaczacy, niekorzystny wptyw na zdrowie ludzii sSrodowisko. Pomimo tego
dopuszczalne stezenia APl w ekosystemach wodnych czy wodzie pitnej, nie s3 jeszcze
regulowane przez prawo.

W tym aspekcie kluczowe jest wiec monitorowanie wystepowania i usuwania API
w oczyszczalniach. Konieczna jest takze poprawa efektywnosci procesu oczyszczania sciekéw
poprzez stosowanie innowacyjnych i zréwnowazonych proceséw technologicznych.
Proponowana technologia musi by¢ prosta w obstudze, stosunkowo tania, efektywna i przede
wszystkim przyjazna dla srodowiska. Do efektywnych metod usuwania trwatych
zanieczyszczen organicznych zaliczane sg zaawansowane procesy utleniania. Wsréd AOP to
wtasnie fotokataliza budzi olbrzymie zainteresowanie. Wynika to przede wszystkim
z mozliwosci zastosowania tej metody do degradacji szerokiego spektrum zanieczyszczen.
Ponadto, istotnym aspektem jest wysoka efektywnos¢. Niemniej jednak, brak aktywnosci
w swietle widzialnym, szybka rekombinacja nosnikéw fadunku czy problemy z separacja
fotokatalizatora po procesie wcigz pozostaja wyzwaniem do rozwigzania przed
wielkoskalowym wykorzystaniem proceséw fotokatalitycznych.

Materiatami nowej generacji, ktére moga =znalez¢ zastosowanie w procesach
fotokatalitycznych sg odkryte w 2011 roku zwiazki z grupy MXendéw. Na podstawie dokonanego
przegladu literatury mozna stwierdzi¢, ze MXeny mogg petni¢ dwie istotne role w fotokatalizie.
W pracach badawczych wymienia sie przede wszystkim ich udziat w separacji nosnikéw
tadunku, gdzie obecnos¢ MXenu pozwala na transport i gromadzenie najczesciej elektrondw,
zapobiegajac rekombinacji par elektron-dziura. Ponadto, wsrdd istotnych funkcji nalezy
podkresli¢ réwniez lepsza adsorpcje zanieczyszczeri czy tworzenie wiekszej liczby miejsc
aktywnych. Jednoczesnie, MXeny stanowig prekursory do tworzenia ztaczy MXen/tlenek

metalu M. Taki kompozyt moze by¢ stosowany w fotokatalizie, jesli tlenek metalu M wykazuje
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aktywnos¢ fotokatalityczng. Bezposrednie utlenianie powierzchni MXenu pozwala na
utworzenie ztacza o bezposredniej powierzchni kontaktu, zapewniajgc efektywna separacje
nosnikéw fadunku oraz znaczng liczbe miejsc aktywnych. Ponadto niektére z badan wskazujg
na osiggniecie aktywnosci dla tak wytworzonych materiatéw w swietle widzialnym.

Pomimo wielu zalet wynikajacych z zastosowania MXendw liczba publikacji naukowych
w tematyce ich zastosowania do fotokatalitycznej degradacji aktywnych substancji
farmaceutycznych wcigz pozostaje niewielka. W tym odniesieniu, badania przeprowadzone
w ramach pracy doktorskiej dotyczace zastosowania fotokatalizatoréw opartych na MXenach
do usuwania zwigzkdw z grupy farmaceutykdw w fazie wodnej s3 nowatorskie i moga

przyczynic sie do rozwoju wykorzystania tej grupy zwigzkdw w procesach fotokatalitycznych.
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8. Cel i zakres pracy

8.1. Cel pracy

Celem pracy byto zastosowanie materiatdw nowej generacji - MXendw w procesie
fotokatalitycznej degradacji zanieczyszczen z grupy aktywnych substancji farmaceutycznych.
Ponadto, przeprowadzone prace badawcze miaty na celu optymalizacje warunkdw syntezy
fotokatalizatoréw opartych na MXenach. W kolejnych etapach pracy dazono do okreslenia
wptywu modyfikacji kompozytéw na wiasciwosci fizykochemiczne i aktywnos¢
fotokatalityczng. Prace badawcze obejmowaty preparatyke materiatéw, ich charakterystyke
fizykochemiczng oraz analize aktywnosci fotokatalitycznej w reakcjach degradacji wybranych
substancji farmaceutycznych: karbamazepiny, acetaminofenu i ibuprofenu, jak réwniez
okreslenie mechanizméw  reakcji ~ fotodegradacji  wybranych zanieczyszczen

farmaceutycznych.

8.2. Tezy badawcze

Na podstawie omdwienia literatury przedmiotu oraz wstepnych badar wtasnych zostaty

sformutowane nastepujace tezy pracy:

1. Zwigzek z grupy MXendw - Ti;C,T,moze by¢ z zastosowany w roli ko-katalizatora lub
jako prekursor do otrzymywania fotokatalizatora o zdefiniowanej morfologii do
efektywnej degradacji aktywnych substancji farmaceutycznych.

2. Obecnos¢ TisC, T, dziatajgcego jako rezerwuar fotogenerowanych elektronéw moze
wptywad na separacje nosnikéw tadunku, a tym samym efektywnos¢ procesu
fotodegradacji zanieczyszczen organicznych.

3. Parametry syntezy kompozytu TiO,/Ti;C,, takie jak temperatura, czas, srodowisko
reakcji determinuja wiasciwosci fizykochemiczne otrzymanych materiatéw i ich
aktywnos¢ fotokatalityczng w reakcjach degradacji farmaceutykdw.

4. Modyfikacja powierzchni TiO,/Ti;C, za pomocg Cu oraz Fe moze wptywac na wzrost
aktywnosci fotokatalitycznej w zakresie swiatta UV-vis oraz efektywna separacje
nosnikéw fadunku.

5. Modyfikacja kompozytu TiO,/Ti;C,za pomoca ferrytu spinelowego umozliwia separacje

magnetyczna fotokatalizatora po procesie oczyszczania wody.
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6. Modyfikacji powierzchni materiatu fotokatalitycznego za pomoca Fe, Mn lub Cu
wptywa na aktywacje PMS i przyczynia sie do wzrostu efektywnosci fotodegradaciji

karbamazepiny i ibuprofenu.

8.3. Zakres pracy

8.3.1 Synteza materiatéw

— Otrzymywanie Ti3CTx

TisC.Tx otrzymano przez wytrawianie aluminium ze zwigzku fazy MAX - Ti;AlC.. 10 g Ti;AlIC,
dodawano stopniowo do 100 cm3? 48% HF i mieszano w temperaturze pokojowej przez 24
godziny. Nastepnie materiat odwirowano i przemyto woda dejonizowang do odczynu

obojetnego. Produkt suszono w temperaturze 50°C do statej masy.

— Otrzymywanie kompozytu Zn/Ti LDH/TisC,

TisCTx (0,5, 2,5 i 5% wag.) zdyspergowano w 100 cm?® wody dejonizowanej i poddano
dziataniu ultradZzwiekéw przez 30 minut. Do powyzszej zawiesiny dodano 1,19 g
szesciowodnego azotanu cynku. Nastepnie wkroplono 0,22 cm? TiCl,. W kolejnym kroku
dodano 3,0 g mocznika i mieszano za pomocg mieszadta magnetycznego przez 30 minut.
Nastepnie zawiesine przeniesiono do reaktora ze stali nierdzewnej z wktadem teflonowym
o pojemnosci 200 c¢m?. Reakcje prowadzono w temperaturze 130°C przez 48 godzin.
Otrzymany materiat wielokrotnie odwirowywano i przemywano woda dejonizowana do

odczynu obojetnego. Produkt suszono w temperaturze 50°C do statej masy.

— Otrzymywanie kompozytu TiO,/Ti3C,

W celu okreslenia wptywu morfologii TiO, na aktywnos¢ fotokatalityczng, kompozyty

TiO,/Ti;C, otrzymano z wykorzystaniem czterech metod syntezy:

o Metodall.

0,4 g Ti;C;Tx zdyspergowano w mieszaninie 59,2 cm? wody dejonizowanej i 0,8 cm? kwasu
fluoroborowego. Mieszano przez 30 minut a nastepnie poddano dziataniu ultradZzwiekdéw
przez 10 minut. W kolejnym kroku zawiesine przeniesiono do reaktora ze stali nierdzewnej
z wktadem teflonowym o pojemnosci 200 cm3. Reakcje prowadzono w temperaturze od 140
do 220°C przez 12 do 24 godzin. Otrzymany materiat przemyto kilkukrotnie wodg dejonizowang

i suszono w temperaturze 50°C do statej masy.
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o Metodalll.

0,4 g Ti;C,Tx zdyspergowano w mieszaninie 60 cm? wody dejonizowanej, lub 30 cm? wody
dejonizowanej i 30 cm? etanolu, lub 60 cm? etanolu . Mieszano przez 30 minut a nastepnie
poddano dziataniu ultradZzwiekdw przez 15 minut. W kolejnym kroku zawiesine przeniesiono
do reaktora ze stali nierdzewnej z wktadem teflonowym o pojemnosci 200 cm3. Reakcje
prowadzono w temperaturze od 180 do 220°C przez 6-24 godzin. Otrzymany materiat przemyto

kilkukrotnie woda dejonizowang i suszono w temperaturze 50°C do statej masy.

o Metoda lll.

W pierwszym kroku zmieszano 60 cm? 3 M HCl z 0,1 g NH4F. Nastepnie do dodano 0,4 g
TisC;Txi poddano dziataniu ultradZzwiekdw przez 10 minut. Nastepnie zawiesine mieszano przez
30 minut i przeniesiono do reaktora ze stali nierdzewnej z wktadem teflonowym o pojemnosci
200 cm’. Reakcje prowadzono w temperaturze 220°C przez 24 godziny. Otrzymany materiat

przemyto kilkukrotnie woda dejonizowang i suszono w temperaturze 50°C do statej masy.

o Metoda V.

0,4 g Tis(;Tx umieszczono w tyglu ceramicznym i poddano kalcynacji w temperaturze 550°C

przez 4 godziny.

— Otrzymywanie kompozytu Fe-TiO,/TisC,

Kompozyt TiO,/Ti;C; syntetyzowano w temperaturze 140°C przez 12 godzin
i w temperaturze 220°C przez 24 godziny zgodnie z metoda I. W kolejnym kroku na szkietko
natozono cienkie warstwy TiO,/Ti;C; i suszono w temperaturze 80°C przez 1 godzine. Osadzanie
zelaza na powierzchni TiO,/Ti;C, przeprowadzono za pomoca magnetronowego systemu
napylania katodowego (Q150S, Quorum Technologies, Lewes, Wielka Brytania) z Fe o wysokiej
czystosci (99,5%, EM-Tec). Grubos¢ Fe kontrolowano za pomocg mikrowagi kwarcowej

i ustawiono na 20 nm.

— Otrzymywanie kompozytu Cu-TiO,/TisC,

W pierwszym etapie 0,4 g Ti;C.Tx zdyspergowano w 60 c¢m? mieszaniny woda/etanol
(58%:42% obj./obj.). Nastepnie dodano odpowiednig objetos¢ wodnego roztworu
Cu(NOs).-3H,0 odpowiadajaca 0,25% wag., 0,5% wag. i 1% wag. Cu. Zawiesine poddano dziataniu

ultradZwiekdéw przez 10 minut i mieszano przez kolejne 30 min. Kolejno przeniesiono do
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reaktora ze stali nierdzewnej z wkfadem teflonowym o pojemnosci 200 c¢cm? isynteze

prowadzono przez 17 godzin w temperaturze 220°C.

— Otrzymywanie kompozytu TiO,/Ti3C;/MnFe,0,

Nanoczastki magnetyczne przygotowano poprzez rozpuszczenie w 100 c¢cm? wody
dejonizowanej, FeCl;-6H,O i MnCl, w stosunku molowym 2:1. Nastepnie wkraplano 0,5 M
roztwor NaOH, do osiggniecia pH 10. Zawiesing przeniesiono do reaktora ze stali nierdzewnej
z wkfadem teflonowym. Reakcje prowadzono w temperaturze 180°C przez 6 godzin.
Otrzymany materiat oddzielono za pomoca magnesu, przemyto 3 razy wodg dejonizowana
i wysuszono w temperaturze 50°C do statej masy. TiO,/Ti;C; otrzymano zgodnie z metoda llI.
Kompozyty z 5% wag. i 20% wag. MnFe,O, przygotowano metodg samoorganizacji
wspomaganej ultradzwiekami. W tym celu 0,5 g TiO,/Ti;C, zdyspergowano w 50 cm>mieszaniny
woda/etanol (1:4 obj./obj.), natomiast odpowiednia ilos¢ MnFe,0, zdyspergowano w 50 cm?
mieszaniny woda/etanol (1:4 obj./obj.). Obie zawiesiny poddano dziataniu ultradzwiekdw przez
15 minut. Nastepnie dyspersje MnFe,O, wkraplano do zawiesiny TiO,/Ti;C,. Tak przygotowany
materiat mieszano przez 1 godzine mieszadtem mechanicznym. Przygotowany kompozyt
oddzielono magnesem i przemyto 3-krotnie woda dejonizowang. Na koniec suszono

w temperaturze 50°C do statej masy.

8.3.2. Charakterystyka wtasciwosci fizykochemicznych nanomateriatéw

— Dyfrakcja rentgenowska (XRD)

Sktad fazowy oraz wielkos¢ krystalitdw fotokatalizatora okreslono z wykorzystaniem
proszkowej dyfrakcji rentgenowskiej. Analize przeprowadzono za pomocg aparatu Rigaku
Intelligent X-ray diffraction system SmartLab (Rigaku Corporation, Tokio, Japonia),
wyposazonego w generator promieni X, dziatajacy z zastosowaniem promieniowania Cu Ka
(40 kV, 30 mA). Skany wykonywano w zakresie kata 26 od 5° do 80° z szybkoscig 2°min™

i krokiem skanowania 0,01°.

— Analiza powierzchni wtasciwej metodq Brunauera-Emmetta-Tellera (BET)

Izotermy adsorpcji-desorpcji analizowano w temperaturze 77K z wykorzystaniem aparatu
Micromeritics GeminiV (model 2365, Norcross, GA, USA). Powierzchnie wtasciwg oraz objetos¢

pordéw okreslono przy uzyciu wielopunktowej metody BET.
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— Spektroskopia rozproszonego odbicia w zakresie UV-Vis (DR/UV-vis)

Widma rozproszonego odbicia rejestrowano w zakresie dtugosci fali 200-800 nm
z wykorzystaniem spektrofotometru ThermoScientific Evolution 220 (Waltham, MA, USA).
Jako materiat odniesienia wykorzystano siarczan baru. Przerwe energetyczng

fotokatalizatoréw obliczono w oparciu o funkcje Kubelka-Munka.

— Pomiary fotoluminescencyjne

Widma emisyjne i krzywe zaniku luminescencji uzyskano za pomoca spektrografu
siatkowego (Princeton Instr. Model Acton 2500i) sprzezonego z kamerg CCD (Hamamatsu
Model C5680), ktdra dziata w obszarze widmowym 200-1100 nm z rozdzielczoscig czasowa 20
ps. Jako Zrédto wzbudzenia zastosowano laser femtosekundowy (model koherentny ,,Libra”)
sprzezony z optycznym wzmacniaczem parametrycznym (model konwersji Swiatta ,,OPerA”).
Widma fotoluminescencyjne rejestrowano takze przy uzyciu spektrofluorometru Shimadzu RF-
6000 (Kyoto, Japonia). Jako Zrédto wzbudzenia zastosowano lampe ksenonowg o mocy 150

W i dtugosci fali wzbudzenia 300 nm.

— Spektroskopia w podczerwieni z transformacjq Fouriera (FTIR)

Badanie fotokatalizatora przed i po naswietlaniu przeprowadzono za pomoca
spektroskopii w podczerwieni z transformacjg Fouriera. Pomiary przeprowadzono za pomoca
spektrometru Nicolet iS10 (Thermo Fisher Scientific Waltham) w temperaturze pokojowej.

Pomiary prowadzono w zakresie liczby falowej od 4000 do 400 cm™.

— Andliza skaningowym mikroskopem elektronowym (SEM)

Morfologie powierzchni fotokatalizatoréw analizowano za pomoca skaningowej
mikroskopii elektronowej stosujgc mikroskop SEM FEI Quanta FEG 250 lub z wykorzystaniem
skaningowego mikroskopu elektronowego (Quanta 3D FEG, FEI Europe) z detektorem

elektronéw wtdrnych (detektor Everharta-Thornleya)

— Andliza transmisyjnym mikroskopem elektronowym (TEM)

Analizy za pomoca transmisyjnej mikroskopii elektronowej i skaningowej transmisyjnej
mikroskopii elektronowej (STEM) przeprowadzono przy uzyciu Tecnai G2 200 kV i Thermo-
Fisher Scientific Titan Themis Cs-corrector lub za pomoca transmisyjnego mikroskopu
elektronowego (model Tecnai F20 X-Twin) sprzezonego z technikami spektroskopowymi (EDS,

EELS). W trybie TEM do obrazowania zastosowano detektor ciemnego pola (DF). W trybie
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STEM do obrazowania wykorzystano wysokokatowy detektor pierscieniowy ciemnego pola
(HAADF) oraz do analizy pierwiastkdw zastosowano spektrometr z dyspersjg energii (EDS)
RTEM SN9577+ firmy EDAX (Pleasanton, USA) lub réwnolegta spektroskopie strat energii
elektrondéw (PEELS) firmy Gatan ( Pleasanton, USA).

— Andliza rentgenowskiej spektroskopii fotoelektronéw (XPS)

Chemie powierzchni prébek analizowano metodg XPS przy uzyciu multispektroskopu
Escalab 250Xi (ThermoFisher Scientific). Spektroskop pracuje z monochromatycznym Zrédtem
promieniowania rentgenowskiego AlKa. Kompensacje tadunku zapewniato bombardowanie
elektronami o niskiej energii i jonami Ar+ w trakcie catego pomiaru, z koricowa kalibracjg dla
sygnatu pochodzacego od wegla Cis (284,8 eV). Dekonwolucje widm przeprowadzono przy
uzyciu oprogramowania Avantage 5.9921 (ThermoFisher Scientific). Analizy XPS
przeprowadzono takze przy uzyciu wielokomorowego systemu UHV PREVAC. Zrédtem
wzbudzenia fotoelektronéw byta lampa rentgenowska VG Scienta SAX 100 z aluminiowa
anoda wyposazong w monochromator VG Scienta XM 780, emitujgca promieniowanie Al Ka
o energii 1486,6 eV. Dekonwolucje widm przeprowadzono przy uzyciu CasaXPS wersja 2.3.25

PR1.

— Pomiary elektrochemiczne

Pomiary elektrochemicznej spektroskopii impedancyjnej (EIS) przeprowadzono przy
uzyciu potentiostatu/galwanostatu Autolab PGSTAT204 (Metrohm Autolab) z zastosowaniem
Na,SO, (0,5 M) jako elektrolitu. Materiaty fotokatalityczne osadzano na elektrodach
weglowych drukowanych metoda sitodruku z elektrodg odniesienia Ag/AgCl (Metrohm
Autolab). Srednica elektrody pracujgcej wynosita 4 mm. Amplituda napiecia przemiennego
wynosita 0,01V, a czestotliwos¢ zmieniata sie od 0,1 Hz do 100 kHz przy oV wzgledem elektrody
referencyjnej. Analize Motta Schottky'ego przeprowadzono w celu okreslenia potencjatu
pasma ptaskiego (Fb). Dane EIS rejestrowano od kierunku anodowego w kierunku katodowym,
dla czestotliwosci 1000 Hz w zakresie potencjatu od 0 do -1,1V vs. Ag/AgCl.

W przypadku zastosowania drugiej metodyki, fotokatalizatory nanoszono na szkto z tlenku
cyny domieszkowanego fluorem (FTO) i stosowano jako elektrode pracujaca w uktadzie
tréjelektrodowym, gdzie jako elektrode odniesienia i przeciwelektrode zastosowano
odpowiednio Ag/AgCl/o,1 M KCl i siatke Pt. Jako elektrolit zastosowano odpowietrzony 0,5 M
roztwor Na,SO,. Dane EIS rejestrowano od kierunku anodowego w kierunku katodowym dla

zastosowanej czestotliwosci 1000 Hz w zakresie potencjatéw od 0,1 do 1,2 V vs. Ag/AgCl/o,1 M
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KCl przy amplitudzie sygnatu AC 10 mV. Warunki kontrolowano za pomocg potencjostatu-

galwanostatu Biologic SP-150.

— WiHasciwosci magnetyczne

Magnetometr SQUID (Quantum Design MPMS XL7) zastosowano do charakteryzowania
wiasciwosci  magnetycznych prébek (petle histerezy w temperaturze pokojowej

i namagnesowanie w funkgcji temperatury od 10 do 300 K).

8.3.3. Badanie aktywnosci fotokatalitycznej

Proces fotokatalitycznej degradacji zanieczyszczeri prowadzono w reaktorze szklanym
o objetosci 25 cm3 z okienkiem ze szkta kwarcowego. Reaktor wyposazony byt w ptaszcz
wodny umozliwiajgcy utrzymywanie statej temperatury procesu na poziomie 25°C. Dodatkowo
do uktadu doprowadzano powietrze. Jako Zrddto swiatta wykorzystywano lampe ksenonowa
0 mocy 300 W emitujgcg promieniowanie odpowiadajgce spektrum swiatta stonecznego.
Stezenie APl wynosito odpowiednio 14 mg/dm3 dla roztworu karbamazepiny i 20 mg/dm3 dla
roztworu acetaminofenu lub ibuprofenu. Z kolei w przypadku roztworu stanowigcego
mieszanine karbamazepiny i ibuprofenu, stezenie CBZ wynosito 7 mg/dm3 a ibuprofenu 10
mg/dm?3. Zawartos¢ fotokatalizatora wynosita 2g/dm3. Uktad kondycjonowano w ciemnosci
przez 30 minut w celu zapewnienia réwnowagi proceséw adsorpcji-desorpcji. Podczas procesu
fotodegradacji pobierano 1 cm3 zawiesiny w 0, 20, 40 i 60 minucie i fotokatalizator separowano
za pomoca filtra strzykawkowego (0,2 um).

Doswiadczenia prowadzono takze z dodatkiem PMS do mieszaniny reakcyjnej zawierajacej
fotokatalizator (stezenie w roztworze réwne 0,0625-0,5 mM). Po odseparowaniu
fotokatalizatora do prdébek roztworu dodawano 200 pl metanolu w celu wygaszenia
aktywnosci wytworzonych rodnikdw.

Dodatkowe analizy przeprowadzono w modelowej wodzie morskiej w celu oceny wptywu
jonédw nieorganicznych na efektywnos¢ proceséw fotokatalitycznych. Modelowa woda
morska zawierata 2,5% Nacl, 1,1% MgCl,, 0,4% Na,S0O,, 0,16% CaCl, w wodzie dejonizowane;j.

Ponadto zbadano wptyw pH roztworu. W tym celu pH roztworu korygowano za pomoca
0,1 M HCl lub 0,1 M NaOH.

Celem analizy reaktywnych form tlenu uczestniczacych w reakcjach usuwania substancji
farmaceutycznych, procesy fotokatalityczne prowadzono w obecnosci zmiataczy tadunku.
Zastosowano szczawian amonu jako zmiatacz dziur (h*), tert-butanol dla wolnych rodnikéw

hydroksylowych (¢ OH), izopropanol dla rodnikéw hydroksylowych i rodnikéw siarczanowych
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(*OH i S0,), p-benzochinon do wychwytywania anionéw rodnikéw ponadtlenkowych
(*0O,) oraz AgNO; do wychwytywania elektronéw (e’). Z kolei, w celu oceny stabilnosci
i mozliwosci ponownego wykorzystania fotokatalizatora po kazdym procesie oddzielano
fotokatalizator od roztworu i wlewano s$wiezg porcje roztworu API. Fotokatalizator
zastosowano bez dodatkowej obrébki. Wydajnos¢ fotokatalityczng oceniano w czterech

kolejnych cyklach degradacji, prowadzonych w tych samych warunkach.

8.3.4. Analiza efektywnosci degradacji i mineralizacji zanieczyszczen

Postep procesu degradacji zanieczyszczern oraz produkty posrednie analizowano
z wykorzystaniem wysokosprawnej chromatografii cieczowej pracujacej w uktadzie faz
odwrdéconych przy uzyciu aparatu Shimadzu UFLC LC-20AD (Kyoto, Japonia) z detektorem PID
Shimadzu SPD-M20A. Parametry oznaczeri chromatograficznych zestawiono w Tabeli 6.
Zawartos¢ catkowitego wegla organicznego (TOC) po procesie fotokatalitycznym badano za

pomoca analizatora Shimadzu TOC Analyzer.

Tabela 6 Parametry oznaczer produktdw fotokatalitycznej degradacji API

Substancja oznaczana Temperatura Predkosc przeptywu  Sktad fazy ruchomej

fazy ruchomej

Karbamazepina 45°C 1,5 cm3-min” 60% woda
39,5% acetonitryl
0,5 % kwas
ortofosforowy
Acetaminofen 45°C 0,5 cm3-min™ 69,9% woda
0,1% kwas
mréwkowy
30% metanol
Ibuprofen 45°C 0,5 cm3-min™ 70% acetonitryl
29,5% woda
0,5 % kwas
ortofosforowy

8.4. Tres¢ pracy

W czesci doswiadczalnej pracy zaprezentowatam wyniki prowadzonych badan w postaci
cyklu pieciu oryginalnych prac twdrczych w zakresie przedstawionych zagadnier badawczych,
opublikowanych w czasopismach z listy JCR, o sumarycznym IF= 46,612. Krétki opis prac zostat

przedstawiony ponize;j.
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Rozdziat ll. A. Grzegdrska, I. Wysocka, P. Gtuchowski, J. Ryl, J. Karczewski, A. Zielinska-Jurek, Novel
composite of Zn/Ti-layered double hydroxide coupled with MXene for the efficient photocatalytic
degradation of pharmaceuticals, Chemosphere 308 (2022) 136191.

https://doi.org/10.1016/j.chemosphere.2022.136191 [IF=8,8; 140 punktéw MNiSW]

W pracy zastosowano MXen - Ti;C;Tx w roli ko-katalizatora procesu fotodegradaciji
aktywnych substancji farmaceutycznych powszechnie wykrywanych w sciekach, wodach
powierzchniowych, czy wodzie pitnej: acetaminofenuiibuprofenu. Po raz pierwszy otrzymano
kompozyt stanowiacy potaczenie Ti;C;Txz pétprzewodnikiem nalezagcym do grupy podwdjnych
warstwowych wodorotlenkéw (LDH) - Zn/Ti LDH. Warstwowe podwdjne wodorotlenki to
grupa naturalnych lub syntetycznych dwuwymiarowych anionowych materiatéw gliniastych
o strukturze zblizonej do hydrotalcytu. W ostatnim czasie zwigzki te wzbudzity szerokie
zainteresowanie w tematyce fotokatalizy jako nowe materiaty pdtprzewodnikowe.
W przypadku zwigzkdw LDH warstwy kationdw najczesciej potagczone sg za pomocg aniondw,
a taka struktura sprzyja transportowi nosnikéw tadunku pomiedzy warstwami, zapewniajac
lepszg adsorpcje zanieczyszczeri, ale takze wiekszg liczbe miejsc aktywnych dla reakg;ji
fotokatalitycznych. Niemniej jednak, zastosowanie czystych zwigzkédw LDH jest wciaz
ograniczone ze wzgledu na stabe przewodnictwo, waski zakres absorpcji swiattfa, czy krétki
czas zycia nosnikéw fadunku. W zwigzku z tym potencjalng strategia poprawy ich wydajnosci
fotokatalitycznej jest kombinacja z innymi materiatami, takimi jak np. zwigzki z grupy MXendw,
ktéora moze zapewni¢ efektywniejszy transfer nosnikéw tadunku oraz pozwoli¢ na
ograniczenied szybkosci rekombinacji par elektron-dziura.

W zwigzku z tym, w pracy zbadano wptyw zawartosci weglika tytanu (0-5%) na
aktywnos¢ fotokatalityczng kompozytu oraz wyznaczono jego optymalng zawartos¢. Celem
oceny mozliwosci wykorzystania takiego materiatu w prébkach srodowiskowych, zbadano
wptyw modelowej wody morskiej, na efektywnos¢ procesu fotokatalitycznego. Ponadto,
zbadano stabilnos¢ otrzymanego materiatu i mozliwos¢ jego ponownego wykorzystania
w czterech nastepujgcych po sobie cyklach degradacji. W oparciu o procesy przeprowadzone
w obecnosci zmiataczy tadunku oraz pomiary elektrochemiczne zaproponowano mechanizm
degradacji acetaminofenu (ACT) i ibuprofenu (IBP).

Kompozyt Zn/Ti LDH-Ti;C; otrzymano z zastosowaniem metody solwotermalnej.
Zwigzek LDH syntezowano w obecnosci weglika tytanu w ilosci od o do 5% wagowych,
w temperaturze 130°C przez 48 godzin. Na podstawie analizy dyfrakgji rentgenowskiej (XRD)
zidentyfikowano jedynie obecnos¢ zwigzku Zn/Ti LDH. Na dyfraktogramie zaobserwowano

charakterystyczny najbardziej intensywny sygnat dla Zn/Ti LDH przy kacie 20 = 13,2° ktdry
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odpowiada ptaszczyznie (003). Z kolei nie oznaczono sygnatéw pochodzacych od weglika
tytanu, co mogto wynikad z jego niskiej zawartosci w kompozycie czy tez wysokiego stopnia
dyspersji. Obecnos¢ TisC, potwierdzono dzieki zastosowaniu analizy spektroskopii
fotoelektronowej (XPS) - zarejestrowano sygnaty charakterystyczne dla wigzan Ti-C oraz C-Ti-
O (odpowiednio dla energii wigzan 455 eV i 457 eV dla Ti2p oraz 283 eV i 284 eV dla C1s).
Na podstawie analiz mikroskopowych SEM oraz TEM potwierdzono, ze kompozyty tworza
struktury ptatkowe o powierzchni wiasciwej w zakresie od 119 do 134 m?/g. Na podstawie
analizy spektroskopii absorpcyjnej rozproszonego odbicia w zakresie UV/Vis (DR/UV-vis)
wykazano, ze czysty zwigzek LDH absorbuje swiatto z zakresu UV do okoto 400 nm.
W przypadku kompozytéw, zaobserwowano wzrost absorbancji w zakresie 400-800 nm, co
byto szczegdlnie widoczne dla prébki zawierajacej 5% weglika tytanu.

Aktywnos¢ fotokatalityczng otrzymanych materiatéw zbadano w reakcji degradaciji
dwdch aktywnych substancji farmaceutycznych - acetaminofenu i ibuprofenu. Na podstawie
uzyskanych wynikéw potwierdzono, ze czysty zwigzek LDH charakteryzuje sie dobra
aktywnoscig fotokatalityczna. Stopiert degradacji acetaminofenu wynosit blisko 100% po 40
minutach naswietlania, a ibuprofenu po 60 minutach naswietlania. Utworzenie heteroztacza
pomiedzy Zn/Ti LDH i Ti;C, pozwolito na poprawe aktywnosci fotokatalitycznej oraz osiggniecie
wyzszego stopnia mineralizacji farmaceutykéw. Najlepsze rezultaty osiggnieto, gdy zawartos¢
weglika tytanu w kompozycie wynosita 2,5%. Wykazano takze, ze kompozyt Zn/Ti LDH-2,5%Ti;C,
charakteryzuje sie niezmieniong aktywnoscia fotokatalityczng w modelowej wodzie morskiej,
zawierajacej jony nieorganiczne (Na*, Ca*, Mg*, ClI, SO,*). Potwierdzono takze stabilnos¢
materiatu za pomoca dyfrakcji rentgenowskiej (XRD) oraz spektroskopii w podczerwieni
z transformacja Fouriera (FTIR) oraz mozliwos¢ ponownego wykorzystania w kolejnych
cyklach degradacji. Na podstawie badar aktywnosci fotokatalitycznej w obecnosci zmiataczy
nosnikéw fadunku wykazano, ze gtéwnymi formami uczestniczagcymi w degradacji ACT s3
anionorodniki ponadtlenkowe (*O,), natomiast w przypadku ibuprofenu sg to dziury (h*).

W celu potwierdzenia roli MXendw jako ko-katalizatoréw procesu fotokatalitycznej
degradacji acetaminofenu i ibuprofenu wykonano pomiary fotoluminescencji, czasu zycia
nosnikdw tadunku oraz pomiary elektrochemiczne. Potwierdzono efektywny transfer tadunku
pomiedzy komponentami uktadu hybrydowego. Ponadto wykazano, ze obecnos¢ TisC,

wptywa na zmniejszenie rekombinacji par elektron-dziura.
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Rozdziat Ill. A. Grzegdrska, P. Gtuchowski, J. Karczewski, J. Ryl, I. Wysocka, K. Siuzdak, G.
Trykowski, K. Grochowska, A. Zieliriska-Jurek, Enhanced photocatalytic activity of accordion-like
layered TisC, (MXene) coupled with Fe-modified decahedral anatase particles exposing {1 0 1} and
{o 0 1} facets, Chem. Eng. J. 426 (2021) 130801. https://doi.org/10.1016/j.cej.2021.130801 [IF=16,744;
200 punktéw MNiSW]

W pracy zastosowano zwigzek z grupy MXendw - Ti;C,Txjako prekursor do utworzenia
heteroztacza TiO,/TisC; poprzez utlenianie in-situ powierzchni weglika. W ramach badan
opisanych w publikacji okreslono wptyw czasu (6-24 godzin) i temperatury (140-220°C) reakg;ji
solwotermalnej prowadzonej w obecnosci HBF, na wiasciwosci fizykochemiczne otrzymanych
nanomateriatéw oraz ich aktywnos¢ fotokatalityczna. Fotokatalizatory zastosowano w reakgji
degradacji fenolu jako modelowego zanieczyszczenia organicznego oraz karbamazepiny (CBZ)
nalezacej do grupy aktywnych substancji farmaceutycznych. Ponadto, w kolejnym kroku po raz
pierwszy kompozyt TiO,/Ti;C; zmodyfikowano poprzez napylenie magnetronowe zelaza na
powierzchnie i zbadano wptyw modyfikacji powierzchniowej kompozytu na aktywnos¢
fotokatalityczna.

Na podstawie analizy dyfrakcji rentgenowskiej (XRD) potwierdzono, ze synteza
solwotermalna w obecnosci HBF, prowadzi do utlenienia powierzchni weglika i wytworzenia
dekaedréw TiO,. Wraz ze wzrostem temperatury syntezy (140-220°C) oraz czasu syntezy (6-24
godzin) na dyfraktogramie widoczny byt znaczny wzrost intensywnosci sygnatu
charakterystycznego dla anatazu przy kacie 20 = 25,1°, odpowiadajgcym ptaszczyznom (101)
i zmniejszenie intensywnosci sygnatu dyfrakcyjnego dla Ti3C2 przy kacie 20 = 8,9°
odpowiadajacego  ptaszczyznom  (002). W przypadku prébek modyfikowanych
powierzchniowo za pomoca zelaza na dyfraktogramie nie zarejestrowano sygnatéw
pochodzacych od form Fe, co moze wynikac z bardzo matej zawartosci metalu w stosunku do
kompozytu TiO,/Ti;C.. Analizy skaningowej mikroskopii elektronowej (SEM) oraz transmisyjnej
mikroskopii elektronowej (TEM) potwierdzity tworzenie czastek TiO, o strukturze dekaedrdw,
eksponujacych wysoce reaktywne ptaszczyzny {101}i{ 0 0 1}. Rdwniez zauwazalny byt wyzszy
stopiet pokrycia powierzchni MXenu nanoczastkami anatazu wraz ze wzrostem czasu
i temperatury syntezy. Analizy mikroskopowa (TEM) oraz spektroskopia fotoelektronéw (XPS)
potwierdzity takze obecno$¢ Fe w prébkach modyfikowanych. Zelazo wystepowato w formie
Fe(Il)i Fe(ll1), jako mieszanina obydwu tlenkéw zelaza. Wyznaczona za pomocg XPS zawartos¢
zelaza wynosita okoto 0,7% at.

Aktywnos¢ fotokatalityczng otrzymanych materiatéw zbadano w reakcji degradacji fenolu

jako modelowego zanieczyszczenia organicznego, a nastepnie karbamazepiny, bedgcej
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wskaznikiem antropologicznego zanieczyszczenia wdd. Zauwazalnie najnizszg aktywnosé
wykazywaty materiaty otrzymane w nizszej temperaturze i krétszym czasie syntezy, co wigzato
sie z niewielka zawartoscigTiO, wytworzonego na powierzchni. Najwyzszg efektywnoscia
degradacji zanieczyszczer charakteryzowaty sie prébki i TiO,/Ti;C;(140,12) i TiO,/TisC>(220,24).
W przypadku prébki TiO./TisC2(140,12) osiagnieto 96% degradacji CBZ w czasie 60 minut
naswietlania. Wykazano, ze modyfikacja powierzchni tych kompozytéw TiO,/TisC, za pomoca
zelaza miata znaczny wptyw na wzrost aktywnosci fotokatalitycznej. Stata szybkosci degradacji
CBZ wazrosta o okoto 49% dla prébki Fe-TiO,[TisC,(140,12) i 43% dla TiO,/TisC(:(220,24),
w poréwnaniu z ich niemodyfikowanymi odpowiednikami. Zelazo dziata jak zmiatacz
elektrondéw/dziur i dzieki temu wptywa na zahamowanie rekombinacji fotogenerowanych
nosnikéw tadunku. Zaréwno w przypadku fenoluy, jak i karbamazepiny, wykazano, ze gtdwnymi
formami uczestniczacymi w procesie degradacji s3 generowane na powierzchni otrzymanego
nanomateriatu anionorodniki ponadtlenkowe.

Analiza fotoluminescencji, czasu zycia nosnikéw tadunku, oraz pomiary elektrochemiczne
potwierdzity transfer nosnikéw tadunku pomiedzy Fe i TiO,/TisC, oraz zmniejszenie stopnia
rekombinacji elektron-dziura dla prébek modyfikowanych zelazem. Dodatkowo analiza Motta
Schottky’ego wykazata znaczny przyrost gestosci donordw, ktéremu towarzyszyto dodatnie
przesuniecie potencjatu pasma ptaskiego prébek TiO,/Ti;C; modyfikowanych Fe,

w pordéwnaniu z niemodyfikowanym kompozytem TiO,/TisC,.

Rozdziat IV. A. Grzegdrska, A. Gajewicz-Skretna, G. Trykowski, K. Sikora, A. Zieliska-Jurek, Design
and synthesis of TiO,/Ti;C; composites for highly efficient photocatalytic removal of
acetaminophen: The relationships between synthesis parameters, physicochemical properties,
and photocatalytic activity. Catal. Today 413-415 (2023) 113980.
https://doi.org/10.1016/j.cattod.2022.12.011 [IF= 5,3; 140 punktéw MNiSW]

W pracy zastosowano metody chemometryczne do analizy mozliwych
podobienstw/réznic miedzy kompozytami TiO,/Ti;C, syntezowanymi w réznych temperaturach
i w réznym czasie reakcji solwotermalnej. Zastosowanie takich analiz miato na celu znalezienie
ukrytych wzorcdw w analizowanych danych i okreslenie zwigzkdw przyczynowych pomiedzy
aktywnoscig fotokatalityczng kompozytéw TiO,/TisC; w reakcji degradacji acetaminofenu
(ACT) nalezacego do grupy farmaceutykéw, a morfologia prébek, wtasciwosciami
fizykochemicznymi oraz parametrami syntezy. W dalszej czesci pracy po raz pierwszy
poréwnano wptyw srodowiska reakcji syntezy kompozytu TiO,/TisC, (woda, HBF,, NH,F/HCI,

oraz kalcynacja) na morfologie otrzymanych czastek TiO, oraz efektywnos¢ degradacji ACT.
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Dla kompozytu charakteryzujacego sie najlepszymi wiasciwosciami fotokatalitycznymi
(otrzymanego w obecnosci NH4F i HCl) zaproponowano mechanizm degradacji oraz mozliwa
sciezke degradacji.

Na podstawie analizy dyfrakcji rentgenowskiej (XRD) prébek otrzymanych w trakcie
procesu solwotermalnego w obecnosci HBF,, prowadzonego w temperaturze 140-220°C,
w czasie 6-48 godzin, wyznaczono zawartos¢ TiO, w otrzymanych kompozytach TiO,/Ti;C,.
W przypadku prébek syntezowanych w temperaturze 140 i 160°C przez 6 godzin, oraz dla
probki syntezowanej w temperaturze 140°C przez 12 godzin, nie zaobserwowano sygnatéw
pochodzacych od TiO,, co wskazuje na to, ze powierzchnia MXenu nie ulegta utlenieniu. Dla
pozostatych prébek dtuzszy czas i wyzsza temperatura procesu prowadzity do wyzszego
stopnia utlenienia Ti;C, do anatazu. Dzieki wykorzystaniu analiz chemometrycznych mozliwe
byto znalezienie podobieristw/réznic miedzy kompozytami TiO,/Ti;C;, oraz okreslenie
zaleznosci miedzy aktywnoscig fotokatalityczng kompozytdw TiO,/TisC, w reakcji degradac;ji
acetaminofenu, a ich morfologia, wtasciwosciami fizykochemicznymi oraz warunkami syntezy.
Na podstawie metod hierarchicznej analizy skupieri (HCA) i analizy gtéwnych skftadowych
(PCA) wykazano, ze degradacja acetaminofenu jest dodatnio skorelowana z zawartoscig TiO,
w kompozytach. Ponadto, najwyzsze aktywnosci zaobserwowano dla prébek
charakteryzujacych sie stosunkowo niewielka zawartoscia Ti;C,.

W kolejnym etapie badar poréwnano wptyw srodowiska reakcji syntezy kompozytdw TiO,/
TisC; na ich aktywnos¢ fotokatalityczng. Wykazano, ze kompozyt TiO,/TisC; otrzymany
w obecnosci NH,F i HCl wykazywat najwyzsza efektywnos¢ degradacji acetaminofenu (92%
w ciggu 60 minut naswietlania). Na zdjeciach wykonanych za pomoca skaningowego
mikroskopu elektronowego (SEM) zaobserwowano, ze wzrastajgce czastki tworza struktury
zardwno dekaedrdw, jak i oktaedréw eksponujacych wysoce aktywne fotokatalitycznie
ptaszczyzny. Ponadto, na podstawie analizy XRD potwierdzono, ze taki kompozyt stanowi
mieszanineg dwodch odmian polimorficznych TiO, — anatazu i rutylu, co wigze sie
z wytworzeniem ztgcza heterofazowego. Badania fotodegradacji przeprowadzone
w obecnosci zmiataczy fadunku potwierdzity, ze gtdwnymi formami uczestniczgcymi
w procesie usuwania acetaminofenu byty anionorodniki ponadtlenkowe. Ponadto, na
podstawie analizy chromatografii cieczowej potaczonej ze spektrometrig mas (LC/MS)
zaproponowano sciezke degradacji ACT. Gtdwnym produktem posrednim degradacji byt 3-
hydroksy-acetaminofen, co wskazuje na szybkie rozerwanie pierscienia aromatycznego

i transformacje do kwasdw alifatycznych, a finalnie mineralizacje do CO, i H,0.
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Rozdziat V. A. Grzegérska, J. Chibueze Ofoegbu, L. Cervera-Gabalda, C. Gémez-Polo, D. Sannino,
A. Zielinska-Jurek, Magnetically recyclable TiO,/MXene/MnFe,O, photocatalyst for enhanced
peroxymonosulphate-assisted photocatalytic degradation of carbamazepine and ibuprofen
under  simulated solar light. J. Environ. Chem. Eng. 11 (2023) 110660.

https://doi.org/10.1016/j.jece.2023.110660. [IF=7,968; 100 punktéw MNiSW]

Celem przezwyciezenia jednego z wyzwan fotokatalizy, jakim jest separacja
fotokatalizatora z zawiesiny po procesie oczyszczania, mozliwe jest wprowadzenie do
struktury kompozytu TiO,/Ti;C, czastek o wiasciwosciach magnetycznych. W zwigzku z tym,
kompozyt TiO,/Ti;C, otrzymany w srodowisku NH,F/HCI o strukturze TiO, w postaci dekaedréw
i oktaedréw zmodyfikowano za pomocg ferrytu manganowego MnFe,0, (wilosci 5i20% wag.).
Utworzenie kompozytu TiO,/Ti;C;/MnFe, 0, miato na celu (1) poprawe aktywnosci
fotokatalitycznej wspomaganej przez aktywacje PMS za pomoca ferrytu manganowego oraz
(2) zapewnienie efektywnej separacji magnetycznej po procesie degradacji w zewnetrznym
polu magnetycznym. Wsréd badanych materiatdw o wiasciwosciach magnetycznych,
nanoczastki MnFe,0, cieszg sie duzym zainteresowaniem ze wzgledu na niski koszt, wysoka
stabilnos¢ chemicznga i nietoksycznos¢. Jednoczesnie jony Mn i Fe umozliwiajg aktywacje
nadtlenomonosiarczanu, dzieki czemu mozliwe jest zastosowanie hybrydowego procesu
fotokatalizy wspomaganej aktywacjg PMS. Aktywnos¢ fotokatalityczng zbadano w reakd;ji
degradacji mieszaniny karbamazepiny (CBZ) i ibuprofenu (IBP). Zaproponowano mozliwy
mechanizm aktywacji PMS oraz degradacji farmaceutykdw z zastosowaniem kompozytu
TiO,/Ti;C,/MnFe,0,,

Analiza dyfrakgji rentgenowskiej (XRD) wykazata ze synteza solwotermalna w obecnosci
NH,F i HCl prowadzi do utlenienia powierzchni weglika z wytworzeniem nanoczgstek anatazu
i rutylu. Stosunek anatazu do rutylu wynosit 40%:60%. Charakterystyczny sygnat dla ptaszczyzny
(101) anatazu i (110) rutylu zarejestrowano przy kacie 20 odpowiednio 25,2° i 27,3°. Na
dyfraktogramie nie zidentyfikowano sygnatéw pochodzacych od Ti;C,, prawdopodobnie ze
wzgledu na niewielki udziat fazowy pozostatosci weglika po syntezie solwotermalnej. Celem
potwierdzenia jego obecnosci wykonano analizy spektroskopii elektronowej (XPS) oraz
analize termograwimetryczna (TGA). Na widmie Ti 2p zarejestrowano gitéwnie sygnaty
pochodzace od Ti** co wskazuje, ze wiekszos¢ weglika ulegta utlenieniu do TiO,, niemniej
jednak zidentyfikowano takze sygnaty pochodzace od Ti-C i C-Ti-O w Ti3C; przy energii wigzan
odpowiednio 454,5 eV i 457,4 eV. W przypadku analizy TGA prowadzonej w atmosferze
powietrza, w zakresie temperatur 200-400°C zaobserwowano niewielki przyrost masy (o okoto

0,7% wag.) zwigzany z utlenieniem pozostatosci Ti;C; do TiO,. Dla kompozytdw
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modyfikowanych powierzchniowo na dyfraktogramie XRD zarejestrowano takze sygnaty
pochodzace od ferrytu manganowego, co potwierdza utworzenie kompozytu
TiO,/[TisC/MnFe,0,. Na obrazach uzyskanych za pomocg skaningowej mikroskopii
elektronowej (SEM) zaobserwowano, ze czastki TiO, tworzg formy oktaedréw i dekaedréw
oréznych rozmiarach, z kolei MnFe,0, wystepuje w formie czastek kulistych o sredniej
wielkosci okoto 80 nm. Na podstawie analizy transmisyjnej mikroskopii elektronowej (TEM)
potwierdzono, ze czastki MnFe,0, s3 réwnomiernie zdyspergowane na powierzchni TiO,/Ti;C..
Modyfikacja powierzchniowa za pomocg ferrytu manganowego miata na celu nadanie
fotokatalizatorom wifasciwosci magnetycznych, aby mozliwa byta efektywna separacja
materiatu po procesie fotokatalitycznym. Na podstawie analizy petli histerezy (pomiary
magnetyzacji w funkcji przytozonego pola magnetycznego) wykazano, ze kompozyty
TiO,/TisC./MnFe,0, moga by¢ z powodzeniem separowane z zawiesiny z wykorzystaniem
zewnetrznego pola magnetycznego.

Aktywnos¢ fotokatalityczng otrzymanych materiatéw zbadano w reakcji degradac;ji
mieszaniny karbamazepiny i ibuprofenu. Kompozyt TiO,/Ti;C, wykazywat wysoka efektywnos¢
degradacji farmaceutykdw, co mozna przypisa¢ powstawaniu ztgcza heterofazowego miedzy
anatazem a rutylem. Taki bezposredni kontakt pomiedzy dwiema strukturami polimorficznymi
TiO, moze utatwi¢ miedzyczasteczkowy transfer fotogenerowanych tadunkéw w procesach
fotokatalitycznych, a w konsekwencji poprawi¢ aktywnos¢ fotokatalityczng. Modyfikacja
powierzchni za pomoca ferrytu manganowego w ilosci 5% wag. nie wptyneto negatywnie na
efektywnos¢ degradacji obu substancji aktywnych farmaceutycznie, ktéra po 60 minutach
naswietlania osiggneta 100%. Taki kompozyt wykazywat réwniez wysoka efektywnos¢
mineralizacji zanieczyszczen. Zaobserwowano 40% redukcji zawartosci catkowitego wegla
organicznego (TOC) po 60 minutach naswietlania. Jednak wprowadzenie wiekszej ilosci
MnFe,O, (20% wag.) znacznie obnizyto aktywnos¢ fotokatalityczng. Zjawisko to mozna
przypisa¢ temu, ze nadmierna zawartos¢ nieaktywnych fotokatalitycznie, inertnych czastek
magnetycznych moze utrudnia¢ kontakt fotokatalizatora ze swiattem lub stawad sie nowym
centrum rekombinacji elektron-dziura, co skraca czas zycia fotogenerowanych nosnikdw
tadunku. Poprawe efektywnosci degradacji farmaceutykdw zaobserwowano w wyniku
synergicznego efektu dziatania fotokatalizy i aktywacji PMS za pomocg MnFe,O,. W przypadku
zastosowania 0.25 mM PMS, 100% degradacji CBZ zaobserwowano juz po 20 minutach procesu,
zas ibuprofenu po 10 minutach. Ponadto, osiggnieto ponad 50% redukcje TOC po 60 minutach
naswietlania. Okreslono takze wptyw pH na aktywnos¢ fotokatalityczng w degradacji

karbamazepiny i ibuprofenu. W przypadku pH wynoszacego 4,5, aktywnos¢ fotokatalityczna
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ulegta nieznacznej poprawie. Z kolei, zastosowanie zasadowego pH - 9,5 skutkowato
obnizeniem efektywnosci degradacji obu farmaceutykéw. W warunkach zasadowego pH, PMS
moze ulega¢ samorozktadowi bez wytwarzania reaktywnych rodnikéw siarczanowych.
Ponadto, wsrodowisku zasadowym potencjaty redoks rodnikéw siarczanowych
i hydroksylowych s3 nizsze niz w srodowisku kwasowym oraz krétszy jest ich czas zycia.

W kolejnym etapie badan, proces fotokatalityczny przeprowadzono z zastosowaniem
TiO,[Ti3C5/5%MnFe,0,/PMS w modelowej wodzie morskiej zawierajacej nieorganiczne jony
przeszkadzajgce. Zaobserwowano, ze w tych warunkach degradacja CBZ wyniosta 100% juz po
5 minutach naswietlania, z kolei w przypadku IBP ulegta nieznacznemu pogorszeniu. Obecnos¢
jonéw chlorkowych moze wptywac na poprawe aktywnosci fotokatalitycznej wspomaganej
PMS, co moze by¢ zwigzane z wytwarzaniem rodnikdw chlorkowych w wyniku reakcji
pomiedzy CI'i SO, Z drugiej strony jony nieorganiczne mogg dziata¢ jak zmiatacze rodnikéw
hydroksylowych, a tym samym obniza¢ aktywnos¢ fotokatalityczng. Niemniej jednak,
w przypadku obu API efektywnos¢ degradacji w modelowej wodzie morskiej pozostata
wysoka. Dodatkowo, na podstawie proceséw degradacji przeprowadzonych w obecnosci
zmiataczy tadunku wykazano, ze gtéwnymi formami uczestniczagcymi w procesie degradacji
CBZ s3 rodniki siarczanowe i anionorodniki ponadtlenkowe, a w przypadku IBP rodniki
siarczanowe i dziury.

Analiza dyfrakcji rentgenowskiej (XRD) i spektroskopii w podczerwieni z transformacja
Fouriera (FTIR) dla prébki fotokatalizatora po procesie degradacji nie wykazata zadnych zmian
w strukturze materiatu. Ponadto, wysoka aktywnos¢ w czterech kolejnych cyklach degradac;ji
potwierdzita, Ze materiat ten moze by¢ odzyskiwany za pomoc3 separacji magnetycznej
i ponownie wykorzystywany w kolejnym procesach fotodegradacji zanieczyszczen

organicznych.

Rozdziat VI. A. Grzegérska, J. Karczewski, A. Zielinska-Jurek, Modelling and optimisation of
MXene-derived TiO,/Ti;C, synthesis parameters using Response Surface Methodology based on the
Box-Behnken factorial design. Enhanced carbamazepine degradation by the Cu-modified
TiO)/TisC;  photocatalyst, ~ Process  Saf.  Environ.  Prot. 179  (2023)  449.
https://doi.org/10.1016/j.psep.2023.09.028 [IF= 7,8; 100 punktéw MNiSW]

W pracy przedstawiono optymalizacje procesu otrzymywania kompozytu TiO,/Ti;C; na
podstawie planu czynnikowego Box-Behnken (BBD) pofaczonego z analiza powierzchni
odpowiedzi (RSM). Model BBD opiera sie na trzech poziomach, dla kazdej z 3 zmiennych

niezaleznych opisujacych proces: temperatura syntezy, czas syntezy, i stosunek woda/etanol.
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Na podstawie wykonanych doswiadczen i analizy otrzymanych danych wyznaczono parametry
determinujace aktywnos¢ fotokatalityczng, efektywnos¢ redukcji zawartosci catkowitego
wegla organicznego (TOC), wielkos¢ krystalitéw oraz powierzchnie wtasciwa wyznaczong
metodg BET. Na podstawie optymalizacji odpowiedzi wyznaczono wartosci parametréw, dla
ktérych przewidywana jest najwyzsza aktywnos¢ fotokatalityczna. Dodatkowo, w kolejnym
etapie zoptymalizowang prébke zmodyfikowano za pomocg miedzi (0,25 - 1% wag.).
Poréwnano efektywnos¢ procesu fotokatalitycznego oraz procesu fotokatalitycznego
wspomaganego aktywacja PMS.

Zgodnie z planem czynnikowym Boxa-Behnkena wykonano 15 doswiadczen
uwzgledniajacych trzy zmienne niezalezne na trzech poziomach. Zbadano wptyw czasu
syntezy (6, 15 lub 24 godziny), temperatury (180, 200 i 220°C) oraz srodowiska reakcji (woda,
etanol, woda/etanol 50%:50% obj./obj.) na aktywnos¢ fotokatalityczng degradacji CBZ,
efektywnos¢ redukcji TOC, wielkos¢ krystalitéw oraz powierzchnie witasciwa BET. Na
podstawie analizy powierzchni odpowiedzi (RSM) potgczonej z analizg wariancji (ANOVA)
stwierdzono, ze najwiekszy wptyw na wszystkie cztery odpowiedzi ma zawartos¢ etanolu
zastosowanego w procesie solwotermalnym.

W wyniku syntezy solwotermalnej w obecnosci wody, etanolu, lub mieszaniny woda/etanol
dochodzito do utlenienia powierzchni weglika z wytworzeniem sferycznych czastek TiO,, co
potwierdzono na podstawie analizy mikroskopowej SEM. Na dyfraktogramach
rentgenowskich dla wszystkich prébek zaobserwowano sygnaty pochodzace zaréwno od
anatazu, jak i Ti;C,. Na podstawie analizy XRD wykazano, ze wyzsza temperatura i czas syntezy
sg pozytywnie skorelowane ze stopniem utlenienia powierzchni. Ponadto, wiekszg zawartos¢
anatazu zaobserwowano w prdébkach syntezowanych w wodzie dejonizowanej, nastepnie
w mieszaninie woda/etanol i najmniejsza w srodowisku etanolu. Wielkos¢ krystalitéw TiO,
zawierata sie w zakresie od 11,5 nm do 25 nm. Podobnie, najwieksze krystality anatazu
zaobserwowano dla syntezy prowadzonej w wodzie, a najmniejsze w etanolu. Powierzchnia
wiasciwa fotokatalizatoréw wyznaczona w oparciu o metode BET wynosita w zakresie od 24
do 70 m’/g. Najwieksze rozwiniecie powierzchni wtasciwej zaobserwowano dla prébek
syntezowanych w etanolu, a najmniejsze dla otrzymywanych w wodzie. Aktywnos¢
fotokatalityczng otrzymanych materiatéw scharakteryzowano w reakcji degradacji
karbamazepiny. Efektywnos¢ degradacji CBZ wynosita od 48 do 97%, w czasie 60 minut
naswietlania. Z kolei stopiert mineralizacji, wyznaczany jako redukcja zawartosci catkowitego
wegla organicznego wynosit od 3 do 31%. Najwyzszg aktywnos¢ fotokatalityczng uzyskano dla

probki syntezowanej w temperaturze 200°C, przez 15 godzin w Srodowisku woda/etanol.
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Z kolei najwyzszy stopiert mineralizacji dla prébki syntezowanej w temperaturze 220°C, przez
24 godziny w srodowisku woda/etanol. Celem osiggniecia najwyzszej aktywnosci
fotokatalitycznej w oparciu o optymalizacje odpowiedzi wyznaczono parametry, dla ktdrych
przewidywana jest najlepsza efektywnos$¢ procesu: temperatura 220°C, czas 17 godzin
i stosunek woda etanol 58%:42% obj./Jobj. Przewidywania te zostaty potwierdzone
doswiadczalnie i dla takiej prébki uzyskano 100% degradacji w czasie 60 minut.

Aby dodatkowo poprawi¢ aktywnos¢ fotokatalityczng i umozliwi¢ aktywacje PMS
otrzymano fotokatalizatory TiO,/Ti;C. modyfikowane miedzig wilosci od 0,25 do 1% wag. Prébki
otrzymano zgodnie z wyznaczonymi optymalnymi parametrami. Na podstawie analizy
dyfrakcji rentgenowskiej nie potwierdzono obecnosci miedzi w kompozytach,
prawdopodobnie ze wzgledu na bardzo matg zawartos¢ na powierzchni kompozytu. Obecnos¢
miedzi potwierdzono za pomocg analizy SEM/EDS i XPS. Stwierdzono, ze miedZ znajduje sie
w postaci Cu(o)/Cu(1)iCu(ll). Obecnos¢ miedzi metalicznej lub na pierwszym stopniu utlenienia
wskazuje na czesciowa redukcje w trakcie syntezy na powierzchni weglika. Zaobserwowano,
ze modyfikacja za pomoca Cu wptyneta na poprawe aktywnosci fotokatalitycznej, przy czym
najwyzszg aktywnos¢ zaobserwowano dla prébki TiO,/TisC, modyfikowanej 0,5% wag. miedzi.
Stata szybkosci degradacji CBZ wzrosta o okoto 50%, wporéwnaniu do proébki
niemodyfikowanej. W kolejnym etapie zbadano efektywnos¢ degradacji fotokatalitycznej
wspomaganej aktywacja PMS (0,5 mM). Potwierdzono synergistyczny efekt dziatania obu
procesOw. Zaobserwowano 100% degradacji CBZ w czasie 20 minut, a stata szybkosci
degradacji CBZ wzrosta prawie 4-krotnie, w poréwnaniu do procesu prowadzonego bez
dodatku PMS. Na podstawie reakcji ze zmiataczami fadunku wykazano, ze gtéwnymi formami
odpowiedzialnymi za proces degradacji zanieczyszczen organicznych s3 rodniki siarczanowe
i anionorodniki ponadtlenkowe.

Na podstawie pomiaréw fotoluminenscencji, elektrochemicznej spektroskopii
impedancyjnej oraz odpowiedzi fotopradowej potwierdzono, ze wprowadzenie miedzi
wptywa na powierzchnie kompozytu wptywa na zmniejszenie rekombinacji nosnikéw tadunku,
a w efekcie poprawe wtasciwosci fotokatalitycznych. Potwierdzono takze, Zze uktad 0,5%Cu-
TiO/Ti;C,/PMS charakteryzuje sie wysoka stabilnoscig w kolejnych cyklach degradacji, a analizy
dyfrakcji rentgenowskiej (XRD) i spektroskopii w podczerwieni z transformacja Fouriera (FTIR)

po procesie nie wykazaty zmian w strukturze kompozytu.

Rozdziat VIlI: Podsumowanie i whnioski

W rozdziale VIl przedstawiono podsumowanie i wnioski z przeprowadzonych prac

badawczych.
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HIGHLIGHTS GRAPHICAL ABSTRACT

® Zn/Tilayered double hydroxide coupled
with MXene was synthesized for the first
time.

o Effective photodegradation of
commonly detected pharmaceuticals in
a model seawater.

o LDH/MXene containing 2.5 wi% of Ll I
MXene  revealed  the  highest p—=
photoactivity.

o The main oxidizing species responsible
for ibuprofen degradation are OH.e and
holes (h7).

o Acetaminophen degradation by Zn/Ti
LDH-Ti3C, proceeded in the presence of
005,

—

L
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ARTICLE INFO ABSTRACT
Tandling editor: Sergi Garcia-Segura In the present study, a hybrid photocatalyst of Zn/Ti layered double hydroxide (LDH) coupled with MXene —
TizCy was synthesized for the first time and applied in photocatalytic degradation of acetaminophen and
K"')'Wﬂ"_i‘-' ibuprofen, two commonly present in the natural environment and prone to accumulate in the aquatic ecosystem
ﬁ;‘ "vm";' nophen pharmaceuticals. The effect of MXene content (0.5 wt%, 2.5 wt%, and 5 wt%) on the photocatalytic activity of
uprolen

1L.DH/MXene composite was investigated. The composite of LDH/MXene containing 2.5 wt% of MXene revealed
i . the highest photocatalytic activity in the degradation of acetaminophen (100% within 40 min) and ibuprofen
harmaceuticals removal R £ g J o 4 i s
Photocatalysis (99.7% within 60 min). Furthermore, an improvement in acetaminophen and ibuprofen mmezra]lzatlzon was
TisCs observed for the composite material. Meanwhile, the introduction of interfering ions (Na™, Ca”™", Mg 2 o
Zu/ti LDH SO%") in the model scawater did not affect the removal efficiency of both pharmaceuticals. The photocatalytic
experiment performed in the four subsequent cycles, as well as FTIR, TEM, and XPS analyses after the photo-
degradation process confirmed the excellent stability and reusability of the prepared composite material. In order
to evaluate the effect of various reactive oxidizing species (ROS) on the photocatalytic process, the trapping
experiment was applied. It was noticed that €O, had the main contribution in photocatalytic degradation of

MXene
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acetaminophen, while ¢OIl and h ' mainly affected the degradation of ibuprofen. Finally, based on the results of
Mott Schottky analysis, bandgap calculation, and ROS trapping experiment, the possible mechanism for phar-
maceuticals degradation was proposed. This research illustrates the feasibility and novelty of the treatment of
pharmaceuticals by LDH/MXene composites, implying that MXene plays a significant role in the electron-hole
separation and thus high photocatalytic activity.

1. Introduction

Water pollution is one of the present concerns for humans and the
environment (Naz et al., 2021). The major impact is attributed to resi-
dues of pharmaceuticals, pesticides, nutrients, micro-plastics, and pe-
troleum (Priya et al., 2022; Rasheed et al., 2020; Singh et al., 2021).
Particularly, the important group includes pharmaceuticals, which
concentration in water systems is continuously growing due to higher
consumption and discharging as metabolites or unchanged forms into
the environment (Desbiolles et al., 2018; Xiang et al.,, 2021). The
contamination of water sources such as seawater or lake water brings the
potential risk of chronic exposure of aquatic organisms, bio-
accumulation, biomagnification, and thereby harmful effects on human
health (Pemberthy M et al., 2020; Branchet et al., 2021).

Acetaminophen (ACT), commonly known as paracetamol, is an
analgesic and antipyretic compound, while ibuprofen (IBP) belongs to
the group of non-steroidal anti-inflammatory drugs (Dey et al., 2018).
These pharmaceuticals are common in the natural environment and
prone to accumulate in the aquatic ecosystem (Zur et al., 2011). More-
over, they have been detected in surface waters, wastewaters, as well as
drinking waters around the world (Sousa et al., 2018). In Latin America,
acetaminophen concentration was in the range of 0.016-46.6 ug/\ dm®in
wastewaters and from 3 to 25,2 ng/ dm? in surface waters. Meanwhile,
ibuprofen concentration ranges from 220 to 13,000 ng/dm® in waste-
waters and from 2 to 37,000 ng/dm3 in surface waters (Pena-Guzman
et al., 2019). This shows that the commonly used wastewater treatment
processes are ineffective in degrading some pharmaceutical compounds.
Depending on the concentration and exposure time, these pollutants
may be toxic to bacteria, algae, macrophytes, and fish (Phong Vo et al.,
2019). Furthermore, depending on environmental conditions can
transform into several more toxic and carcinogenic derivatives, for
example, acetaminophen in 4-aminophenol or p-benzoquinone, while
ibuprofen into 4-isobutylacetophenone (Liang et al., 2016; Ruggeri
et al., 2013).

One of the promising methods for the degradation of emerging
contaminants and treatment of active pharmaceutical ingredients is
heterogeneous photocatalysis (Akpotu et al., 2019; Klementova et al.,
2017). The application of inexpensive, highly available, chemically
stable, and non-toxic photocatalysts classified it as a green remediation
technology (Article et al., 2015; Xu et al., 2019).

The prospective materials in the field of photocatalysis are layered
double hydroxides belonging to a class of two-dimensional semi-
conductors consisting of mixed metal hydroxide layers with anions or
solvent molecules intercalated between them (Razzaq et al., 2020; Guo
etal., 2010). However, the major drawbacks of LDH are low efficiency in
the utilization of visible light and fast recombination of electron-hole
pairs (Motlagh et al., 2020). Thus, the combination of LDH with other
materials has been developed to overcome these limitations. For
example, Zn/Ti-LDH were applied for methylene blue decomposition,
rhodamine B and NO decomposition (Shao et al., 2011; Zhu et al., 2018),
oxidation of benzyl alcohol (Zou et al., 2020) and photocatalytic toluene
degradation in the gas phase (Liu et al., 2022). Zhu et al. (2017) pro-
posed the combination of Zn/Ti LDH with C60 molecules. The synthe-
sized material was applied for the photocatalytic decomposition of
Orange II under simulated solar light. Furthermore, carbon-based ma-
terials are increasingly being used in photocatalytic processes (Tayyab
et al.,, 2022; Liu et al., 2021a). The heterojunction of Zn/Ti LDH with
g-C3N4 improved the photocatalytic efficiency of ceftriaxone sodium
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degradation and hydrogen generation under visible light (Sun et al.,
2019).

Recently, MXene compounds with graphene-like morphology have
become promising materials instead of platinum or palladium as noble-
metal-free co-catalyst. These structures can inhibit the recombination of
charge carriers, improve interfacial charge transfer, and increase pho-
tocatalytic activity. Previously, LDH/MXene composites were used for
high-performance supercapacitors, adsorbents, sensors, electromagnetic
wave absorbers, and catalysts in oxygen evolution reactions (OER) (Hao
et al.,, 2019; Li et al., 2019a; Zhou et al., 2020). There are only a few
studies on the application of LDH/MXene composites in photocatalysis.
Chen et al. (2020) proposed the implementation of Co-Co LDH/TizCpTx
for visible-light-driven photocatalytic CO2 reduction. Wang et al.
(2021a) applied a 3D marigold-like CoAl-LDH/Ti3C; for the degradation
of tetracycline hydrochloride, chloramphenicol, and terramycin.
Meanwhile, Ma et al. (2022) used NiFe-LDH/MXene for photocatalytic
removal of norfloxacin.

In this study, for the first time, Zn/Ti LDH-MXene composite was
synthesized and used for photocatalytic degradation of two commonly
detected pharmaceuticals - acetaminophen and ibuprofen under simu-
lated solar light. The photocatalytic process of active pharmaceutical
ingredients degradation was performed in model seawater to evaluate
the effect of the multiple interfering ions on the removal efficiency.
Furthermore, the physicochemical properties and optimal content of
TizCy in the hybrid photocatalyst were determined and the mechanism
of photocatalytic degradation in the presence of reactive oxygen species
was proposed.

2. Experimental
2.1. Materials

The MAX phase compound - Ti3AlC; was provided by Luoyang
Tongrun Info Technology Co. (China). The hydrofluoric acid (ACS re-
agent, 48%), Zn(NO3)2-6HO (reagent grade, 98%), TiCls (Reagent-
Plus®, 99.9% trace metals basis), and urea (ReagentPlus®, >99.5%,
pellets) were purchased from Sigma Aldrich. Acetaminophen (BioXtra,
>99.0%) and Ibuprofen (>98% (GC)) for the photocatalytic degradation
process were provided by Sigma Aldrich. Scavengers: p-benzoquinone
(reagent grade, >98%) and ammonium oxalate monohydrate (ACS re-
agent, >99%) were purchased from Sigma Aldrich, while isopropanol
(99.7%, pure p. a.) and H,O, (30%, pure p. a.) from Avantor Perfor-
mance Materials Poland. The reagents were used as received with no
further purification. Deionized water (DI) was used in all experiments.

2.2. The synthesis procedure of photocatalyst

2.2.1. Etching of Al from Ti;AlC,

First, the 10 g of MAX phase compound - TizAlC, was added to 100
cm?® of HF and mixed at room temperature. The material was rinsed with
DI water and centrifuged until pH of 7. The powder was dried at 50 °C
for 2 h under air conditions.

2.2.2. Synthesis of Zn/Ti LDH

In a typical procedure, 1.19 g of zinc nitrate hexahydrate was dis-
solved in 100 cm® DI water. Next, 0.22 cm® of TiCly was added dropwise.
The molar ratio of Zn to Ti was 2:1. Then 3.0 g of urea was added, and
the mixture was magnetically stirred for 30 min. Subsequently, the
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mixture was transferred to the 200 cm® Teflon-lined stainless steel
autoclave. The reaction was performed at 130 °C for 48 h. Finally, the
obtained material was centrifuged and washed with DI water until
neutral pH. The powder was dried at 50 °C for 2 h under air condition.

2.2.3. Synthesis of Zn/Ti LDH-MXene

Ti3CyTx (0.5, 2.5, and 5 wt%) was dispersed in 100 cm® DI water and
sonicated for 30 min. Then 1.19 g of zinc nitrate hexahydrate was dis-
solved in the above mixture. Next, 0.22 cm® of TiCly was added drop-
wise. Then 3.0 g of urea was added, and the mixture was magnetically
stirred for 30 min. Subsequently, the mixture was transferred to the 200
cm?® Teflon-lined stainless steel autoclave. The reaction was performed
at 130 °C for 48 h. Finally, the obtained material was repeatedly
centrifuged and washed with DI water until neutral pH. The powder was
dried at 50 °C for 2 h under air conditions. To evaluate the effect of
synthesis conditions on the physicochemical properties of Ti3CyTy, pure
TizCyTy was solvothermal treated in the same conditions without pre-
cursors of Zn/Ti LDH. The scheme of the synthesis procedure is shown in
Fig. 2a.

2.3. Characterization of photocatalytic materials

The crystalline phase was characterized by the Rigaku Intelligent X-
ray diffraction (XRD) system SmartLab (Rigaku Corporation, Tokyo,
Japan). Scans were recorded in the 20 range from 5° to 80°, with a speed
of 2°.min™" and a step of 0.01°. Specific surface area and pore volume of
the samples were evaluated through Brunauer-Emmett-Teller (BET)
method by N; adsorption at 77 K (boiling point of liquid nitrogen) with
the Micromeritics Gemini V apparatus (model 2365) (Norcross, GA,
USA). Firstly a pretreatment at 200 °C for 2 h under nitrogen flow was
performed. The light absorption properties were measured in the
wavelength range from 200 nm to 800 nm by the ThermoScientific
Evolution 220 spectrophotometer (Waltham, MA, USA) using barium
sulfate as a standard reference. The bandgap energy was calculated
using the Kubelka-Munk function, (R)O'sEgh5 against Epp, where Epp is
photon energy. The photocatalysts’ surface morphology was measured
by scanning electron microscopy (SEM) using SEM Microscope FEI
Quanta FEG 250. Fourier-transform infrared spectroscopy (FTIR) anal-
ysis was performed using FTIR Nicolet iS10 (Thermo Fisher Scientific
Waltham, MA, USA) spectrometer in the wavenumber from 400 to 4000
cm™!. The surface chemistry of the samples was analyzed by X-ray
photoelectron spectroscopy (XPS) using Escalab 250Xi multi-
spectroscope (ThermoFisher Scientific). The spectroscope operates with
a monochromatic AlKa X-ray source (spot size 650 pm). The high-
resolution spectra were collected in the core-level binding energy
range of Zn2p, Ti2p, Cls, and Ols, at pass energy of 20 eV. The charge
compensation was provided by low-energy electron and Ar + ions
bombardment throughout the measurement, with a final calibration at
adventitious carbon Cls peak (284.8 eV). Spectral deconvolution was
done using Avantage 5.9921 software (ThermoFisher Scientific).
Transmission electron microscopy (TEM) and scanning transmission
electron microscopy (STEM) analyses were carried out using Tecnai G2
200 kV and Thermo-Fisher Scientific Titan Themis Cs-corrector. Samples
were dispersed in ethanol and subsequently placed on a carbon-coated
copper grid.

The photoluminescence spectra (PL) and luminescence kinetic were
registered using a spectrograph (Princeton Instr. Model Acton 2500i)
coupled to a CCD streak camera (Hamamatsu Model C5680) operating in
the 200-1100 nm spectral region with a temporal resolution of 20 ps. As
an excitation source, a femtosecond laser was used (Coherent Model
“Libra”) equipped with an optical parametric amplifier (Light Conver-
sion Model “OPerA").

Electrochemical impedance spectroscopy (EIS) measurements were
performed using Potentiostat/Galvanostat Autolab PGSTAT204 (Met-
rohm Autolab) with a NaySO4 (0.5 M) as an electrolyte. The photo-
catalytic materials were deposited on the carbon screen-printed
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electrodes with Ag/AgCl reference electrode (Metrohm Autolab). The
diameter of the working electrode area was 4 mm. The AC voltage
amplitude was 0.01 V, and the frequency ranged from 0.1 Hz to 100 kHz
at 0 V vs. OCP (open circuit potential). The Mott Schottky analysis was
performed to determine the flat band (F},) potential of the Zn/Ti LDH.
The EIS data were recorded from the anodic towards a cathodic direc-
tion. EIS data were recorded for the applied frequency of 1000 Hz in the
potential range from 0 to —1.1 V vs. Ag/AgCl.

2.4. Photocatalytic activity

In a typical experiment, 0.05 g of the photocatalyst was dispersed in
25 em® of 20 mg-dm3 acetaminophen or ibuprofen aqueous solution. The
properties of both pharmaceuticals were summarized in Table 18 in the
Supporting Materials. The photocatalytic process was carried out in a 25
cm® quartz reactor equipped with an air supply mode. A 300 W Xe lamp
(LOT Oriel, Darmstadt, Germany) with the light flux in the UV range
(310 nm < A < 380 nm) equalled 30 mW em % wasused as a light source,
imitating the sunlight spectrum. Before the experiment, the photo-
catalyst suspension was kept in the dark for 30 min under continuous
magnetic stirring to reach adsorption-desorption equilibrium before
irradiation. During the photodegradation process, 1 cm® of the suspen-
sion was separated every 20 min using a 0.2 pm syringe filter. The
photocatalytic processes were performed for 60 min. The rate of acet-
aminophen and ibuprofen degradation was monitored using reverse-
phase high-performance liquid chromatograph Shimadzu UFLC LC-
20AD (Kyoto, Japan) with photodiode array detector Shimadzu SPD-
M20A. The measurements were performed at 45 °C and under iso-
cratic flow conditions of 0.5 cm® min~". A volume composition of the
mobile phase of 70% acetonitrile, 29.5% water, and 0.5% orthophos-
phoric acid was applied to determine ibuprofen concentration, while
0.1% formic acid, 69.9% water, and 30% methanol to determine acet-
aminophen concentration. The total organic carbon (TOC) change in the
photocatalytic process of acetaminophen and ibuprofen degradation
was investigated using Shimadzu TOC Analyzer.

The additional experiments were performed in the model seawater to
evaluate the effect of interfering ions on the efficiency of photocatalytic
processes of acetaminophen and ibuprofen degradation. The composi-
tion of the model seawater was: 2.5% NacCl, 1.1% MgCly, 0.4% NaySOj4,
0.16% CaCly in DI water (Wang et al., 2019). The concentration of
ibuprofen or acetaminophen in model seawater was 20 mg/dm>.

In the next step, the photocatalytic process was performed in the
presence of scavengers to study the mechanism of acetaminophen and
ibuprofen photodegradation. Ammonium oxalate was applied as holes
scavenger (h'), H,0, for electrons (e ), isopropyl alcohol for free hy-
droxyl radicals (-OH), and p-benzoquinone for superoxide radical anions
(-:02).

3. Results and discussion

The SEM analysis was performed to show the morphology of MXene
-TizCyTyx, Zn/Ti LDH, and Zn/Ti LDH-Ti3C; composite. The formation of
an accordion-like structure of MXene is presented in Fig. la. The ob-
tained samples of pure LDH and Zn/Ti LDH-2.5% Ti3Cy composite pre-
sent a flake-like morphology (Fig. 1b—c). However, there is no clearly
visible difference between the morphology of the samples with various
content of MXene (Fig. 1S in the Supporting Materials). The TEM images
of Zn/Ti LDH-2.5% Ti3Cy (Fig. 1 d-e) confirmed the formation of Zn/Ti
LDH flakes (brighter area) with and inclusions of MXene flakes (darker
area). The TEM elemental mapping is presented in Fig. 2S in the Sup-
porting Materials.

The XRD patterns of MAX, MXene and combined MXene/LDHs ma-
terials are presented in Fig. 2 b-c. After the etching of aluminium from
TisAlCy, the synthesized TizCyTyx showed the main diffraction peaks
centred at 20 = 8.8°, 18.1°, and 27.4°, corresponding to (002), (004),
and (006) planes, indicating the MAX phase compound has been
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Fig. 1. SEM image of accordion-like TizCyTy (a), pure Zn/Ti LDH (b), Zn/Ti LDH-2.5% Ti3C, (c), and TEM images of Zn/Ti LDH-2.5% Ti,C, (d-e).

successfully transformed to Ti3Cy (Fig. 2a). The XRD analysis of TizCaTy,
which underwent a solvothermal reaction in the presence of urea, per-
formed at 130 °C for 48 h, revealed the shifting of the MXene main
diffraction peak to lower values of 20 from 8.8° to 6.8° (Fig. 2b). This
phenomenon of d-spacing increase may be related to the intercalation of
urea and exfoliation during the solvothermal process (Yang et al., 2019).
Furthermore, Zhao et al. stated that the presence of urea in the sol-
vothermal reaction might prevent MXene from oxidation (Zhao et al.,
2022).

Moreover, the X-ray diffraction (XRD) analysis confirmed the for-
mation of Zn/Ti LDH, as shown in Fig. 2c. The narrow and symmetric
peak characteristic for LDH at 20 = 13.2° corresponding to the (003)
reflection can be observed in all the obtained samples. The reflections of
(006), (009), (110), and (113) can be assigned to LDH. For all
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composites materials, no diffraction signals corresponding to the MXene
are noticed. A similar effect of no diffraction peaks identified for TizCy
was reported by Li et al. (2020) for BizTaO7/Ti3C, composite, Cai et al.
(2018) for AgsP0O4/Ti3Cy, and Cheng et al. (2020) for CdLayS4/Ti3Cy and
Fang et al. (2019) for AgaWO,/Ti3Cy. This phenomenon is attributed to
its ultra-thick surface property, low amount, and high dispersion. The
incorporation of Ti;C did not affect the crystal structure of Zn/Ti LDH,
excluding the influence of the crystal structure on photocatalytic ac-
tivity. However, analyzing the crystallite size of Zn/TiLDH, it can be
seen that the presence of MXene promotes the growth of LDHcrystallites,
as presented in Table 28 in Supporting Materials.

The diffuse reflectance UV-vis spectroscopy (DR/UV-vis) was per-
formed to investigate the optical absorption characteristics of the pre-
pared materials. All results were normalized for better clarity and
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Fig. 2. Synthesis scheme (a), XRD diffractograms of TizAlC,, TizCyTy, and TizCyTy after the solvothermal process with urea (b), XRD diffractograms of pure Zn/Ti
LDIT and Zn/Ti LDII-2.5%1i5C; (c), DR/UV-Vis spectra of Zn/1i LDII and Zn/1i LDII-Ti;C; (d), and I'I'IR spectra of pure Zn/Ti LDII and Zn/Ii LDII-2.5%1i5C; (e).

comparison of the values. As shown in Fig. 2d, pure LDH exhibited
strong absorption intensity only in the UV range with a threshold of
about 400 nm. For the composite materials, a significant increase in the
absorption in the range of 400-800 nm may be attributed to the pres-
ence of MXene and its absorption in the UV-Vis light range. It can be
further observed by the gradually darker colour with higher content of
MXene (inset in Fig. 2a). The Kubelka-Munk plots for obtained com-
posites are presented in Fig. 3S in Supporting Materials. For samples
containing MXene in the composition, the bandgap values were similar
to pure LDH material. The physicochemical characteristics of pure
MXene, Zn/TiLDH, and Zn/Ti LDH-Ti3C, composites are presented in
Table 28 in Supporting Materials. The BET surface area of pure MXene
and Zn/Ti LDH was about 10.2 m2~g’1 and 129.4 mz'g’l, respectively.
For the composite containing 0.5% of MXene, a slight decrease in sur-
face area and pore volume was observed. The highest BET surface area of
about 134.5 m2~g'1 was noticed for Zn/Ti LDH-5% Ti3C,.

Fig. 2e represents the FTIR spectra of pure Ti/Zn LDH and Zn/Ti
LDH-2.5%Ti3Cs. There is no difference between the spectra of pure LDH
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and the composite material. The strong, wide absorption band with a
maximum at 3238 cm ™! is attributed to the O-H stretching mode. The
characteristic signals at 1506 cm ! and 1386 cm ! are assigned to the
interlayer carbonate anions (CO% ) (Sun et al., 2019). Furthermore,
weaker signals at 1048 cm™ ! and 709 cm ™! are assigned to the carbonate
and free carbonate ions (Egambaram et al., 2019).

The photoluminescence (PL) spectra of Zn/Ti-LDH and Zn/Ti-LDH-
TizCy photocatalysts were analyzed under 350 nm excitation wave-
length (see Fig. 3a). The pure Zn/Ti-LDH showed a broad emission band
with a maximum of about 450 nm, similar to Zn (Zhang et al., 2013) or
Ti (Chowdhury and Bhattacharyya, 2015) doped LDH. The similar
profiles of luminescence spectra of Zn or Ti-doped LDH powders suggest
that the origin of the PL phenomenon may be the same. The emission in
this region in the above-mentioned materials results from surface de-
fects. The pure Zn/Ti-LDH catalyst shows strong photoluminescence
attributed to the presence of either oxygen vacancies and/or defects in
the LDH material. These defects resulting from the incorporation of Zn
or Ti into the lattice have a strong impact on photocatalytic activity.
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Fig. 3. Photoluminescence spectra (a), photoluminescence decay curves (b), LIS Nyquist plots (¢) for Zn/1i LDII-Ti;C, composites, and Mott-Schottky plot (d) for

sample Zn/Ti LDH.

Oxygen vacancies and defects are reported to bind the photo-induced
electrons easily to form excitons, and PL signals may be easily
observed. The broadened single-band emission spectrum observed
instead of two or three narrower bands typical for emissions from
semiconductor defects suggests the presence of hydroxyl groups and
water molecules in LDH (Prestopino et al., 2019). For the composites of
LDH with Ti3Cy, the emission band is strongly broadened and slightly
shifted toward longer wavelengths. The deconvolution of the broad
band observed for the composite shows that it consists of three com-
ponents. The first and third components (approx. 450 nm and sideband
at 510 nm) are related to the emission from Zn/Ti-LDH, while the second
component (observed at approx. 480 nm) overlapping the emission
spectrum of the composite is assigned to the luminescence from surface
defects in Ti3C,. The emission sum of both compounds leads to the
broadening of the luminescence band, and the emission from TizCy
observed at longer wavelengths causes a slight redshift of the band. The
lower PL intensity for composite material than pure Zn/Ti LDH results
from a lower number of electron-hole recombination centres, which
consequently increases the composites’ photocatalytic efficiency.

As the luminescence decays showed a non-exponential character,
three components were used for the correct fit of the curves (Fig. 3b).
The multiexponential decays suggest that in the samples are different
types of recombination centres. As the defects have different energy
levels, they trap and release the carriers with variable transport rates.
For composites, values of all three components (71, T2, T3) are lower, and
they decrease with the increase of Ti3Cy content, which is an effect of
energy transfer between LDH and MXene and the distribution of the
excitation energy between compounds and the emissions of both.

Fig. 3c shows the EIS Nyquist plot of the prepared photocatalysts. It
can be seen that the combination of the LDH with MXene led to a
decrease in the semicircle’s diameter compared to pure Zn/Ti LDH,
suggesting higher separation efficiency of the photo-induced charge
carriers (Liu et al., 2020). As shown in Fig. 3d, Zn/Ti LDH-2.5% Ti3Cy
composite Mott Schottky plot presented n-type characteristics. The po-
tential of flat band edge position was recorded at —0.87 V vs. Ag/AgCl.
This value was converted to a value of —0.58 V vs. NHE. Typically, for
n-type semiconductors, the F}, potential is almost equal to the conduc-
tion band (CB) potential. Thus, the valence band (VB) edge of the
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composite was calculated as approx. 2.62 eV vs NHE.

The XPS analysis provided information about the oxidation states of
elements in the composite material. The survey spectrum for Zn/Ti-LDH-
2.5% Ti3Cy is presented in Fig. 4S in Supporting Materials. It can be seen
that the photocatalyst consists of Zn, Ti, O, and C. The XPS Zn 2p, Ti 2p,
O 1s, and C 1s regions for Zn/Ti-LDH-2.5% Ti3Cy are shown in Fig. 58 in
Supporting Materials. The Zn 2p spectrum shows two characteristic
peaks at 1022 eV and 1044 eV attributed to Zn 2ps3,» and 2py/2,
respectively, corresponding to the occurrence of zinc in the form of Zn?~
in LDH structure (Liu et al., 2021b; Li et al., 2019b). The Ti 2p spectrum
may be deconvoluted in four doublet pairs at 455 eV, 457 eV, 457.5 eV,
and 459 eV(2p3/3), which correspond to Ti-C, C-Ti-O, Ti**, and Ti"‘,
respectively. The Ti-C and C-Ti-O are related to the presence of MXene
(Lu et al., 2021). The signal from Ti®* may be attributed to the Ti3C or
defects in the lattice of Zn/Ti LDH. The formation of Ti>" defects was
also noticed in the studies presented by Zhao et al., 2013, 2014 for Ni/Ti
LDH and Zn/Ti LDH. The formation of Ti®" defects in the Zn/Ti LDH
lattice results from removing oxygen atoms from the surface. The
presence of such surface defects results in more oxygen defects, which
influence the electronic properties and enhance the separation of
electron-hole pairs. Furthermore, it has also been reported that the
electron trapped on the Ti®" are able to form superoxide anion radicals
from surface-absorbed oxygen (Zhao et al, 2013, 2014). The
high-resolution C 1s spectrum is divided into five signals at approxi-
mately 283 eV, 284 eV, 285 eV, 286.5 eV, and 289 eV corresponding to
Ti-C, C-Ti-O, and C-C/C—C in the MXene structure, and in C-O and
C=O0 bonds in carbonate groups (Ahmed et al., 2016). In the O 1s
spectrum, six signals occurred at 528 eV, 529 eV, 530.5 eV, 531.5 eV,
533 eV, and 534 eV, attributed to adsorbed oxygen, metal-oxide bonds,
CO%‘, metal-hydroxide bonds, C=0, and H30, respectively (Zheng
et al., 2019; Chubar et al., 2013).

The photocatalytic activity of Zn/Ti LDHand Zn/Ti LDH-Ti3Cy
composites was evaluated in reactions of pharmaceuticals degradation
under simulated solar light. Fig. 4a-d and Tables 35-5S in the Sup-
porting Materials present the results of acetaminophen and ibuprofen
removal by direct photolysis and in the presence of photocatalytic ma-
terial. As can be seen, the photolysis of acetaminophen after 60 min of
irradiation was only about 11%. On the contrary, ibuprofen
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(d) Zn/Ti LDH and Zn/Ti LDH-Ti3C, photocatalysts.

photodegradation under the same conditions reached about 80%.
However, the total organic carbon analysis revealed that after the
photolysis of acetaminophen and ibuprofen, the reduction of TOC was
equal to 1% and 11.5%, respectively. The application of pure Zn/Ti LDH
photocatalyst increased the TOC removal by 34% for ACT degradation
and by 27.5% for IBP removal, compared to photolysis. Furthermore, it
was observed that coupling of Zn/Ti LDH with the MXene compound led
to improved photocatalytic degradation and mineralization of both
pharmaceuticals. When the amount of TizCy in the composite was 2.5%,
the rate constant of acetaminophen degradation increased from 8.1 to
12.8 min~''1072, while TOC reduction increased from 35% to 47%
compared to pure Zn/Ti LDH. For this composite, 100% of acetamino-
phen was removed within 40 min of UV-vis irradiation. In the case of
IBP degradation, the rate constant increased from 5.8 to 7.1 min~ 11072,
while TOC reduction increased from 39% to 52% compared to pure Zn/
Ti LDH. Almost complete degradation of IBP was observed within 60
min. The decrease in the activity with the higher content of MXene may
be related to the overloading of the photocatalyst surface. The
increasing amount of MXene could shield the light absorption of the
photocatalyst and thus inhibit photocatalytic activity. A similar Ti3Cy
overloading effect was observed by Huang et al. (2019) for
BiyWOe/TizCy, Que et al. (2022) for FAPbBr3/TisC, composite or Liu
et al. (2021¢) for C3N4/TizCy material.

To evaluate the effect of interfering ions on the efficiency of ACT and
IBP photocatalytic degradation, the photodegradation of pharmaceuti-
cals was performed in the model seawater containing the following ions:
Na™, Caz‘, Mg2+, Cl, and SO7 . Some previously reported results
showed that inorganic anions such as Cl™ ion in water might reduce
photocatalytic activity due to the fact that induced hydroxyl radicals are
scavenged by chloride ions or CI™ can be adsorbed on the surface of
photocatalyst and block the active sites (Makita and Harata, 2008;
Porcar-Santos et al., 2020). As shown in Fig. 5a-b and in Table 68 in the
Supporting Materials in the present study, the degradation efficiency of
both pharmaceuticals was unaffected by interfering inorganic ions. This
is an important fact about the viability of photocatalytic water
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treatments using Zn/Ti LDH-2.5%Ti3C; in saline water samples.

In order to elucidate the photocatalytic mechanism, experiments
with scavengers for the detection of reactive oxygen species (ROS)
participating in the photodegradation process of ACT and IBP were
performed (Fig. 5¢c—d). The content of each scavenger was equal to 0.03
mmol (10-fold concentration of contaminant). Performed experiments
showed that the mechanisms of degradation of ACT and IBP are
different. In the case of ACT, the inhibitory effect of ammonium oxalate
was weak, indicating that holes did not play a significant role in the
degradation process. The highest inhibition effect was noticed for p-
benzoquinone, suggesting that superoxide anion radicals appear to be
the most likely ROS in ACT degradation (Wang et al., 2021b; Fan et al.,
2018). Meanwhile, for IBP, the main species involved in the photo-
catalytic process were holes and hydroxyl radicals due to the limitation
of the reaction that occurred in the presence of ammonium oxalate and
isopropanol, respectively. These results are consistent with the previous
studies of Jiménez-Salcedo et al. (2021) and Sa et al. (2021), who
observed that holes are major ROS involved in the degradation of IBP.
Also, Liu et al. (Liu et al., 1016) confirmed that holes and hydroxyl
radicals are responsible for IBP degradation using niobium-doped TiOy
nanotubes.

Furthermore, the excellent stability of the prepared LDH/MXene
composite was confirmed in the four subsequent photocatalytic cycles of
acetaminophen degradation, as shown in Fig. Se. After the fourth cycle,
the efficiency of pollutant removal still reached 100% within 40 min,
thus suggesting the high potential of photocatalyst for reusability. Also,
the TOC reduction remains unchanged after repetitive photocatalytic
cycles. Furthermore, the FTIR (Fig. 2e), TEMTEM (Fig. 3S in Supporting
Materials), and XPS (Fig. 5S in Supporting Materials) analyses after the
photocatalytic processes did not show any changes in the structure of the
photocatalyst.

A schematic illustration of the photocatalytic mechanism of IBP and
ACT degradation in the presence of Zn,/Ti LDH-2.5% Ti3C, photocatalyst
is proposed and presented in Fig. 6. Photogenerated electrons are
transferred and accumulated by the MXene, inhibiting the
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recombination of electron-hole pairs. Meanwhile, based on the CB and
VB location, the sample Zn/Ti LDH-2.5% Ti3C, may oxidize water
molecules to hydroxyl radicals as well as reduce oxygen into superoxide
anion radicals.

The performance of the Zn/Ti LDH-2.5% TisCy; composite was
compared with the previously reported photocatalysts used for photo-
degradation of ACT or IBP, and the results are shown in Table 1. It was
found that the Zn/Ti LDH-Ti3Cy photocatalyst prepared in our work has
excellent performance compared with other materials, especially
considering the high degradation efficiency of both pharmaceuticals
within 60 min under simulated solar light.

4. Conclusions

In summary, for the first time, the series of novel composites of Zn/Ti
LDH coupled with MXene-Ti3C,T, were successfully synthesized and
characterized. The important role of the MXene compound as a co-
catalyst in photocatalytic water treatment was proven. Specifically,
the composite with optimal content of TisCoTx equal to 2.5% exhibited
superior activity towards degradation of acetaminophen (100% within
40 min) and ibuprofen (99.7% within 60 min), frequently detected
pharmaceuticals in surface waters. The presence of MXene - Ti3C; in the
composite structure facilitates electron transfer inhibiting the electron-
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hole recombination process. So far, there are only a few studies con-
cerning the application of LDH/MXene composites in photocatalysis.
Thus, the findings presented in this paper enriched the possible appli-
cation of LDH/MXene photocatalyst for water purification. Further-
more, the essential is the potential use of composite Zn/Ti LDH-2.5%
Ti3Cy for saline water treatment, where activity was unaffected by
interfering inorganic ions, which may have great importance in the
environmental aspects. Besides, this composite also shows excellent
recycling stability with no changes in photocatalytic efficiency and the
material properties in the subsequent cycles of photocatalytic degrada-
tion. Finally, we proposed the mechanism of pharmaceuticals degrada-
tion based on the trapping experiments with scavengers of ROS,
bandgap calculation, and Mott Schottky analysis. The main reactive
oxygen species involved in photocatalytic degradation of acetamino-
phen are superoxide anion radicals (O3 ), while for ibuprofen holes (h*)
and hydroxyl radicals (OH). Overall, the findings presented in this
studies enriched the LDH/MXene photocatalysts, demonstrating highly
prospective strategy for pharmaceuticals treatment under solar light.
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Table 1
The comparison of this work with results presented in recent related papers.
Photocatalyst Catalyst loading Pharmaceutical concentration Light source Degradation efficiency Ref.
(g/dm?) (mg/dm?)
TiO,/polyethersulphone n.d. (film - 320 ACT, 10 UV-A lamp 80%in7h Chijioke-Okere et al.
cm?) (2021)
Sr@TiO,/UiO-66-NHy 0.25 ACT, 5 Xe lamp with a 320 nm 90% in 4 h Wang el al. (2022)
cut off filter
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cut off filter (2021)
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biochar-ZnAl,04 1 IBP, 20 Hg lamp 100% in 2 h Siara el al. (2022)
Ag/Bi-decorated BiOBr 0.3 IBP, 20 Xe lamp 92.3% within 1 h Qin et al. (2022)
FeO supported on modified Iranian 0.3 IBP, 25 Xe lamp 99.8% in 3 h Mohadesi et al. (2022)
clinoptilolite
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2. Experimental
2.3 Photocatalytic activity

Table 1S. Properties of acetaminophen and ibuprofen

Property Acetaminophen Ibuprofen
o OH CHs

Chemical )J\ /©/ CH OH
structure ?

ch N (0]

H HsC
Molecular
weight 151.16 g/mol 206.28 g/mol
pKa 9.38 491

3. Results and discussion
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Table 2S. Characteristics of prepared Zn/Ti LDH and Zn/Ti LDH-Ti;C, composites.

Sample Crystallite Bandgap BET surface area  Pore volume
size energy (m%/g)

(nm) (eV) (cm’/g)

TisC, 7 - 10.2 0.005

Zn/Ti LDH 24 32 129.4 0.064
Zn/Ti LDH-0.5% TisC, 34 3.22 119.6 0.059
Zn/Ti LDH-2.5% Ti;C, 32 3.25 131.2 0.064
Zn/Ti LDH-5% Ti:C, 30 3.25 134.5 0.066
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e

Figure 1S. Comparison of SEM images of pure Zn/Ti LDH (a), Zn/Ti LDH-0.5% (b), Zn/Ti
LDH-2.5% (c), and Zn/Ti LDH-5% (d)
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Figure 2S. TEM images before (a) and after fourth photocatalytic cycles (b), elemental
mapping (c-d) for Zn/Ti LDH-2.5%

—— Zn/Ti LDH
—— Zn/Ti LDH-0.5% Ti,C,

—— Zn/Ti LDH-2.5% Ti,C,
—— Zn/Ti LDH-5% Ti,C,

[F(R)-hv]" (arb. units)

il )
T T T T T T T T T T T T T T T
2829 30 31 32 3.3 34 35 36 37 3.8 3.9 40 41 42 43 44

E (eV)

Figure 1S. Kubelka-Munk plots for the bandgap energy calculation of Zn/Ti LDH and Zn/Ti
LDH-Ti;C,
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Figure 4S. The XPS survey spectra of Zn/Ti LDH- 2.5% Ti;C,
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Figure 5S. XPS spectra Zn 2p, Ti 2p, O 1s, and C 1s regions for Zn/Ti-LDH-2.5% Ti;C,
before (a) and after 4 photocatalytic cycles (b)

Table 3S. The rate constant of acetaminophen degradation and TOC concentration after the
process (initial ACT solution TOC = 11.5 mg/dm?®)

The rate constant of acetaminophen TOC concentration
Sample degradation (mg/dm?)
(min"'+10?)
photolysis 0.2 11.4
Zn/Ti-LDH 8.1 7.5
Zn/Ti LDH-0.5% Ti;C, 11.5 6.4
Zn/Ti LDH-2.5% Ti;C, 12.8 6.1
Zn/Ti LDH-5% Ti;C; 8.4 7.3
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Table 4S. The rate constant of ibuprofen degradation and TOC concentration after the process

(initial IBP solution TOC = 12.6 mg/dm®)

The rate constant of ibuprofen

TOC concentration

Sample degradation (mg/dm?)
(min™-10?)
photolysis 2.8 11.2
Zn/Ti LDH 5.8 7.7
Zn/Ti LDH-0.5% Ti;C, 7.0 6.6
Zn/Ti LDH-2.5% TiC, 7.1 6.0
Zn/Ti LDH-5% TisC, 6.2 6.7

Table 5S. The rate constant of acetaminophen degradation and TOC concentration after the

process (initial ACT solution TOC = 11.5 mg/dm®) for the dose of photocatalyst equal to

1g/dm’
The rate constant of acetaminophen TOC concentration
Sample degradation
(min™+10?) (mg/dm?)

Zn/Ti LDH 7.0 9.2

Zn/Ti LDH-0.5% Ti;C, 9.5 8.1
Zn/Ti LDH-2.5% Ti;C, 10.6 7.4
Zn/Ti LDH-5% Ti;C, 7.8 8.5

Table 6S. The TOC concentration for ibuprofen and acetaminophen degradation in model

seawater (initial ACT solution TOC = 11.6 mg/dm’, initial IBP solution TOC = 12.9 mg/dm®)

TOC concentration

Sample

(mg/dm?®)

ACT for Zn/Ti LDH-2.5%Ti;C,in
model seawater

IBP for Zn/Ti LDH-2.5%TisC,in
model seawater
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Rozdziat lll. Enhanced photocatalytic activity
of accordion-like layered Ti;C;, (MXene)
coupled with Fe-modified decahedral
anatase particles exposing {1 0 1} and {0 0 1}

facet
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ARTICLE INFO ABSTRACT

Keywords: New composites consisting of decahedral anatase particles exposing {001} and {101} facets coupled with
Carbamazepine accordion-like layered Ti3Cy with boosted photocatalytic activity towards phenol and carbamazepine degrada-
MXene

tion were investigated. The photocatalysts were characterized with X-ray diffraction (XRD), diffuse reflectance
spectroscopy (DR/UV-Vis), Brunauer-Emmett-Teller (BET) specific surface area, Raman spectroscopy, scanning
electron microscopy (SEM), electron paramagnetic resonance (EPR) spectroscopy, emission spectroscopy,
luminescence decay analysis, electrochemical impedance spectroscopy (EIS), transmission electron microscopy
(TEM), X-ray photoelectron spectroscopy (XPS), thermogravimetric analysis (TGA), and electrophoretic mobility
measurements. The effect of hydrothermal reaction parameters on physicochemical, structural, and photo-
catalytic properties was studied. In all photodegradation processes, ortho-hydroxyphenol and para-hydrox-
yphenol were detected as the first intermediates of phenol decomposition. For the TiOy/TizCy(140,12) sample
containing Vqj, a higher concentration of para-hydroxyphenol than ortho-hydroxyphenol was observed, whereas
for sample TiO,/TizC,(220,24) higher concentration of ortho-hydroxyphenol was noticed. The formation of
surface heterojunction between {101} and {001} facets of decahedral anatasce particles grown on TizCy surface
led to improved photoelectron transfer and enhanced photocatalytic activity towards degradation of carba-
mazepine - non-biodegradable and susceptible to bioaccumulation in living organisms commonly used phar-
maccutical agent. Morcover, modification of TiO»/TizCy surface with iron by magnetron sputtering deposition
markedly improved photocatalytic activity in carbamazepine decomposition, with nearly 100% degradation in
60 min of irradiation under simulated solar light.

Decahedral anatase particles
Titanium carbide

{101} facet

{001} facet
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1. Introduction

Pollution of the aqueous environment with organic compounds from
year to year becomes a more significant problem globally. According to
the European Environmental Agency report, only about 38% of surface
waters are in good chemical condition [1]. There are various organic
compounds with potentially adverse health effects on living organisms
emitted to the environment, including nonsteroidal anti-inflammatory
drugs, antibiotics, hormones, plasticizers, antimicrobials, or

* Corresponding authors.

surfactants [2].

Among the group of emerging contaminants, carbamazepine (CBZ) is
an efficient anticonvulsant and neuropathic painkiller [3] frequently
detected in wastewaters in concentrations range from 1 to 3600 ng/dm?,
while in pharmaceutical effluents reaches even up to 443 mg/dm® [4].
The CBZ is a low biodegradable and high persistent compound. Thus
only below 10% of its content is effectively removed at conventional
wastewater treatment plants [5]. Moreover, some recent studies
confirmed CBZ toxicity for sludge microbial activity and aquatic
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organisms like bacteria, algae, invertebrates, and fish [6]. Various
methods have been proposed for carbamazepine degradation, including
ozonation, extraction, membrane-based separation, or biological pro-
cesses [7-11]. Furthermore, special attention has been paid to photo-
catalytic degradation of emerging contaminants and persistent organic
pollutants as an efficient and green technology [12].

Heterogeneous photocatalysis is a sustainable and promising strat-
egy intensively investigated for water splitting [13], bacterial disinfec-
tion [14], carbon dioxide reduction to energy fuels [15], and
degradation of persistent organic pollutants for environment purifica-
tion [16]. However, it is still challenging to design a durable photo-
catalyst highly active in solar light (UV-Vis).

The surface chemistry of a photocatalyst is one of the most crucial
parameters influencing semiconductor material’s surface properties and
photocatalytic activity. The most commonly used method to inhibit
electron-hole pairs recombination and enhance Vis light activity is a
modification of semiconductors, primarily TiO, nanoparticles with
noble metal nanoparticles [17]. Noble metal nanoparticles (NMNPs)
may improve the photocatalytic activity in UV-Vis light due to surface
plasmon resonance properties and prolong photo-induced charge car-
riers due to the formation of Schottky's barrier at the semi-
conductor-metal interface. Moreover, NMNPs facilitate electron
transport by the equilibration of the Fermi levels [17]. Nonetheless, this
method is relatively expensive, and the photocatalytic activity of semi-
conductor material strongly depends on noble metal nanoparticles
morphology (size and shape), which is also determined by the reaction
environment [18]. Thus less cost and more straightforward solutions are
still in demand.

Recently, two-dimensional (2D) materials have attracted great in-
terest in various fields, including electrocatalysis, energy storage, sen-
sors, and photocatalysis [19-23]. Highly anisotropic 2D semiconductors
characterized with atom-level thickness, tunable composition, and well-
defined structure may offer many desirable properties such as enhanced
electron-hole separation, high mobility of charge carriers, and also
reduced charge carriers recombination rate [24-25]. The 2D materials
possess an improved surface to volume ratio and, as a consequence,
significantly developed surface area. Furthermore, 2D semiconductor
materials with exposed {101} and {001} facets are expected to play a
crucial role in enhancing the photocatalytic degradation of emerging
contaminants. Another approach is creating interfacial heterojunction to
induce an internal electric field, enhancing charge carriers separation
[26-29].

MXene compounds with graphene-like morphology have become
promising materials instead of platinum or palladium as a noble-metal-
free co-catalyst. The MXene group consists of transition metal carbides,
nitrides, or carbonitrides [30]. Wei et al. [31] reported the potential
application of TizAlCy as support for uniform nucleation of lithium
particles for Li-based batteries. MXenes are materials with advantageous
lithiophilicity, flexibility, mechanical robustness, and good electronic
conductivity [31-32]. Due to its properties close to metallic, MXenes
may create a Schottky barrier at the MXenes-semiconductor interface
and enact as a reservoir for photo-generated electrons [33]. Moreover,
they may improve photocatalyst stability, carrier density, and light ab-
sorption over a broader spectrum [34-35]. Hybrid MXene photo-
catalysts have been already successfully combined with BisWOg [36],
CdS [34], ZnS [37], AgsPO, [38], g-C3N4 [39], Cu,0 [40], BiOBr [41],
Fe,04 [42], and TiO, [43]. Furthermore, some MXene-derived materials
such as MXene/AuNPs, MXene/PdNPs may be prepared by a cost-
effective self-assembly technique. The self-assembled composites are
characterized by tunable nanoparticles size with uniformly dispersed
particles on the MXene substrate, well-controlled by optimized reaction
time [44-48]. The application of MXene as a co-catalyst reported in the
literature focused on the photocatalytic removal of dyes from the
aqueous environment [49-50], hydrogen generation, and CO, reduction
[51-53].

In this regard, in the present study, MXene compound — Ti3CoTx was
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used for in-situ preparation of composite photocatalyst consisting of
decahedral anatase particles (DAPs) and titanium carbide (Ti3C,). DAPs
with eight equivalent {1 01} facets and two {001} facets are expected to
reveal improved photocatalytic activity. The exposed facets determine
photocatalytic activity and degradation pathway of emerging organic
pollutants. Therefore, the influence of surface structure properties of
TiO,/Ti3Cy layered composite on photocatalytic activity was studied in
detail. Moreover, for the first time, in this study, new Fe-modified
composites prepared through magnetron sputtering deposition on dec-
ahedral anatase particles exposing {001}, {101} facets coupled with
Ti3C, were obtained and applied for photocatalytic degradation of
phenol - a model organic pollutant and carbamazepine anticonvulsant
and neuropathic painkiller, which belongs to the group of emerging
organic contaminants. The effect of synthesis temperature and time on
TiO5/Ti3Cy and Fe-modified TiOy/Ti3Cy; composites structural proper-
ties and photocatalytic activity was investigated.

2. Experimental
2.1. Materials

The MXenes matrix TizAlC-Ti3AlC; (50 pm) was purchased from
NANOGRAFI Co. Ltd. Hydrofluoric acid (48%), and tetrafluoroboric
acid (48 wt% in H20 used for synthesis were purchased from Sigma
Aldrich. Phenol (99%) and carbamazepine were purchased from Sigma
Aldrich. Scavengers: benzoquinone (reagent grade, > 98%) and tert-
butanol (anhydrous, > 99.5%) were purchased from Sigma Aldrich,
POCH Gliwice provided AgNO3 (pure p.a.) and EDTA (pure p.a.). Alfa
Aestar provided nickel (IT) oxide (99.998% metals basis) to determine
sample crystallinity. Deionized water (DI) was used in all experiments.
All reagents were used as received without further purification.

2.2. Preparation of Ti3CyTy

TizCy Ty (Ty — termination groups -O, -OH, and -F) matrix was pre-
pared by selective etching of the Al layer from Ti3AlC,. In this regard, 1 g
of TipAlC-Ti3AlC, powder was dispersed in 10 em® of 48% HF solution
and continuously stirred at room temperature for 24 h. In the next step,
the obtained suspension was centrifuged and washed with DI water until
the pH of 7 (neutral pH). The resulting powder was dried under air
condition at 80 °C to dry mass.

2.3. Preparation of TiO2 /Ti3Cz layered composite

In a typical experiment, TiO,/TisCy composites were prepared by
dispersing 0.4 g of Ti3Cy in 59.2 cm® DI water and sonication for 10 min
to agglomerates breakdown. Then, 0.8 cm?® of HBF,4 was added dropwise
under magnetic stirring. The dispersion was stirred for 30 min and
transferred to a 200 cm® Teflon-lined stainless-steel autoclave reactor.
The reaction temperature was selected from 140 °C to 220 °C. The re-
action time equaled 6, 12, or 24 h. The final photocatalyst was centri-
fuged and washed with DI water until the pH of 7 (neutral pH). Then the
sample was dried under air condition at 80 °C to dry mass.

2.4. Preparation of Fe- TiO,/Ti3C, composite

The Fe-TiO,/Ti3Cy composites were prepared according to the pro-
cedure described in paragraph 2.2. The TiO,/Ti3C, sample was syn-
thesized at 140 °C for 12 h and 220 °C for 24 h. In the next step, thin
layers of TiOy/Ti3Cy were applied on the glass slide and dried at 80 °C
for 1 h. Iron deposition on the TiO»/Ti3C; surface was conducted using a
magnetron sputtering system (Q150S, Quorum Technologies, Lewes,
UK) with mounted highly pure Fe target (99.5%, EM-Tec). The Fe
thickness was controlled by quartz microbalance and implemented the
program and set to 20 nm.


http://mostwiedzy.pl

/\/\ MOST WIEDZY Pobrano z mostwiedzy.pl

J——

A. Grzegorska et al.
2.5. Characterization of TiO2/Ti3Cz and Fe- TiO2/Ti3C2 photocatalysts

The crystallinity and average crystallite size were investigated by X-
ray powder diffraction. The analysis was performed using Rigaku
Intelligent X-ray diffraction system SmartLab (Rigaku Corporation,
Tokyo, Japan), equipped with a sealed tube X-ray generator operating
with Cu Ko radiation 40 kV and 30 mA. Scans were recorded in the 20
range from 5° to 80°, with a speed 2°min~! and a step of 0.01°. The
crystalline and amorphous phase content was analyzed using an internal
standard - NiO.

Nitrogen adsorption—desorption isotherms were measured at 77 K
(boiling point of liquid nitrogen) with the Micromeritics Gemini V
apparatus (model 2365) (Norcross, GA, USA). The surface area and pore
volume were determined by the multipoint BET method. Before each
measurement, the samples were degassed at 200 °C under a constant
flow of nitrogen. The nitrogen isotherm was measured in a partial
pressure range from 0.05 to 0.3.

Diffuse reflectance (DR/UV-Vis) spectra were recorded in the
wavelength range from 200 nm to 800 nm using a ThermoScientific
Evolution 220 spectrophotometer (Waltham, MA, USA). As a reference,
barium sulfate was used. The photocatalysts bandgap energy was
calculated from the corresponding Kubelka-Munk function, (R)O'SES,';F’
against Eyp, where Epy, is photon energy.

Electron paramagnetic resonance (EPR) spectroscopy was used to
investigate the structural defects of TiO2/Ti3Cz composites. The EPR
analysis was performed at room temperature in a RADIOPAN SE/X-2547
spectrometer. EPR measurements were conducted at X-band (= 8.9
GHz), employing a reflection resonator with a modulation frequency of
100 kHz.

The composites’ surface morphology was examined by scanning
electron microscopy (SEM) using SEM Microscope FEI Quanta FEG 250.
Moreover, the images and selected area electron diffraction (SAED)
patterns were obtained for the most photocatalytic active samples using
the transmission electron microscope (TEM) Tecnai 20F X-Twin, an
electron source, cathode with field emission gun (FEG), EHT = 200 keV,
camera for TEM Orius, Gatan Inc.

The X-ray photoelectron spectroscopy (XPS) analysis was carried out
to determine the elemental composition, types of functional groups, and
chemical bonds on photocatalysts’ surface. The samples were measured
under high vacuum conditions in the multi-chamber UHV system (Pre-
vac, Poland). Before the analysis, the photocatalysts were immobilized
on the molybdenum supports. For X-ray excitation of photoelectrons, a
monochromatic Al Ka X-ray radiation (E = 1486.7 eV) was applied. All
of the binding energies were calibrated by the C 1 s peak at 285.0 eV.

The Mott Schottky analysis was performed to determine the flat band
potential of the TiO,/Ti3C, composites. The prepared material on
fluorine-doped tin oxide glass (FTO) was used as a working electrode
tested in a three-electrode system, where Ag/AgCl/0.1 M KCl and Pt
mesh were used as reference and counter electrode, respectively. The
deaerated 0.5 M NaySO4 solution was used as a supporting electrolyte.
The electrochemical spectroscopy impedance (EIS) data were recorded
from the anodic towards a cathodic direction. EIS data were recorded for
the applied frequency of 1000 Hz in the potential range from 0.1 to —1.2
V vs. Ag/AgCl/0.1 M KCl using a 10 mV amplitude of the AC signal. The
potentiostat-galvanostat Biologic SP-150 controlled those conditions.
The Mott-Schottky plot describing the relation Csc2 vs. E was obtained
using the following calculation of the space charge capacitance Cg¢; = -1/
(2nfZin,), where the imaginary part of the impedance Z;;,, was taken into
account, f stands for the frequency of AC signal. The flat band potentials’
positions were determined based on the tangent's intersection to the
Mott-Schottky plot with the potential (E) axis. The value of donor den-
sity was calculated according to the theory of space charge capacitance
of the semiconductor given by the relation Nq = 2/(S x egge), where € is
the dielectric constant of TiOy, g is the vacuum permittivity, e stays for
the electron charge, and S stays for the Mott-Schottky plot. In calcula-
tions following values were used: gy = 8.85 x 10’12F/m, e = 38 for
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anatase-TiOs, and e = 1.602 x 10~ 1°C, while S was determined from the
run of Mott-Schottky plot.

The photocurrent measurements were carried out in a three-
electrode cell, with photocatalyst sample on the FTO glass as the
working electrode, Ag|AgCl as the reference electrode, and Pt wire as the
counter electrode, in 0.5 M NazSO4 at 20 °C. The electrolyte was purged
with argon before the measurements to remove the dissolved oxygen.
The photoelectrochemical response was studied in a chro-
noamperometry measurement at polarization potential of + 0.5V vs. E,.
after the 2000 s of conditioning. Gamry Reference 600+ (Gamry In-
struments, USA) potentiostat/galvanostat was used in the experiment.

The Raman spectra were recorded by a confocal micro-Raman
spectrometer (InVia Renishaw) with sample excitation using an argon-
ion laser emitting at 514 nm and operating at 5% of its total power
(50 mW).

Emission spectra and luminescence decay curves were acquired
using a grating spectrograph (Princeton Instr. Model Acton 2500i)
coupled to a CCD streak camera (Hamamatsu Model C5680) which
operates in the 200-1100 nm spectral region with a temporal resolution
of 20 ps. As an excitation source, a femtosecond laser (Coherent Model
“Libra™) coupled to an optical parametric amplifier (Light Conversion
Model “OPerA™) was used.

The thermogravimetric analysis (TGA) was performed on an SDT
2960 TA analyzer in air atmosphere; heating rate 10° min~?, under 10
em®min! air flow rate, heating range up to 800 °C with powdered
samples in a corundum crucible; sample mass 7-10 mg.

Investigation of photocatalyst functional groups before and after
irradiation was conducted using Fourier-transform infrared spectros-
copy (FTIR). The measurements were carried out using the Nicolet iS10
(Thermo Fisher Scientific Waltham, MA, USA) spectrometer at room
temperature. The measurements were conducted in the wavenumber

range from 4000 to 400 em L.

2.6. Photocatalytic decomposition of phenol — Model organic pollutant

The photocatalytic activity was evaluated in reaction of phenol
decomposition under UV-Vis light. The initial concentration of phenol
was equal to 20 mg-dm 3 (pH = 6.8). The photodegradation reactions
were performed in a quartz reactor equipped with an air supply mode.
The photocatalyst at the content of 2 g-dm_3 and 25 cm® of the aqueous
solution of the model pollutant (phenol) was introduced into the reactor
and kept in the dark for 30 min under continuous stirring to achieve
adsorption—desorption equilibrium before irradiation. A 300 W Xe lamp
(LOT Oriel, Darmstadt, Germany) was used as an irradiation source. The
light flux in the UV range (310 nm < X < 380 nm) equaled 30 mW-cm 2.
The sample aliquots were collected at 0, 20, 40, and 60 min of irradia-
tion. The photocatalyst particles were separated from the solution using
a 0.2 pm syringe filter. The progress of phenol photodegradation and
intermediates concentration were analyzed using reverse-phase high-
performance liquid chromatograph Shimadzu LC-6A (Kyoto, Japan)
with photodiode array detector Shimadzu SPD-M20A. The measure-
ments were performed at 45 °C and under isocratic flow conditions of
0.3 em®*min~!. A volume composition of the mobile phase of 70%
acetonitrile, 29.5% water, and 0.5% orthophosphoric acid was applied
to determine phenol concentration.

2.7. Photocatalytic decomposition of carbamazepine

In the next step, the TiO,/TizC, and Fe-TiO,/Ti3C, composites’
photocatalytic activity was evaluated in reaction of carbamazepine
degradation under UV and UV-Vis light. The initial concentration of
carbamazepine was equalled to 14 mg/dm3 (pH = 6.5). The photo-
catalytic reactions were performed in the 25 ecm® quartz reactor equip-
ped with an air supply mode. The photocatalyst at the content of 2
g-dm~> was kept in the dark for 30 min under continuous stirring to
achieve adsorption-desorption equilibrium before irradiation. A 300 W
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Xe lamp (LOT Oriel, Darmstadt, Germany) was used as an irradiation
source. The optical path included a water filter and glass filter UG11 to
cut off IR and Vis. The glass filter UG11 transmitted light in the range of
250 =+ 400 nm (max. 330 nm). The temperature during the experiments
was maintained at 20 °C. The sample aliquots were collected at 0, 20, 40,
and 60 min of irradiation. Furthermore, the photocatalyst particles were
separated from the solution using a 0.2 pm syringe filter. The progress of
carbamazepine photodegradation was analyzed using reverse-phase
high-performance liquid chromatograph Shimadzu LC-6A (Kyoto,
Japan) with photodiode array detector Shimadzu SPD-M20A. The
measurements were performed at 45 °C and under isocratic flow con-
ditions of 1.5 em®min 1. A volume composition of the mobile phase of
39.5% acetonitrile, 60% water, and 0.5% orthophosphoric acid was
applied to determine carbamazepine concentration.

2.8. Verification of the degradation mechanism using scavengers

The charge carriers and reactive oxygen species participating in the
photocatalytic reaction were investigated to provide insight into the
mechanism of organic contaminants degradation in the presence of
TiO,/Ti3C; layered composites. The photocatalytic activity was evalu-
ated according to the procedure described in paragraphs 2.4 and 2.5
with the addition of a proper amount of scavenger solution to reach
concentrations equal to 20 mg-dm™ and 14 mg-dm ™ for phenol and
carbamazepine, respectively. EDTA was selected as holes scavenger
(h"), AgNO; for electrons (e), tert-butyl alcohol for free hydroxyl radi-
cals (-OH), and benzoquinone for superoxide radical anions (-03).

3. Results and discussion

3.1. Characterization of TiO5/Ti3C5 and Fe-modified TiO5/TisCy
photocatalysts

The surface properties of semiconductor material, primarily the
surface area, crystallinity, particle size, and exposure of single crystal
facets, significantly influenced distinctive physical and chemical prop-
erties, including photocatalytic properties in oxidation-reduction
reactions.

Fig. 1 shows the TiO/Ti3Cy composite crystal structure’s schematic
representation obtained by a two-stage synthesis route. The accordion-
like MXene structure was synthesized by selective Al etching from the
Ti3zAlC,-Ti»AlC matrix. The accordion-like structure of MXene may in-
crease chemical activity and provide unique optical and physicochem-
ical properties arising from the confined thickness and development of
the surface area. The surface of MXene was partially oxidized into
decahedral anatase particles with exposed {101} and {001} facets by
the solvothermal reaction in the environment of HBF4, leading to the
formation of the composite structure.

The surface structure determines the efficiency of various groups of
pollutants degradation. It also affects the path of their decomposition as
a result of differences in (1) the surface density of the excited charge
carriers, (2) adsorption capacity of the pollutant, (3) photo-reduction or
photo-oxidation properties involving direct pollutants degradation or
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generation of other reactive oxygen species. Based on our previous study
[54], it was assumed that exposed facets are crucial concerning the
mineralization efficiency and the pathway of phenol degradation. The
TiOy octahedral particles exposing {101} facets favored electron
localization on the surface and exhibited the highest phenol minerali-
zation efficiency [54].

The morphological properties were analyzed based on microscopy
analysis. The scanning electron microscopy images of TiO2/TizCy com-
posites are shown in Fig. 2 and Fig. 1S in the Supporting Materials. The
solvothermal reaction in the presence of HBF4 aqueous solution led to
the oxidation of titanium carbide layers to titanium(IV) oxide. The SEM
analysis revealed significant differences between the size of decahedral
anatase particles obtained with variable solvothermal reaction time and
temperature. An increase in reaction time and temperature caused the
formation of smaller, tightly compacted, and differentiated sizes of TiOy
particles. Furthermore, the reaction performed at the highest tempera-
ture of 220°C led to complete oxidation of Ti3C, into the TiO; structure.
Therefore, for sample TiO2/TizC2(220,24) only TiO3 in the decahedral
shape with co-exposed {101} and {001} facets was noticed on micro-
scopy images (Fig. 1S and 2S in the Supporting Materials). Exposition of
the crystalline planes and surface heterojunction between both facets
facilitates inter-facet charge carriers’ transport and separation, leading
to enhanced photocatalytic activity [55]. Based on scanning microscopy
analyzes, co-exposed facets’ content was expressed as an average ratio of
eight lateral {101} facets and two vertical {001} facets, measured for
50 decahedral TiOy particles. This value was calculated for two of the
most active samples TiO/Ti3Cy(140,12) and TiO,/Ti3Cy (220, 24). The
ratio of {101}/{001} facets equaled to 45:55. However, due to the
agglomeration of anatase decahedral particles, potential exposure of
{001} facets is reduced. According to Yu et al. [56], TiO, decahedral
particles with the {101} to {001} facets ratio equaled to 50:50 possess
significantly improved photocatalytic activity. This optimal ratio of
facets leads to photogenerated electrons’ transfer to {101} and holes to
{001} facets, hindering the e-h recombination process.

For the most photocatalytic active samples modified with iron spe-
cies, the TEM analyzes were performed. The SAED pattern of TiOy/
Ti3C,(220,24) confirmed the formation of TiO,. The layer spacing equal
to 0.35 nm (Fig. 3-a) referred to (101) planes found on the exposed
{101} facet of TiO3. For TiO3/Ti3Cy(140,12) composite, two lattice
spacings of 0.25 nm and 0.35 nm were also distinguished, indicating the
presence of {006} of TizCy and {101} facet of anatase decahedral
particle (Fig. 3-c). The TEM analysis confirmed the presence of Fe at the
surface of decahedral anatase particles. Based on the STEM-EDS anal-
ysis, the content of iron for Fe-TiO3/Ti3C3(220,24) was about 3 at.%, as
shown in Fig. 2S in the Supporting Materials.

The XRD analysis confirmed the presence of 40% of Ti,AlC and 60%
of Ti3AlC; in the MXene precursor — MAX phase. The peaks corre-
sponding to Ti;CTy after precursor etching with 48% hydrofluoric acid
were not observed, suggesting that Ti,AlC underwent complete disso-
lution due to the lower stability compared to Ti3AlC,. The XRD patterns
of raw Ti3AlCy-TizAIC and TisCyTy are shown in Fig. 3S in the Sup-
porting Materials. The characteristic reflection attributed to TizAlC; at
20 = 9.5° for the plane (00 2) was shifted to a lower value of 8.9° 20 for
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Fig. 1. Visualization of TiO,-TizC, composite crystal structure.
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Fig. 2. SEM images of a) TiO,/Ti3C,(160,6) b) TiO,/Ti3C,(140,12).

TizCyTy. It may be explained as a structural expansion resulting in an
increase in d-spacing due to the alumina etching from the structure and
its substitution with fluoride, oxygen, or hydroxyl terminating groups
[57]. The reflection at 20 = 25° suggesting the presence of a second
phase after the etching process using 48% HF, which may be assigned to
low quantities of TiO, or Al,03. For all the obtained composites, the
formation of anatase particles was confirmed. The main diffraction peak
of anatase was observed at 20 = 25.1°, corresponding to the (101) plane
diffraction, as presented in Fig. 4. Moreover, for anatase particles, the
diffraction peak positions attributed to (103), (004), (112), (200),
(105), (211), (213), (204), (116), (220), (215), and (301) planes
also confirmed the formation of anatase phase, which is in accordance
with JCPDS card no. 21-1272. The extension of time and increment of
synthesis temperature increased the relative intensity of anatase signals
and composites’ crystallinity (see Fig. 4 and Table 18 in the Supporting
Materials). Furthermore, the reflections specific to Ti3Cy at 8.9° 20 and
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18.2° 20 were observed only for samples TiO,/TizCy(140,6), TiOy/
Ti3C2(160,6), TiO2/TisC2(180,6), TiO/TisCy(140,12). The increase in
temperature above 200°C and extended solvothermal reaction time led
to oxidation of the Ti3CyTyx structure to anatase. Furthermore, signals
that occurred at 20 = 35.8°, 41.6°, and 60.4° implied the presence of TiC
with crystallite planes (111), (200), and (220), respectively in accor-
dance with JCPDS card no. 65-8417. The diffraction peaks corre-
sponding to lattice plane reflections of iron species should be located at
around 25.24°, 35.95°, 36.9%, 47.93°, 54.94°, and 62.0°, but they can be
overlapped by peaks attributed to anatase crystallites. Moreover, the
presence of iron does not affect the crystal structure of TiOy/Ti3Cy
regarding the low amount of Fe loading as well as high dispersion on
TiOy/Ti3Cy surface. The intensity of diffraction peaks and anatase
crystallite size determined based on the Scherrer equation was similar
within the series of samples TiO,/Ti3C, (140,12), Fe-TiO,/TizCy
(140,12), and TiO/TisCy (220,24), Fe-TiOy/TisCy (220,24) non-
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Fig. 3. TEM images and SAED analysis of a) TiO,/TizC,(220,24), b) TEM analysis of Fe-Ti0,/Ti;C,(220,24), ¢) SAED and TEM analysis of Ti0,/Ti3C,(140,12), d)

TEM analysis of Fe-TiO,/TizC(140,12).
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Fig. 4. X-ray diffraction patterns of TiO,/Ti3C, and Fe-modified TiO,/Ti;C, composites.

modified and modified with iron (see Table 1).

The TiO»/Ti3Cy photocatalysts’ physicochemical properties, e.g.,
crystallite sizes, indirect band gap values, BET surface areas, are sum-
marized in Table 1. The average anatase crystallite size calculated
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according to the Scherrer equation varied from about 33 nm to 56 nm for
samples TiO2/Ti3C2(200,6) and TiO2/Ti3Cy (140,6), respectively.

The etching of aluminum from Ti3AlCy-TiAlC resulted in BET sur-
face area development, which increased 2-fold compared to the raw
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Table 1
Characteristics of prepared TiO,/TizC, composites.
No. Sample Synthesis Anatase BET Eg
conditions crystallite surface (eVv)
P size area
temp. time (nm) (1112/g)
Q) (h)

1 TisAlC,-Ti,AIC n.d. n.d. n.d. 1.7 n.d.

2 TizCaTy RT 24 nd. 3.1 n.d.

3 TiOy/ 110 6 56 11.4 n.d.
TiyC5(140,6)

4 TiO,/ 140 12 36 13.5 n.d.
TisC,(140,12)

5 TiOy/ 140 24 41 6.9 2.4
TizCy(140,24)

6 TiO,/ 160 6 35 10.2 n.d.
Ti4C»(160,6)

7: Ti0,/ 160 12 10 8.0 24
Ti3C2(160,12)

8 TiOy/ 160 24 48 7.1 2.75
TisCy(160,24)

9 TiOy/ 180 6 47 7.6 1.75
TizC2(180,6)

10 TiOy/ 180 12 40 8.2 2.65
TisC,(180,12)

11 TiOy/ 180 24 11 7.0 275
TisCo(180,24)

12 TiOy/ 200 6 33.5 6.9 1.85
TiyCy(200,6)

13 TiO,/ 200 12 38 7.2 2.75
TiaC,(200,12)

14 TiOy/ 200 24 35 5.6 2.95
TizCy(200,24)

15 TiO,/ 220 6 45 5.3 2.5
TiyC,(220,6)

16 TiOs/ 220 12 18 6.2 2.75
Ti3C(220,12)

17 TiO,/ 220 24 49 5.4 3.0
TisCa(220,24)

18 Fe-TiOy/ 110 12 35 13.9 n.d.
Ti3C2(140,12)

19 Te-TiOy/ 220 24 50 5.4 3.0
TisC(220,24)

material of Ti3AlCy-Ti»AlC. For TiO,/Ti3C, composites, the BET surface
area varied from 5.3 to 13.5 mz-g’l. The formation of TiO5 on the Ti;Cy
surface resulted in a 2 to 4-fold increase of the specific surface area.
Increasing solvothermal reaction time from 6 to 12 h increased the
surface area, while 24-hour reactions had the reverse effect, probably
due to the formation of tightly compacted agglomerates of TiO2 struc-
tures. Moreover, an increment of reaction temperature led to a reduction
of the photocatalyst’s surface area from 13.5 m%g ' to 6.2 m%g~! for
samples TiO,/TizCy(140,12) synthesized at 140 °C, and TiOy/
TizC2(220,12) obtained at 220 °C, respectively.

The Ti3C,Ty functionalized with -F, -O, and ~OH terminate groups
after the etching process is a material with metallic properties, showing
the characteristic of a narrow bandgap semiconductor (0.05-0.1 eV)
[58]. Among TiO4/Ti3Cy composites, only the sample synthesized at the
highest temperature of 220 °C for 24 h exhibited the bandgap value
comparable with decahedral anatase particles (about 3.0 eV) [59],
suggesting complete oxidation of Ti3Cy to TiO3. The narrow bandgap of
TiO2/Ti3Cy composites (2.4 eV — 2.75 eV) synthesized at lower tem-
peratures of 140 °C, and 160 °C resulted from a Ti3C, presence in the
composite structure, while for samples synthesized in solvothermal re-
action for 6-12 h at 200 °C — 220 °C the narrower bandgap resulted
from the carbonic species present in the structure of TiO; (C-doped
TiOg2). The deposition of iron at the TiO,/Ti3Cy sample did not change
the physicochemical properties (BET surface area, crystallite size, Eg
value) of the obtained composite material.

The XPS was used to determine the surface composition and oxida-
tion state of elements in the TiO,/Ti3Cy composites. The XPS analysis
confirmed that samples contain the following elements: Ti, O, C, Al, and
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F. For TiO2/Ti3C, composites synthesized from TizAlCy-TizAlC structure
at lower temperatures, the presence of alumina and fluorine in the form
of AlF; and Al,O3 was noticed. As presented in Table 2, aluminum and
fluorine content in TiOy/Ti3Cy(220,24) was 2.94 at.% and 1.94 at.%,
respectively. Moreover, for TiO,/Ti3Cy(220,24), higher oxygen and
lower carbon content were observed than TiO2/Ti3C2(140,12). These
results confirmed the formation of the TiO, phase from MXene during
the solvothermal reaction at the highest temperature of 220 “C. The
surface oxidation of MXene was also confirmed by identifying Ti 2p 1/2
and Ti 2p 3/2 peaks at binding energies of 465 eV and 459 eV, which
corresponds to Ti'* in TiO, structure.

The XPS spectra for high-resolution Ti 2p, O 1 s, C 1 s core levels of
TiOy/Ti3Cy composites are presented in Fig. 5. Besides the most intense
signal at 459 eV from the Ti-O bond, the Ti 2p3/2 region could be
deconvoluted for components centered at 454.8 eV, 455.4 eV, 456.1 eV,
456.8 eV, 458 eV corresponding to Ti-C and C-Ti-O bonds. Similar to
research performed by Shen et al. [60], the XPS analysis revealed the
presence of C-Ti-F bonds with a signal located at 460.5 eV.

Typical binding energy at about 530.5 eV was related to oxygen in
the TiOy crystal lattice (Ti-O-Ti). According to Peng et al. [61], the peak
at 531.3 eV was assigned to oxygen in Ti-OH/C = O bonds and the peak
at 532.3 eV was related to oxygen in the C-OH bonds. Further signals
located at 533.2 eV and 534 eV may be attributed to Al,O3 and adsorbed
water, respectively [62].

The C 1 s region could be deconvoluted for five peaks at 281.9 eV,
283.3 eV, 284.3 eV, 285 eV, 285.6 eV, which can be assigned to Ti-C, C-
Ti-O bonding at the interfaces of TiO5/Ti3Cy, C = C (sp2), C-C (sp3),
C-H (sp3), respectively [63]. Meanwhile, signals at 286.4 eV, 287.2 eV,
289.3 eV correspond to G-OH, C-O-C, and O = C-OH [64]. The Ti-C, C-Ti-
O bonds were observed for sample TiO,/TizC2(140,12) synthesized at a
lower temperature of the solvothermal reaction, while for TiOy/
Ti3Cy(220,24) were not observed due to complete oxidation of Ti3C; to
TiOs.

The surface properties of photocatalyst modified with iron were
similar to pure TiO/TizCy samples. Meanwhile, the XPS analysis
confirmed the presence of 0.7 at.% of iron after magnetron sputtering at
sample TiO,/Ti3Cy(220,24) and 0.67 at.% of iron for TiOy/
Ti3C2(140,12). For Fe-modified TiO»/TisC., photocatalyst broad Fe 2p
3/2 peak with multiplet splitting characteristic for iron oxides was
observed, as presented in Fig. 6. The XPS spectrum of Fe 2p can be
resolved in two main peaks, which are ascribed to FeO at 711.5 eV and
Fey03 at 712 eV.

The DR/UV-Vis absorption spectra of TiO2/Ti3Cy and Fe-TiO2/Ti3Cy
composites are shown in Fig. 7. The TiOy/Ti3zCy composites absorbed
both UV and visible light. The threshold around 400 nm was observed on
the spectra, indicating the formation of titanium(IV) oxide on the MXene
surface. Moreover, the nanocomposites obtained at higher temperatures
(200 °C and 220 °C) and with a longer reaction time (12 h or 24 h) were
characterized with lower light absorption in the range of 400-800 nm
than those obtained at 140 °C and 160 °C. A decrease in visible light
absorption and emergence of absorption shoulder with a threshold at
400 nm is correlated with the formation of the TiO, phase. The depo-
sition of iron on TiO3/Ti3Cy did not change the shape of spectra and
absorption intensity. Compared to TiO,/Ti3C3(220,24) sample con-
taining decahedral anatase particles, higher absorption properties for

Table 2
XPS analysis of Ti, O, C, Al, F content (at.%) for the selected composites TiO,-
Ti3C2(140,12) ,Ti05-Ti3C5 (220,24), and Fe-Ti0-113C5(220,24).

Sample Content (at.%)
Cls Nls Ols Fls Al Ti2p Fe
2p 2p
Ti0,/TizC5(140,12) 24.69 1.03 41.47 6.02 9.01 17.78 =
TiO,/TizCy(220,24) 33,50 048 4365 1.69 294 17.74 -
Fe-TiO,/ 26.2 51.6 1.1 20.5 0.7
TiaCx(220,24)
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Fig. 5. XPS spectra of titanium (Ti 2p), oxygen (O 1 s), and carbon (C 1 s) region for samples TiO,/TizCy(220,24) and TiO,/TizCy(140,12).

Fe-modified TiO5/Ti3C2(220,24) sample were observed in the Vis light
range of 400-500 nm. Xu et al. [65] reported that the absorption edge
for pristine TiO, was increased in the visible light region from 390 to
750 nm after ultra-thin Fe;O3 surface modification.

The Raman spectra measured for selected photocatalysts presented
in Fig. 8 consist of typical anatase active modes [66]. Their detailed
interpretation is provided in Table 3. However, it should be underlined
that typically the Eg(1) band is observed at 144 cm ! while the maxima
were placed at 150 em™. Such a blue shift can result from a much
smaller grain size (phonon confinement effect) compared to the litera-
ture ones or surface coating [67]. The spectra are quite similar in the
range from 100 cm™! to 1200 ecm™, and their intensity increased with
TiO; content. The surface compound can induce some comprehensive
stress on the most outer atoms of titanium, and following that, the
change in Eg(1) position occurs. Indeed, in most cases, signals typical for
carbonaceous species can be easily detected, known as D and G bands
[68]. The first one, located at ca. 1363 cm ™1 is a breathing mode of Alg
symmetry, including phonons near the K zone boundary and originating
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from the structural defects in the carbon lattice. The G-band present at
ca. 1584 ecm Lis assigned to the in-plane vibrations of sp2 carbon atoms
and is a doubly degenerated phonon mode (E2g) at the Brillouin zone
center. Those features confirm that carbon forms exhibit graphitic
character and can also be responsible for the Eg(1) mode shift.

The EPR spectra are presented in Fig. 9 as the signal intensity against
the G value. The Lande factor (G) was calculated according to the
equation:

hAf
mBA-B

where: G-Lande factor (a.u.); h-Planck’s constant (6.62-10’34; J-s);
f-frequency (Hz); mB-Bohr magneton (9274015440"24; J »T’l); and
B-magnetic field induction (T).

The characteristic G values of about 1.995-2.0 correspond to oxygen
(v,) or carbon vacancies (v.) and of about 1.94 to the presence of Ti3',
which may have originated from TizCy. For TiOy/TizCy layered com-
posites, the recorded EPR resonances line was broad and unresolved,

G- 6))
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Fig. 6. XPS spectrum of iron (Fe 2p) region for sample Fe-TiO,/TizCy.

which demonstrates the formation of a high number of defects [69]. The
highest resonance line about g = 1.94 was noticed for the TiOz/
Ti3C»(140,12) sample, suggesting a higher concentration of Tict,
Meanwhile, for the sample TiO5/Ti3C5(220,24), the strongest signal
occurred about g = 2.0 and may be assigned to the oxygen or carbon
vacancies. Zhang et al. [70] reported that the formation of carbon va-
cancies, which exposed a large number of active sites, may inhibit the
electron-hole recombination process and thus lead to higher photo-
catalytic activity. Moreover, Shen et al. [60] observed that v, promotes
pollutants adsorption on the photocatalyst surface, modulates the elec-
tronic structure, and improves charge carriers accumulation. Carbon
vacancies with unpaired electrons represent conversion centers, where
photo-generated electrons may absorb oxygen for the generation of
photocatalytic active species, e.g., superoxide anion radicals (-O3)
[71-72]. The active sites — Ti** species and carbon vacancies may
participate in the contaminants’ adsorption on the photocatalyst sur-
face. Furthermore, they represent trapping sites for the photo-formed
conduction band electrons [73]. Xu et al. [74] proved that the exis-
tence of Ti*" defects enhances visible-light-driven photocatalysis due to
bandgap narrowing.

Absorbance (a.u.)

Chemical Engineering Journal 426 (2021) 130801

The emission spectra of the most photocatalytic active TiO2/Ti3Ca
and Fe-TiO,/Ti3C, composites were measured under 350 nm excitation
at room temperature, and the results are presented in Fig. 10. For all
compounds, the broad band in the blue region was observed. For sam-
ples TiO/Ti3C»(140,12) and Fe-TiO,/TizC»(140,12) synthesized at
140 °C, the peak maximum was about 460 nm, while for TiOy/
Ti3C2(220,24) and Fe-TiO5/Ti3C»(220,24) samples obtained at a higher
temperature of 220 °C the peak was shifted to 470 nm. As the emission
spectra strongly depend on the particles surrounding the environment
[75], it may suggest that higher synthesis temperature leads to the
changes of the photocatalyst surface. The emission of the composites
was similar to the luminescence of anatase (TiO;) [76] and can be
assigned to charge transfer transition from Ti*' to O at the sites near
defects [77] and emission from the surface oxygen vacancies or defects
[78]. The blue shift observed for presented photocatalysts may also be
the result of the Burstein-Moss effect. The effect is even more expected as
the Fe-modified samples are slightly more blue-shifted compared to un-
modified samples. It is also important to notice that time and laser power
may also lead to the bathochromic effect [79].

The decay curves of the composites’ luminescence were registered
under 350 fs pulse laser at room temperature. It can be noted that the
decay profiles showed the non-exponential character. The non-
exponential profiles of luminescence decays suggest the existence of
carrier trapping sites with different energy levels, leading to a distri-
bution of the carrier transport rates [77]. To calculate decays for all
samples, two-phase exponential decay function with time constant pa-
rameters were used:

X/t

y=yo+Ae N + A"

The analysis of the decay curves showed that longer time and higher
synthesis temperature led to shortening of the luminescence lifetimes
(see Fig. 11). This may suggest a decrease in the number of luminescent
centers (defects) after a more prolonged synthesis at the higher tem-
perature. Analysis of the luminescence decay time showed that Fe-
modified samples revealed longer decays, suggesting energy transfer
between TiO, and Fe species.

As presented in Fig. 12, the Mott Schottky plots’ positive slope
demonstrated the n-type semiconductivity characteristic of TiO2/Ti3Cy
composites [80]. According to Xu et al. [81], regions 1, 2, and 3
correspond to the potential ranges in which the capacitance is domi-
nated by the FTO substrate FTO/layer interface and the semiconducting

. FeTIO,TiCy(140,12)
TiO,/Ti,C,(160,6)
TiO,/Ti,C,(140,12)
TiO,/Ti,C,(200,24)

TiO,/Ti;C,(220,12)
Ti0,/Ti,C,(220,24)

Y Fe-TiO,/Ti,C,(220,24)

+

T T
200 300 400 500

T T T

T T T 1
600 700 800

Wavelenght (nm)

Fig. 7. DR/UV-Vis spectra of the selected TiO,/Ti3C, and Fe-TiO,/Ti3C, composites.
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Fig. 8. Raman spectra of selected '110,/113C, composites.

Wavenumbers of the samples with their assignment.

Band localization (cm™ ')

Assignment

film deposited onto FTO. A similar shape of the Mott-Schottky plot was
recorded by Bresolin et al. [82] and described by Bisquert [83]. When
the applied potential fits the 1st and 2nd region, the space charge zone is
depleted, and the capacitances of the tested electrodes are similar and
overlap this of bare FTO substrate. A linear fit, indicated by the grey
arrow, provides an Eg, of very similar value: ca. —0.3 V vs. Ag/AgCl/0.1
M KCl attributed to the FTO-dominated response. In a more cathodic
range, the activity of all tested materials differs significantly, and the
second flat band potential value can be distinguished, see Table 4. Ac-
cording to the provided data, the FTO/TiO5/Ti3C2(140,12) exhibits the
most positive Ep, value comparing to bare FTO, FTO/ TiOy/
TiyC»(140,24), and FTO/TiO,/Ti3C»(220,24). For iron-modified Ti3Cy,

1 TIOTigCy(140,12)
|
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633 Eg(3)
805 First overtone of Blg at 395 cm !
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Fig. 9. The EPR spectra recorded at RT for selected Ti0,/Ti;C, composites.
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Fig. 10. Photoluminescence emission spectra of TiO,/TizCy and Fe-TiO,/Ti3Cy
photocatalysts.

only one value of flat band potential can be determined, indicating the
high impact of the Fe presence on the electrochemical activity.

For n-type semiconductors, the flat band potential is almost equal to
the conduction band potential. Thus, according to values of Eg, and Eg,
the valence band (VB) edge of composites may be determined by the
following equation:

Evg = Eg + Ecp

The calculated valence band positions of TiO3/Ti3C2(140,24), TiOz/
Ti3Cy(220,24) and TiO,/Ti3Cy(140,12) are approximately 1.53 eV, 2.25
eV and 2.21 eV, respectively. A more positive location of VB is associ-
ated with stronger oxidation power. Thus, samples TiO2/Ti3C3(220,24)

o2l > (o Ml el

—Fit

Normalized Intensity (a.u.)
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and TiO2/Ti3Cp(140,12) exhibited enhance photocatalytic activity to-
wards degradation of phenol and carbamazepine compared to TiO,/
TizC2(140,24).

The Mott-Schottky analysis indicated a significant increment in
donor density accompanied by a positive shift of flat band potential of
Fe-modified TiO»/Ti3zC, samples comparing to neat TiO»/TizCy, which is
recognized to be a key factor responsible for photocatalytic oxidation
reactions.

The electrochemical impedance spectroscopy Nyquist plots of the
most photocatalytic active TiO2/Ti3Cy and Fe-TiO3/Ti3C photocatalysts
recorded in the dark and under UV-Vis irradiation at polarization po-
tential of + 0.5 V vs. E, are shown in Fig. 48. a). The arc radius of iron-
modified TiO2/Ti3Cy in the EIS Nyquist plot was lower than unmodified
TiO,/Ti3C, composites indicating improved charge carriers separation.
Furthermore, the smallest arc radius was recorded for sample Fe-TiOy/
Ti3C2(220,24). These results indicate a larger electroactive surface area
and low charge transfer resistance, implying an effective separation of
the photo-generated electron-hole pairs [84].

The photocurrent response of TiO2/TisCy and Fe-TiO5/TizCy upon
on-off cycles of UV-Vis light irradiation is presented in Fig. 4S b) in the
Supporting Materials. For all samples, the photocurrent increases when
light is switched on and decreases when the light off, indicating that the
materials respond to light with good reproducibility. Furthermore,
photocurrent responses maintain superior stability after ten on/off cy-
cles, which indicates that the photocatalyst may restrain photocorrosion
[85]. According to the literature, Ti3CyTx, which acts as a metallic
conductor exhibits minimal, nearly no photocurrent generation
[86-88]. Photo-generated electrons in the TiOy/TizCy originate from
TiO,, while Ti3C, is involved in the electron transfer [89]. Thus the
lowest photocurrent was observed for sample TiO»/TizC2(140,12),
characterized by lower TiO content. Higher photocurrent means lower
recombination of photo-generated electrons and holes, higher photo-
electron transfer efficiency, and more light absorbance.

Furthermore, it can be observed in absorption spectra (Fig. 7) that
TiO2/Ti3C2(220,24) composite have much higher absorption in the UV
range what may be another proof of the generation of new v vacancy
band locating just below the conduction band edge of pure TiO,. The
high concentration of v, defects may lead to much higher UV light-
induced photoelectron generation [90] compared to the rest of the

TiO,/Ti;C,(140,12), 7,: 0.89 ns , 7,: 5.38 ns
TiO,/Ti;C,(220,24), 1,: 0.56 ns , 7,: 2.99 ns
Fe-TiO,/Ti;,C,(140,12), 7,: 0.99 ns , 7,: 4.67 ns
Fe-TiO,/Ti,C,(220,24), t,: 0.58 ns , 7,: 3.25 ns

Time (s)

Fig. 11. Time-resolved photoluminescence decay spectra of Ti0O,/Ti3C, and Fe-Ti0,/Ti;C, photocatalysts.

101


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Pobrano z mostwiedzy.pl

J——

A. Grzegorska et al.

Chemical Engineering Journal 426 (2021) 130801

3 2

) e bare FTO
* FTO/TiO,/Ti,
3 » FTOITiO,/Ti,

C?(10"F?cm?
N
1

0 4«

-12 10 -08

(220,24 .
(140,12
o FTO/TIO,/Ti,G}(140,24

T 2 T g I ) I 5 I '
-06 -04 -02 00 02 04 06 08

E /V vs. Ag/AgCI/0.1M KCI

Fig. 12. Mott-Schottky plots for bare FI'O and coated with samples Ti0,/Ti3Cy(140,12), TiO,/115C5(140,24), TiO,/Ti3Cx(220,24), Fe-Ti0,/Ti3C,(140,12) and

FeTiO,/Tis(5(220,24).

Table 4
The value of flat band potential and donor density determined for tested pho-
tocatalytic materials.

Sample Fi Efo slope / 10'°F Nq /10%°
Zem*/V em ™3

Bare FTO -0.31 —0.94 - -

FIO/ T1i0,/ 0.25 0.69 2.25 1.65
Ti3Cx(220,24)

FTO/ TiOy/ -0.29 —0.60 2.21 1.68
TisCy(140,12)

FTO/ TiO,/ 0.33 1.15 1.53 213
Ti3C2(110,24)

FIO/ Fe-TiOy/ - 0.80 212 1.75
TisCy(220,24)

FTO/Fe-TiOy/ - —0.49 1.91 4.05

TisC2(140,12)

composites. Also, EPR spectra (Fig. 9) showed a strong signal at a g-
value of 2.00, indicating the significant presence of v,,. This signal can be
caused by electrons trapped on surface vacancies v, [91]. A similar ef-
fect was observed by Bao et al. [86] for TiO9/Ti3Cy composites obtained
by calcination of Ti3Cy under air condition at 350, 450, 550, and 650°C,
respectively. The highest photocurrent was recorded for a sample
calcined at 550°C.

Additionally, the highest value of photocurrent (~0.4 pA/cm?) was
produced for the sample TiO,/Ti3Cy(220,24) modified with iron
compared to un-modified material (~0.25 pA/cm?). These results
confirmed that Fe-modification positively influences the photocurrent
values, thus indicating a more efficient separation of the photoexcited
electron-hole pairs. It can also be observed that samples modified with
iron species showed slower decay, indicating long charge carrier life-
times and metastable donor states (also noticed in photoluminescence
measurements).

Thermogravimetric analyzes were conducted for two of the most
active TiO,/Ti3C, composites, as presented in Fig. 58 in the Supporting
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Materials. The thermal decomposition involved two exothermic steps.
The first step with a weight loss of 0.15% in the range of 25-287 °C and
0.28% in the range of 25-235 °C. The second step with a weight loss of
1.73 in the range of 287-646 and 0.98% in the range of 235-581 °C.
TGA measurements indicated the thermal stability of the compounds
heated in an oxygen-rich atmosphere. It was proved by the total weight
loss of 1.88% for the TiO,/Ti3C»(140,12) and 1.26% for the TiO»/
Ti3Cy(220, 24) sample.

To study the TiO,/Ti3C, photocatalysts’ surface properties, the
electrophoretic mobility of these photocatalysts at different pH values
was investigated. The zeta potential was positive at lower pH and
negative at higher pH values, as presented in Fig. 68 in the Supporting
Materials. The isoelectric point (IEP) was observed at pH = 3.6 and pH
= 4.7 for TiO2/Ti3C2(140,12) and TiO2/Ti3C2(220,24), respectively. It
can be observed that the isoelectric point for TiO2/Ti3C2(140,12) is
shifted toward a lower pH value in comparison to the TiOy/
Ti3C2(220,24) sample. According to the literature, IEP for anatase TiO3
is observed at a pH of 6 [92]. A decrease in IEP value may be attributed
to the presence of MXenes, which are negatively charged. The zeta po-
tential of an aqueous suspension of TizCyTx nanosheets was equaled to
—34.75 mV [93]. Moreover, according to Kosmulski et al.[94] the
presence of carbonates on the surface induces a shift in the IEP to lower
pH values. The pH of carbamazepine solution during the photo-
degradation tests was set at 6.5. Thus, carbamazepine was primarily in
the protonated form (pH < K, cpz). As a weak acid with pKa equal to 10,
phenol was present in the solution with a pH of 6.8, mainly in the mo-
lecular form. At these conditions, the Ti3C, photocatalyst’s surface was
negatively charged, and the values of zeta potential were below —40
mV. Thus, the suspensions of all tested TiO2/Ti3Cy and Fe-TiO2/Ti3Ca
particles were stable and did not agglomerate during the photocatalytic
reaction.
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3.2. Photocatalytic activity in reaction of phenol and carbamazepine
degradation

The TiO,/TizCy composites’ photocatalytic activity was studied in
the photodegradation reaction of phenol as a model organic pollutant
and carbamazepine belonging to the group of emerging contaminants
not-susceptible to biodegradation. The results of photodegradation are
presented in Table 5. The phenol decomposition efficiency ranged from
19 to 69% within 60 min of irradiation. The obtained results confirmed
the crucial role of formed titanium(IV) oxide on organic compounds’
oxidation efficiency.

The lowest phenol degradation rate constant (k = 0.3 + 0.2.102
min ') was observed for TiO2/Ti3C2(140,6), which resulted from the
minimal quantity of TiO, formed on the MXene surface. The highest
photocatalytic activity was noticed for samples TiO,/TizCy(160,6),
TiO2/Ti3C2(220,12), and TiO2/TizC2(220,24) with the degradation rate
constants equal to 1.8 =+ 0.05 10 2 min 1, 1.7 + 0.04 10 % min 1, and
1.9 + 0.03 -102 min~", respectively. The higher the temperature and
longer hydrothermal treatment time, the higher the photocatalytic ac-
tivity. In this case, an increase of the TiO, content and crystallinity by
prolonging solvothermal reaction time resulted in a more efficient
generation of electrons and holes. The formation of surface hetero-
junction between {101} and {001} facets of decahedral anatase par-
ticles grown on Ti3C, surface led to improved photoelectron transfer,
which reduced charge carriers recombination. Except for the TiOz/
TizC2(220,12), TiO/Ti3C2(220,24), TiO»/TizCy (160,6), and TiO»/
Ti3Cy(140,12) samples, containing titanium vacancies (Ti®" centers)
and oxygen or carbon vacancies at the surface, for other obtained TiOy/
TizCy composite photocatalysts, the degradation rate constant fluctu-
ated from 0.5 to 0.8-102 min~". In all photodegradation processes,

Table 5
The rate constant of phenol and carbamazepine degradation in the presence of
Ti0,, Ti0Oy/TizCy, and Fe-Ti0,/TizCy samples.

No.  Sample label Phenol degradation Carba epine degradation
rate constant(min .10 rate constant(min '-10%)
2y

1 TiO,/ 0.30 + 0.2 n.d.
TizCx(140,6)

2 TiOz/ 1.05 = 0.07 5.20 £+ 0.11
TiaC2(110,12)

3 TiO,/ 0.60 + 0.05 n.d.
TiCx(140,24)

4 TiO,/ 1.80 = 0.05 240 + 0.15
TiaCx(160,6)

5 TiOy/ 0.70 + 0.02 n.d.
TiyCy(160,12)

6 TiO,/ 0.70 + 0.01 n.d.
TizCy(160,24)

7 TiOy/ 0.50 = 0.01 nd.
TizCy(180,6)

8 TiO,/ 0.70 = 0.03 n.d.
TizC,(180,12)

2] 110,/ 0.80 = 0.05 nd.
TiaCx(180,24)

10 TiO,/ 0.70 = 0.01 n.d.
TizCx(200,6)

11 TiOz/ 0.70 = 0.03 n.d.
TisC,(200,12)

12 TiO,/ 1.60 + 0.02 2.50 + 0.09
TizCx(200,24)

13 TiOy/ 0.70 = 0.03 n.d.
TizCy(220,6)

14 TiO,/ 1.70 + 0.04 3.10 + 0.16
TiyC,(220,12)

15 Ti0,/ 1.90 = 0.03 3.90 £ 0.14
TizCy(220,24)

16 Fe-TiO,/ nd. 8.80 + 0.11
TiszCy(140,12)

17 Fe-TiO,/ nd. 5.60 £ 0.07

TisCx(220,24)

103

Chemical Engineering Journal 426 (2021) 130801

ortho-hydroxyphenol and para-hydroxyphenol were detected as the first
intermediates of phenol decomposition, see Fig. 13.

The phenol degradation mainly proceeds by the attack of hydroxyl
radicals on the phenyl ring, leading to para-hydroxyphenol and orto-
hydroxyphenol formation. For the TiO,/Ti3C,(140,12) sample contain-
ing Vi, a higher concentration of para-hydroxyphenol than ortho-
hydroxyphenol was noticed. In this case, electrons are accumulated on
the surface (Ti®" states), preventing h™ location on the surface oxygen
and further HyO molecule oxidation to -OH radicals. For TiOy/
TizC3(220,24) higher concentration of ortho-hydroxyphenol compared
to sample TiO,/Ti3C,(140,12) was observed. Different amounts of
electrons and holes resulted in different abilities in forming -OH, which
are crucial reactive oxygen species in phenol photocatalytic
decomposition.

The five samples with the highest activity in phenol decomposition
were selected for evaluation of photocatalytic carbamazepine removal.
The highest activity was observed for sample TiO,/Ti3C»(140,12) with
96% degradation after 60 min of irradiation (k = 5.2:10% min™").

As presented in Fig. 14, the overall activity was higher than those
observed for phenol decomposition. The differences in photo-
degradation efficiency resulted from differences in HOMO energy for
phenol and carbamazepine. Higher HOMO energy (more positive value)
of the decomposed compound makes it more susceptible to oxidation.
According to the literature, HOMO energy calculated using the B3LYP/
6-311++G method is equal to about —0.30 eV for carbamazepine [95],
while for phenol —5.95 eV [96].

Shahzad et al. [97] have also reported the degradation of carba-
mazepine in the presence of TiOy/Ti3CoTx composite with exposed
{001} facets. However, the kinetic of carbamazepine degradation was
slow. After 8 h of irradiation in the presence of simulated solar light,
only 55% of the total carbamazepine was degraded, while in UV light,
after 3 h of irradiation, almost 99% of CBZ was removed. The major
detected intermediates of CBZ photodegradation were acridine, 2-ami-
nobenzoic acid, 2-hydroxybenzoic acid, and formaldehyde-acridine
[94].

In this study, formation of {001} and {101} facets in TiO3/Ti3Cy
layered composite markedly improved photocatalytic activity due to a
surface heterojunction between {001} and {101} facets of TiO»_After 1
h of UV-Vis light irradiation, more than 90% of carbamazepine was
degraded. The co-exposed facets led to a more efficient transfer of photo-
induced charge carriers. The CB and VB of {001} facets are located
slightly higher than for {101} facets. It leads to the accumulation of
photogenerated electrons on the {101} and holes on the {001} facets.

Moreover, modification of TiOy/Ti3Cy(140,12) surface with iron
species resulted in complete carbamazepine degradation after 1 h of
UV-Vis light irradiation with the degradation rate constant equal to 8.8
+0.11 102 min~!, as presented in Fig. 15. The degradation efficiency
for Fe-modified TiO2/TizCz was higher in UV-Vis than in UV light,
confirming the effect of iron modification on TiO,/Ti3C, enhanced
photocatalytic activity (see in Fig. 7S in the Supporting Materials). Iron
oxides may increase the photocatalytic efficiency of TiO2, as Fe ions can
enact as hole and electron scavengers, thus inhibiting the recombination
of the photo-generated charge carriers. Similar results were reported by
Tada et al. [98] for the decomposition of 2-naphthol in the presence of
surface-modified TiO, with highly dispersed iron oxide nanoparticles.
Iron oxide-modified TiO; exhibited significantly higher photocatalytic
activity under UV-Vis light irradiation.

For all investigated composites, hydroxycarbamazepine and small
quantities of acridine were distinguished as intermediate products. The
increased amount of acridine could be an indicator of the limiting step
since acridine ultimately led to the formation of a stable molecule of
acridone [99]. Hydroxy-carbamazepine is the first possible product of
CBZ oxidation, and therefore, acts as a substrate for further oxidation.
These results illustrate well intensification of the process of CBZ pho-
tocatalytic degradation.

The TiO2/Ti3C2(140,12) photocatalyst and Fe-TiO»/TisC2(140,12)
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Fig. 13. Mean concentration change curves for exemplary samples Ti0,/Ti3C5(140,12) and TiO,/Ti3C5(220,24) during phenol degradation. Detailed results for each
sample are presented in Table 28 in the Supporting Materials.
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were selected for the reusability test. The four subsequent cycles of
carbamazepine degradation were performed under UV-Vis irradiation
to study the photocatalytic reusability, as presented in Fig. 8S in the
Supporting Materials. At the end of each run, the photocatalyst was
separated from the reaction suspension by filtration. Afterward, the
separated photocatalyst was reused without any treatment. The effi-
ciency of photocatalytic degradation after the 4th cycle decreased by
about 15% compared to the 1st cycle. A slight decrease in activity after
each irradiation cycle was possibly related to the photocatalyst losses
due to the separation process.

Furthermore, the possible changes of photocatalyst’s surface due to
the deposition of intermediate products were evaluated by analyzing
functional groups using the FTIR technique, as shown in Fig. 16. The
FTIR spectra of Fe-TiO,/Ti3C(140,12) composite showed no notable
difference between samples before and after the photocatalytic process.
For photocatalyst sample before irradiation, only stretching vibrations
of Ti-O bonds (620 cm 1) and -OH surface groups (1625 cm Land 3430
cm ™) were distinguished. In the case of Fe-TiO2/TizC2(140,12) sample
measured after the photocatalytic process, instead of —OH surface
groups, -NH groups were distinguished (broad peak in the region of
3000-3400 cm ™), which probably suggest adsorption of some simple
intermediates of carbamazepine degradation on the photocatalyst’s
surface.

3.3. Mechanism of photocatalytic degradation

To further study the degradation mechanism in the presence of TiO,-
TizCy composite, scavengers of the photo-generated electrons, holes and
the main reactive oxygen species (-OH, -O2~) were added into the phenol
and carbamazepine solution, respectively. The results are presented in
Fig. 17. Introduction of tert-butanol as a hydroxyl radicals (-OH) scav-
enger slightly retarded the photodegradation efficiency. It suggests that
‘OH is one of the synergistic active species. Meanwhile, scavenging of
superoxide radical anions significantly suppressed both phenol and
carbamazepine decomposition rates. Thus, it indicates that -O; plays a
crucial role in the photocatalytic degradation mechanism. However, for
phenol degradation, the hydroxyl radicals much more contribute to the
degradation mechanism, while for carbamazepine superoxide anion
radicals.

Furthermore, the addition of AgNO3; as an electron scavenger
remarkably increased the effectiveness of organic compounds degrada-
tion under UV-Vis light irradiation. Similar phenomena were observed
by Samsudin et al. [100] for degradation of methylene blue (MB) with

sample before photocatalytic process
sample after photocatalytic process

Transmittance (a.u.)

Fe-TiO,ITi,C,(140,12)

T T T T T T T T
3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 16. The FI1R spectra for sample Fe-TiO,/Ti3C,(140,12) measured before
and after the photocatalytic process of carbamazepine degradation.
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BiVO4 photocatalyst under visible light irradiation. BiVO4 photocatalyst
with a higher content of (01 0) than (1 10) planes was characterized by a
higher number of excited electrons located onto (010) planes. These
photoexcited electrons can be easily capped by the electron scavenger
leading to inhibition of the electron-hole pairs’ recombination. As it was
stated by Samsudin et al., when the recombination rate was reduced due
to AgNO3, a more significant number of photoexcited electrons may
migrate and produce superoxide radicals, which further reacted with
MB. Under UV-Vis light irradiation, TiO,/Ti3Cy generates electrons (e’)
and holes (h™), which participate in the generation of reactive species to
decompose contaminants. Scavenging of holes resulted in a decrease in
photodegradation, indicating improved electrons separation in the
system.

The {001} facet with a high density of low energy O 2 s states is the
only one above the valence band edge of the TiO; [101]. Therefore, it is
suitable for the oxidation of HyO to -OH. The phenol degradation
mechanism mainly proceeded by -OH attack at ortho substitution,
resulting in increased ortho-hydroxybenzoquinone formation. It can
explain a distinct decrease of k for phenol degradation in the presence of
TiO2 with more exposed {101} facets combined with Ti3Cy - sample
TiOy/Ti3Cy(140,12). Regarding carbamazepine degradation, it could be
assumed that -OH radicals played a minor role during photocatalytic
oxidation reaction. The mainly exposed at TiO2/Ti3Cy surface {101}
facet accumulates electrons and promotes oxygen reduction to «O5".

Furthermore, superoxide radicals and hydrogen peroxide led to the
formation of other reactive oxygen species: hydroxyl radicals (-OH) and
singlet oxygen (102). In turn, it resulted in a constant increase in the
degradation efficiency of CBZ. Additionally, Fe-species may readily
accept excited electrons, thus reducing electron-hole recombination
[102].

Fig. 18 shows a graphical presentation of the photocatalyst band
edges position and charge transfer during excitation with a light greater
than its bandgap energy. The potential of TiO3/Ti3C2(140,12) and TiOz/
Ti3C,(220,24) flat band edge position recorded at —0.69 V and —0.49 V
vs. Ag/AgCl/0.1 M KCl, respectively was converted to a value of —0.402
V and —0.20 V vs. NHE. The valence band edge location was estimated
according to a value of the flat band edge position and bandgap energy
and amounted to 2.598 V vs. NHE for TiO»/Ti3C2(220,24) and 2.198 V
vs. NHE for TiO3/Ti3C(140,12). According to the obtained results,
TiO,/Ti3Cy(220,24) photocatalyst may more effectively oxidize H,0 to
hydroxyl radicals, while TiO2/TizC2(140,12) and TiO2/Ti3C2(220,24)
can also oxidize HpO to oxygen and reduce oxygen into superoxide
radicals.

The band structure of TiO,/Ti3C, layered composite correlates with
significant inhibition of phenol and carbamazepine degradation in the
presence of benzoquinone as a scavenger, suggesting that the degrada-
tion mechanism involving superoxide radicals played a crucial role.
Furthermore, the presented results correspond with the EPR analysis,
where the presence of a high number of Ti®! sites and carbon or oxygen
vacancies in the crystal lattice of the TiOy/Ti3Cy was proved. These
active sites, where photo-generated electrons react with oxygen, pro-
ducing highly reactive superoxide anion radicals, may explain this
mechanism.

A schematic illustration of the photocatalytic mechanism of carba-
mazepine degradation on Fe-TiO»/Ti3Cy photocatalyst with co-exposed
{001} and {101} TiO; facets was proposed and presented in Fig. 19.
The Ti3Cy, and Fe-species may readily accept excited electrons
[102-103], thus reducing electron-hole recombination. However, in the
case of iron oxide particles distributed on {001} TiO; facet, there is
limited electron transfer from {101} facet, due to spatial separation,
despite the iron oxide CB band position is located below TiO, CB posi-
tion [104]. Accumulated electrons participate in superoxide anion rad-
icals generation from oxygen as a main reactive oxygen species taking
part in the photocatalytic oxidation reaction.
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4. Conclusions

In summary, TiO, nanocomposites were synthesized through the
solvothermal method using as a precursor accordion-like MXene com-
pound — TizCyTy. The controlled oxidation led to the formation of TiO,
with decahedral morphology and exposed highly active {001} and

{101} facets on Ti3Cy layer. During the study, the influence of time
and temperature on the prepared composites’ physicochemical and
structural properties was determined. The obtained layered composite
photocatalysts were characterized by a narrower bandgap (Eg < 3 eV),
titanium vacancies (Ti®" centers), carbon and oxygen vacancies. The
materials synthesized under more severe conditions (the highest reac-
tion temperature of 220°C and prolonged-time) led to the in-situ for-
mation of TiO, DAPs derived from the MXene phase, while milder
synthesis conditions (temperature below 200°C) led to preserved TiOy/
Ti3Cy structure.

The results of photocatalytic activity of phenol and carbamazepine
degradation confirmed that composites prepared at lower temperature
and with shorter reaction time, i.e., TiOy/Ti3Cy(160,6) and TiOy/
Ti3C2(140,12) and photocatalysts synthesized at the higher temperature
(above 200 °C) and most prolonged time, i.e., TiO,/Ti3C5(200,24),
TiO4/Ti3C2(220,12) and TiO,/TizC»(220,24) exhibited the most excel-
lent performance. These findings indicate the promoting effect of
TizCyTy on TiOy activity under UV-Vis irradiation, which may act as a
reservoir of photo-generated electrons, thus minimizing the recombi-
nation rate of electron-hole pairs. Moreover, the morphological prop-
erties of decahedral anatase particles with co-exposed {101} and {001}
facets improve photoelectron transfer, which reduces charge carriers
recombination.

The most active samples labeled TiO,/Ti3C2(140,12) and TiOy/
TizC2(220,24) were further modified with iron. The ternary composite
Fe-TiOy/Ti3C5(140,12) showed significantly improved carbamazepine
photocatalytic degradation with 100% removal after 60 min of UV-Vis
irradiation. The increment in donor density and a positive shift of flat
band potential of Fe-modified TiO2/TizCy sample compared to neat
TiO,/Ti3Cy contributed to superior photo-oxidation efficiency. More-
over, the photocurrent measurements, emission spectroscopy, and
luminescence decay analysis confirmed that samples modified with iron
species showed more efficient separation of the photoexcited electron-
hole pairs and slower decay indicating long charge carrier lifetimes
and metastable donor states.
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3. Results and discussion

3.1 Characterization of TiO./Ti;C; and Fe-modified TiO,/Ti;C, photocatalysts

Figure 1S. SEM images of a) TiO»/TizC(220,24), b) TiO/Ti;C(220,12),
and c) TiO,/Ti;C»(220,24)
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Figure 2S. The STEM images for sample Fe-TiO,-Ti;C»(220,24) and the corresponding EDS

line scan of iron.
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Figure 3S. XRD patterns of raw Ti3AlC,-Ti,AlC (a) and Ti;C, T after HF treatment (b).

Table 1S. Crystallinity (%) of selected TiO,-Ti;C: layered composites.

Synthesis conditions

Crystalline phase
Sample label temperature time wontent
%
(°C) (h) (%)
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Ti3C; -Ti02(140,12) 140 12 48.9

Ti;Cs -TiO- (160,6) 160 6 48.6
Ti;C; -Ti02(200,24) 200 24 63.6
Ti;C2-TiO- (220,12) 220 12 61.7
Ti;C5-Ti0s (220,24) 220 24 65.7
a) X Fe-TiO/Ti,C,(140,12) dark * TiO/Ti,C,(220,24) dark
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Figure 4S. (A) Nyquist plot for measured in the dark and under irradiation and (B)
photocurrent response for TiO,/Ti;C, and Fe-TiO/Ti;C; photocatalysts
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Figure 5S. TGA thermograms of selected TiO,/Ti;C, composites.
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Figure 6S. Zeta potential plots versus pH for samples TiO,/Ti;C»(140,12) and
Ti02/Ti3C5(220,24).

3.2 Photocatalytic activity in reaction of phenol and carbamazepine degradation

Table 2S. The concentration of ortho-hydroxyphenol and para-hydroxyphenol after 20, 40,
and 60 minutes of irradiation.
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Ortho-hydroxyphenol Para-hydroxyphenol
Sample label 20 min. 40 min. 60 min. 20 min. 40 min. 60 min.
(mg-dm?)  (mg-dm™) (mg:dm’) (mg-dm?®)  (mg-dm?) (mg:dm)
Ti02/Ti3C,(140,6) 0.56 0.98 1.34 0.73 1.21 1.89
TiO»/Ti3C,(140,12) 1.95 2.67 2.88 3.69 4.66 4.52
TiO,/Ti;C5(140,24) 0.75 1.37 1.70 1.29 2.0 2.59
Ti0,/Ti;C,(160,6) 1.92 2.61 2,72 3.02 4.0 3.90
TiO»/Ti;C»(160,12) 0.78 1.17 1.33 1.44 2.37 2.69
TiO,/Ti;C5(160,24) 0.93 1.56 1.92 1.54 2.50 2.85
TiO,/Ti;C,(180,6) 0.26 0.81 1.04 1.13 2.04 2577
TiO2/Ti;C,(180,12) 0.31 1.01 1.33 1.22 2.31 2.94
6
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TiO,/Ti;C2(180,24) 0.33 1.61 2.05 1.52 2.57 3.05
Ti0,/Ti3C2(200,6) 0.47 1.17 1.56 1.04 2.45 2.79
TiO,/Ti3C2(200,12) 0.85 1.25 1.56 1.69 2.57 3.36
TiO,/Ti3C2(200,24) 1.73 2.69 2.93 2.69 3.69 3.51
Ti0,/Ti;C»(220,6) 0.99 1.95 2.28 1.41 2.40 3.15
TiO,/Ti3C2(220,12) 1.93 2.73 3.05 2.85 4.08 4.34
TiO,/Ti3C2(220,24) 2.29 3.25 3.61 3.08 3.48 2.94
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Figure 7S. The effect of irradiation light (UV 230nm<A<400 nm; simulated solar light,

UV-Vis) on photodegradation efficiency of carbamazepine.
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ARTICLE INFO ABSTRACT

Keywords: In this study, we report the potential of T105/1i3Cy composite fabricated by oxidation of MXene for degradation
Acetamj.mp}:en of persistent organic pollutants. The effect of the synthesis conditions (time, temperature, and reaction envi-
Ghemometrics ronment) on the morphology, physicochemical properties, and photocatalytic activity was investigated. It was
MXene . . = <1 ome . <

. found that acetaminophen degradation was positively correlated with TiO, content in the composite structure.
Photocatalysis 3 < % Y s .
TiaC Furthermore, the findings confirmed that the synthesis reaction environment strongly influenced the obtained

32

Tio, materials photocatalytic activity. The TiO3/Ti3Cy composite obtained by solvothermal route in the presence of
hydrochloric acid and ammonium fluoride exhibited the highest efficiency towards acetaminophen degradation
than other composite materials, for which ACT removal reached 92 % within 60 min of irradiation under
simulated solar light. The improved photocatalytic performance can be attributed to the presence of anatase-
rutile polymorphs exposing highly active { 0 0 1} and { 1 0 1} facets coupled with MXene. Superoxide anion
radicals and hydroxyl radicals played a major role in ACT degradation. Moreover, 3-hydroxyacetaminophen was
detected as the first intermediate of ACT degradation, leading quickly to aromatic ring opening and production of
aliphatic acids. Overall, this work provides an effective strategy for designing novel and efficient MXene-based
photocatalysts for the degradation of emerging contaminants in water systems.

1. Introduction 200 ng/dm3, while in surface waters 3-25,200 ng/dm3 [4].

In this regard, one of the primary challenges that societies will face
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Nowadays, pharmaceuticals belonging to the group of persistent
organic pollutants represent a new water quality challenge, with still
unknown long-term impacts on human health and ecosystems [1].
Acetaminophen (N-Acetyl-p-aminophenol), also known as paracetamol,
is an analgesic and antipyretic drug commonly used worldwide and
detected in wastewater and surface waters [2]. The annual consumption
of ACT reaches 4-50 tons per million habitants; thus a high amount of
this pharmaceutical may be excreted to the environment in the un-
changed form or as its active metabolites [3]. Based on the studies
performed from 1999 to 2018 in Latin America, the range of ACT con-
centration in wastewater treatment plants effluents reached 17.1-29,

* Corresponding authors.

during the 21st century is improving water quality by reducing pollu-
tion, minimizing the release of hazardous chemicals, and halving the
proportion of untreated wastewater using the fundamentals of green
chemistry and green engineering processes. This speaks for the devel-
opment of new advanced treatment technologies such as photocatalysis
to deal with these kinds of contaminants and improve the quality of
treated wastewater before being safely discharged into public water
bodies or for reuse.

MXenes are a group of materials consisting of transition metal car-
bides, nitrides, or carbonitrides, characterized by hydrophilic surface,
good electrical conductivity, and chemical stability, which were

E-mail addresses: anna.grzegorska@pg.edi.pl (A. Grzegorska), annjurek@pg.edu.pl (A. Zielinska-Jurek).
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discovered in 2011 [5]. The general formula of MXenes is My, 1X, Tx (n
= 1-4), where M is a transition metal, X represents carbon or nitrogen,
and Ty refers to surface terminations (-F,-O,-OH) [6]. A novel and
promising direction is using MXenes in photocatalysis [7,8]. MXenes
may act as co-catalysts, enhancing the adsorption of the pollutants on
the surface, improving the charge carriers separation, photocatalyst
stability, and increasing the light absorption range [9,10]. The photo-
catalytic hydrogen production, CO3 reduction as well as dyes degrada-
tion was previously described in the literature [11-13]. However,
nowadays, only a few studies focus on the application of MXene mate-
rials for the photocatalytic degradation of active pharmaceutical in-
gredients. Jiang et al. [14] reported the application of MXene-derived
C-TiO2/BisNbOgCl for the removal of ciprofloxacin. Liu et al. [15]
investigated the potential of TizC,/TiO,/BiOCI for the degradation of
tetracycline. In the study of Liu et al. [16] the CdS@Ti3Cy @TiO, was
used for the removal of sulfachloropyridazine. Yang et al. [ 17] proposed
the application of PDI/g-C3N4/TiO,@TizC, for the photocatalytic
degradation of atrazine. Shahzad et al. [18] and Grzegorska et al. [19]
reported the potential of TiO4/Ti3Cy and Fe-TiO5/Ti3Cy composites for
photocatalytic degradation of carbamazepine.

Formation of heterojunction between TiO, and MXene compound
-TizCyTy is a promising approach to improve charge carriers separation
and thus photocatalytic efficiency. MXene may form a Schottky barrier
at the MXene-semiconductor heterojunction and act as a reservoir of
photogenerated electrons [8]. Furthermore, depending on the synthesis
conditions, different morphologies of TiO, with exposed crystal facets
may be produced by in-situ oxidation of the MXene surface [12]. Our
previous work confirmed that the formation of { 1 01} and { 0 0 1}
facets might be particularly important in efficient photocatalytic
degradation [20]. Facet-engineered TiO; with “surface heterojunction™
which connects reductive { 1 0 1} facets and oxidative { 0 0 1} facets
may effectively separate the oxidation and reduction centers of TiOy
[19,21]. Dominant { 0 0 1} facets have a high ability to trap the pho-
togenerated holes, while the concentration of the photogenerated elec-
trons occurs on the { 1 0 1} facets [22]. This suggests that not only the
presence of selected facets but also the ratio between them may deter-
mine the degradation rate [23]. Therefore, crystal engineering is one of
the key factors affecting the efficiency of photocatalytic reactions.

In this regard, the present work represents a comprehensive inves-
tigation of the various synthesis conditions of TiO,/Ti3C, composites: (i)
hydrothermal in deionized water, (ii) solvothermal in HBF,, (iii) sol-
vothermal in NH4F and HCI, and (iv) simple calcination, to improve the
physicochemical properties and the photocatalytic activity. For the first
time, the effect of the reaction environment on the preparation of TiOy/
Ti3Cy composites exposing different crystal facets and applied for pho-
tocatalytic degradation of acetaminophen under simulated solar light
was studied in detail. The chemometric analyses were employed to
determine the relationships between synthesis parameters, physico-
chemical properties, and photocatalytic activity. Furthermore, for the
most active sample, the possible reaction mechanism and degradation
pathway were proposed.

2. Experimental
2.1. Photocatalyst preparation

The Ti3CyTx was obtained by etching aluminum from TizAlC, using
48 % HF at room temperature for 24 h. TiO,/TizC; composites were
prepared by a solvothermal method in the presence of HBF, (series
TiO2/Ti3Cy_HBF4 samples). In a typical synthesis, 60 cm® of HBF, (0.1
M) was added to 0.4 g of TizCyTy, sonicated for 10 min, and mixed for 30
min (in a temperature ranging from 140° to 220°C and time from 6 to 24
h). Furthermore, the TiO,/Ti3C, composite was also obtained in
deionized (DI) water during solvothermal synthesis (TiOz/
Ti3Cy(220,24) H,O sample) to study the effect of the synthesis envi-
ronment on morphology and photocatalytic activity. In this regard, 0.4 g
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of TisCyTy was added to 60 ecm® of DI water and sonicated for 10 min.
Then the suspension was mixed for 30 min and transferred into a Teflon-
lined stainless steel reactor. The reaction was performed at 220 °C for 24
h. Another sample of Ti3CyTy was calcined at 550 °C for 2 h with a
heating rate of 2 “C/min (TiO,/TizCx(550,2) sample). Finally, the
TizCyTy sample was also treated during solvothermal synthesis in HCl
with NH4F solution (TiO»/Ti3C2(220,24) NH4F_HCI sample). In this re-
gard, 60 em® of HCl (3 M) was mixed with 0.1 g NH4F, and 0.4 g of
TizCyTy was added to the above solution and sonicated for 10 min. Then
the suspension was stirred for 30 min and transferred into a Teflon-lined
stainless steel reactor. The reaction was performed at 220 °C for 24 h. All
resulting material was rinsed with deionized water and dried in an oven
at 50 °C.

2.2. Materials characterization

The characterization methods applied in this work can be found in
subsection 2.3. in Supporting Materials,

3. Results and discussion

3.1. Physicochemical characteristics of TiO2/Ti3C» composites prepared
by a solvothermal method in the presence of HBF4

In the first step of the study, the composite synthesis was optimized
to correlate the morphological and physicochemical parameters with
photocatalytic activity. Firstly, TiO»/Ti3Cy composites were prepared by
a solvothermal method in the presence of HBF, at a temperature ranging
from 140 “C to 220 °C for 6-24 h, as presented in Table 1 (series A). The
SEM and TEM analyses confirmed the formation of the accordion-like
structure of TizCyTy (see Fig. 1a-b). The solvothermal reaction in HBF4
led to the formation of decahedral anatase particles (DAPs) on the
TizC, Ty layer, as shown in Fig. lc-f. Analyzing the SEM images of all
prepared TiO,/Ti3Cy composites, the diversity of sample morphology
can be noticed. The samples TiO2/Ti3C2(140,24) and TiO2/TizC2(180,6)
presented the initial stage of TiO, in-situ growing and formation.
Meanwhile, the sample TiO/Ti3C2(180,24) showed the most uniform
DAPs, equally distributed on the MXene layers. Other samples presented
a size variety, with smaller and larger DAPs. The average length and
height of DAPs were calculated based on the measurements of 50 par-
ticles for each sample from the SEM images and are summarized in
Table 1.

The BET surface area increased with the increase in the reaction time
and temperature, as presented in Table 1. However, this trend was
observed only to a certain point. Prolonged reaction time and higher
temperature caused a decrease in specific surface area. The CHN analysis
of MXene showed that the sample contains about 8.49 % of carbon and
2.15 % of hydrogen (as shown in Table 15). The XRD analysis, presented
in Fig. 1S in Supporting Materials, confirmed the successful etching of
aluminum from the TisAlCy. For the obtained MXene materials, the
characteristic diffraction peaks at 20 = 8.8°, 18.1°, and 27.4° corre-
sponding to (002), (004), and (006) planes were noticed. Furthermore,
the Rietveld analysis of XRD patterns revealed that samples TiO/
TizC2(140,6), TiO2/TizC2(140,12), TiO2/Ti3C2(160,6) are pure MXene
or contain a very low content of TiO, because any signals corresponding
to TiO, were not observed. Furthermore, the Rietveld analysis
confirmed an increase of TiO; content in the composite with an increase
in time and temperature. The highest content of TiO, was noticed for
sample TiO,/Ti3Cy(220,48) with almost 100 % of TiO, and sample
TiO2/Ti3C2(220,24) containing 99.8 % of TiO3 and 0.2 % of MXene.

To confirm the presence of MXene in the sample TiO/Ti3C5(220,24),
the additional STEM-EDX-EELS analysis was performed. As presented in
Fig. 2S in Supporting Materials for sample TiO,/Ti3C2(220,24) two
different areas may be distinguished. The first one with higher carbon
content indicates the presence of Ti3CyTy, and the second with negligible
carbon content is TiOj.
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Fig. 1. The SEM and TEM images for Ti3C; (a,b), TiO,/TizC; composite synthesized at 180 °C (¢,d) and 12 h, TiO,/Ti3C, composites synthesized at 220 °C and 24 h

(e,0).

In order to catch possible (dis)similarities among TiO5/Ti3Cy com-
posites, find hidden patterns in data and determine the causal re-
lationships between the photocatalytic performance of TiO»/TizCy
composites and the samples morphology, physicochemical properties as
well as synthesis conditions, the chemometric analyses were carried out.

The tree-like graph is shown in Fig. 3S in Supporting Materials. Since
the circular dendrogram for the hierarchical cluster analysis (HCA) does
not identify the causal relationship between variables, hence to gain an
overall idea of which MXene morphological features, physicochemical
properties and/or synthesis conditions are significantly related to the
enhanced photocatalytic performance of the TiO,/Ti3Cy composites, the
Principal Component Analysis (PCA) analysis was performed.

PCA discovers interpretable patterns and trends in the data that
cannot be captured by a human eye and simultaneously simplifies the
complexity in high-dimensional data. This is done by finding the
orthogonal projections that maximize the variance of the data, known as
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the principal components (PCs). Principal components as linear com-
binations of the original variables (here: morphological features, phys-
icochemical properties and/or synthesis conditions of MXene) are
extracted in a way that the first principal component (PC1) explains as
much variance in the original data as possible and each subsequent
principal component accounts for less and less variance. Following the
Kaiser criterion that states that meaningful are only those components
with eigenvalues equal or higher than one, the first two principal
components (PC1 and PC2) were retained for further analysis. Together,
the first two PCs contain 84.83 % (62.96 % -+ 21.87 %) of the infor-
mation (variances) contained in the data. The projection of the data onto
the subspace spanned by PC1 and PC2 is shown in Fig. 2a, known as a
biplot. To gain mechanistic insights into the efficiency of TiOy/Ti3Cy
composites towards acetaminophen degradation, the analysis of the
normalized factor loadings was carried out (Fig. 2b). These loadings are,
by definition, correlations between the original variables and the PCs.
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Fig. 2. (a) The PCA biplot of the first two principal components (PC1-PC2) that illustrates the grouping of TiO,/TizC, composites (points) in the space of explanatory
variables (vectors). The color of each data point represents the value of the acetaminophen degradation rate constant (min~'-10~%): dark purple means the lowest
value of the photocatalytic activity, whercas dark brown - the highest photocatalytic activity; (b) The plot of normalized factor loadings utilized for providing a
physical interpretation of principal components, (¢) The plot of experimentally observed versus predicted values of acetaminophen degradation rate constant in the
presence of TiOy/TizCy composites (min~'-10"?). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

They quantify the extent of the relevance of original variables in
explaining a given principal component. According to the so-called
Malinowski rule, the statistically significant ones are only those which
have absolute values equal to or higher than 0.7. A closer look at Fig. 2b
reveals that the variables with the greatest influence on the first prin-
cipal component (PC1) are the content of TiO, and the content of Ti3Cy,
followed by synthesis temperature.

The projection of the samples onto the PCs showed that the samples
with the lowest photodegradation rate constant (below 0.3 min'-107%)
are furthest apart from the other composites and are located on the left
side of the biplot. It is straightforward to see that these nanocomposites
have low PC1 scores (X-axis), which means they are characterized by
low values of the positively correlated variables (i.e., TiO, content and
temperature), and thereby by high values of the negatively correlated
variable (i.e., Ti3Cy content). This observation is even more obvious in
the light of disclosure that these composites are pure MXene without
TiOy. In addition, these samples are characterized by the lowest surface
area compared to the other TiO,/Ti3Cy nanocomposites. Examining the
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biplot further, one can see that the samples with the highest content of
TiO and the lowest content of MXene were placed on the right side of
the biplot. These results suggest that the greatest distances between the
nanocomposites are along PC1 (X-axis), expressed by the composition
and corresponding contents of TiO» and Ti3Co.

Interestingly, the samples with a higher concentration of TiO5 than
that of Ti3Cy were placed on the right side of the biplot and showed the
differentiation along PC2 (Fig. 2a). The interpretation of PC2 (Y-axis)
which reflects the synthesis conditions of nanocomposites, is not so
intuitive. It is strongly negatively correlated with reaction time. As seen
in Fig. 2a, composites of low and moderate values of activity of acet-
aminophen degradation have both low and high PC2 scores. Although
PC2 does not clearly distinguish between the samples with the higher
and the lower activity of acetaminophen degradation, it can be seen that
the photocatalytic performance of composites slightly increases, moving
downwards along the Y-axis (PC2). This observation is in line with the
correlogram analysis (Fig. 45). The temperature is strongly positively
correlated with TiO; content (r = 0.81), which implies that as
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temperature increases, TiO2 content also tends to increase. A correlation
between BET surface area and Ti3Cy content, on the other hand, in-
dicates a weak negative correlation (r = —0.37), meaning that, although
an increase in the first variable will likely lead to decrease in the second
variable, the relationship is not very strong. As seen in Fig. 45, the
acetaminophen degradation rate constant shows a positive correlation
with TiO, content in the composite, reaction time, synthesis tempera-
ture and BET surface area and a negative correlation with Ti3Cy content.

The highest photocatalytic performance with the acetaminophen
degradation rate constant equal to 2.86 =+ 0.03 (min '-10%) was ob-
tained by the TiO,/Ti3C,(220,24) sample located on the right inferior
half of the biplot (Fig. 2a). This sample is composed of TiO5 (99.8 wt%)
and Ti3C3 (0.2 wt%). With an increase of Ti3Cy content up to 36.1 wt%,
the photocatalytic activity of TiO,/TizC, composites decreased sharply
and was more than 50 % less compared to the photocatalytic perfor-
mance of TiOy/Ti3Cy(220,24) sample (Table 1). Interestingly, further
increasing the Ti3C, content enhanced the photocatalytic performance
and resulted in higher than expected values of acetaminophen degra-
dation rate constants.

As seen from Fig. 2a, the second, the third and the fourth composites
with the highest acetaminophen degradation rate constants TiOy/
TizC2(180,12), TiO,/Ti3Cx(160,24), and TiO2/TizCx(160,12) were
placed nearest from the biplot origin. The composition ratio of TiO3 to
TizCy in these composites was 42.4: 57.6 wt%, 45.8: 54.2 wt% and 18.6:
81.4 wt%, respectively. Contrary to the TiO2/TizC2(220,24) sample,
these composites were obtained at lower temperatures and, addition-
ally, two of them also in a shorter synthesis time. This might suggest that
the photocatalytic performance of TiO3/Ti3Cy nanocomposites can be
greatly affected not only by the chemical composition of samples but
also by other factors, such as synthesis conditions (i.e., temperature,
reaction time).

Finally, the computer-aided (so-called in silico) modelling was
additionally conducted to meet the research objectives of the study. Asa
logical extension of experimental research, in silico modelling identifies
the essential parameters related to a target activity or molecular prop-
erty (e.g., photocatalytic activity) and enables its prediction for untested
compounds from experimental training data and suitable mathematical
model. Hence, before model development, the dataset of 15 experi-
mentally tested TiO/Ti3Cy nanocomposites was split into a training set
of 10 samples and a test (external assessment) set of 5 samples using the
sorted response-based division algorithm (in ascending order). Consid-
ering the limited size of the available dataset, the kernel-weighted local
polynomial regression (KwLPR) approach [24,25], being a pointwise
iterative method, was used for in silico model development. Likewise, in
the case of other similarity-based modelling methods, the KwLPR
approach seeks to estimate the unknown regression function point by
point. This means that the KwLPR algorithm approximates the (un-
known) posterior molecular property using only a small fraction of the
training data points that lie in the local neighbourhood of each point of
estimate. It does this by fitting a polynomial at each point in the dataset
to a certain (user-defined) number of k nearest neighbours, whose
explanatory variables values are similar to the point of estimation. The
polynomial is obtained in the distance weighted least square estimation,
which allows to allocate more weight to the points near the target point
being estimated and less weight to the points further away. The weights
reflecting the relative importance/contribution of each of the k neigh-
bours according to their distance to the target point are used then to
estimate a weighted least squares regression local model. Finally, the
regression function (i.e., local model) is applied to compute the value of
a point estimate.

In this study, the best estimator’s parameters that control the size
and the shape of the neighbourhood (i.e., the bandwidth), the local
weights (i.e., the kernel function) and the flexibility of the regression
function (i.e., the degree of the local polynomial used for smoothing)
were obtained through the leave-one-out validation process. To evaluate
both aleatoric and epistemic uncertainty of a developed in silico model, i.
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e., to verify how well the model does fit to the training dataset and
predict the activity of unseen data (outside the training set), various
quality metrics were computed. The goodness-of-fit of a model was
ascertained by the determination coefficient (R?), and the root means a
square error of calibration (RMSE(). While the true predictive perfor-
mance of the model was examined with external validation coefficients
(Q%l, Qb,, Q%g), concordance correlation coefficient (CCC), and root
means a square error of prediction (RMSEp) [26-28].

In accordance with our expectations, the chemical composition of
the composite nanomaterials is not sufficient to reflect variations in the
acetaminophen degradation rate constant. The overall quality metrics of
such a model were disappointing (i.e., RZ, Q%l F3 < 0.70) and did not
meet the commonly accepted requirements of in silico model. To
improve the model performance and shed light on the mechanism
driving acetaminophen degradation in the presence of TiOy/TizCy
composites, the model was enriched with the synthesis conditions (i.e.,
with either synthesis temperature or synthesis time). Both refined
models appeared to be more efficient and reliable compared to the
original model (i.e., RZ, Qfy.p3 > 0.70). Interestingly, the model linking
the acetaminophen degradation rate constant with the mass ratio of
TiO, to Ti3Cy and synthesis temperature posed a better model’s per-
formance than the model using synthesis time as the explanatory vari-
able. This can be explained by the slightly greater strength of the
relationship between acetaminophen degradation rate constant and
synthesis temperature (r = 0.49) than between acetaminophen degra-
dation rate constant and synthesis time (r = 0.46) (Fig. 2b). Detailed
information on the final model tuning parameters, including the kernel
function applied, the calculated bandwidth for both explanatory vari-
ables, as well as the model’s quality metrics, is provided in Table 25 in
Supporting Materials. The analysis of the statistical metrics confirmed
that the model demonstrated excellent fitting ability and external pre-
dictive power (i.e., generalization capabilities). This conclusion is
clearly supported by a visual analysis of the scatter plot between the
observed and predicted values of the acetaminophen degradation rate
constant, shown in Fig. 2c.

As can be seen from the graph, the majority of the data points are
clustered tightly around the best fit line, indicating high (close to 1)
values of R? and Q2 Since the developed KwLPR model fulfilled all
stringent quality criteria, it has been utilized to predict the photo-
catalytic performance for a set of eight new TiO,/Ti3C, nanocomposites
for which the experimental data have been unavailable up to now
(Table 35). The reliability of the predictions for these new composites
will be subject to further experimental investigation.

3.2. The effect of reaction environment on TiO»/Ti3Cy composites
physicochemical properties and photocatalytic activity

In order to compare the impact of the reaction environment on the
photocatalytic activity, the best parameters of the solvothermal syn-
thesis in HBF4 (series A, TiO2/Ti3C2(220,24) sample) were applied for
the preparation of the TiO,/Ti3C, composites in deionized water (TiOy/
TizC3(220,24)_H,0 sample) and in HCl and NH4F (TiO2/TizC2(220,24)
_NH,F_HCl sample). Furthermore, TiO,/Ti3C, nanocomposite was also
obtained during the calcination of Ti3Cy (TiO2/TizC2(550,2) sample) in
airflow at 550 °C for 2 h (optimized calcination temperature in the
range 350-650 °C).

Firstly, a comparison of structural and textural properties for the
obtained TiO,/Ti3Cy composites was performed. The XRD diffracto-
grams for TiO,/Ti3Cy, samples synthesized at various conditions are
shown in Fig. 55a. The diffraction patterns of TiO2/Ti3C2(220,24)_HBF4
and TiO,/Ti3Cy(550,2) are highly similar and correspond to the anatase
phase. In the case of sample TiO2/Ti3C2(220,24) H»0, the peaks at 8.9 ©
and 18.3 ° correspond to the presence of MXene, while a minority of the
rutile phase can be observed at 27.5°. For TiO2/TizC2(220,24)
_NH,F_HCl, the characteristic signals at 25.2 ° and 27.3 °, corresponding
to the (001) plane of anatase and (110) plane of rutile were
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distinguished. In contrast to TiO2/Ti3C2(220,24)_H0, the sample TiOz/
Ti3C»(220,24) NH4F_HCl is a composition of rutile (73.7 %) with a mi-
nority of anatase (26.3 %). Similar, Li and Gray [29] observed the for-
mation of mixed-phase titanium (IV) oxide in the presence of
hydrochloric acid when titanium tetra-isopropoxide was used as the ti-
tanium precursor. Furthermore, it was observed that halide ions
enhanced the anatase-to-rutile phase transition [30]. The average size of
anatase and rutile crystallites for TiO2/Ti3Cy composites are summa-
rized in Table 45, while lattice parameters in Table 5S.

The DR/UV-vis spectra of the prepared composites are shown in
Fig. 5Sb. The prepared samples showed absorption characteristics
typical to anatase, with an absorption edge of about 400 nm extended to
vis range due to Ti3CyTx presence. For the sample, TiO2/Ti3C2(220,24)
_H,0 with higher content of TizC,Ty, the increased absorption from
600 nm to 800 nm can be observed.

Comparing the composite morphology (Fig. 6S) it can be noticed that
sample TiO,/Ti3Cy(220,24)_ HBF,4 contains various size DAPs with the
lowest surface area, about 10.0 mz/g. For sample TiO»/Ti3C2(220,24)
_H,0 synthesized in the pure DI water, Ti3C;y sheets were covered by
densely packed and irregularly shaped TiO, particles with the highest
surface area of about 26.4 m%/g among all prepared samples. Mean-
while, analyzing the SEM images of TiO,/Ti3C,(550,2) it can be noticed
that the agglomerated crystals were connected to each other to form a
net shape. The sample TiO,/Ti3Cy(220,24) NH4F_HCI was a mixture of
various size decahedral and octahedral TiOy particles exposing { 1 0 1}
and { 0 0 1} facets.

The XPS analyses were performed to study the chemical states of
photocatalysts surface composition, and the results are shown in Fig. 7S.
The Ti 2p peak can be deconvoluted in three pairs of the doublet with
peaks at 455 eV, 457 eV, and 459 eV (Ti 2p 3/2) assigned to Ti-C,
substoichiometric TiCx (x < 1), or titanium oxycarbides and TiOy,
respectively. However, for sample TiO,/Ti3Cy(550,2), notable differ-
ences from other samples can be observed. The main peak instead of
TiO, was attributed to Ti** (457 eV), which may indicate the formation
of Ti ions with a reduced charge state (TixOy). Similar phenomena were
observed by Kong et al. [31] for Ti3Cy calcined at 700 °C. For all ma-
terials, the Cls spectra consist of five signals at 283 eV, 283.5eV,
285 eV, 286.7 eV, and 288.5 eV assigned to Ti-C, C-Ti-O, adventitious
carbon, C-O, and C-F bonds, respectively. Meanwhile, O1s signal may be
deconvoluted into four signals at 528.5eV, 530 eV, 531.5eV, and
532.5 eV, corresponding to Ti-O-Ti, Ti-OH, C-O, and C=0.

Finally, the comparison of photocatalytic activity of the MXene-
derived TiO»/Ti3Cy composites prepared in different reaction environ-
ments is presented in Fig. 3a. The pure Ti3Cy compound showed negli-
gible ACT photocatalytic removal. Similar very low photocatalytic
activity for pure MXene was confirmed in previous studies [11,32,33].
However, in the TiO,/Ti3Cy composite, MXene may act as a reservoir of
photogenereted electrons and thus decrease the electron-hole recombi-
nation [34]. The highest rate constant is observed for TiO,/Ti3C,(220,
24) NH4F_HCI composite. This indicates that the bi-phase anatase-rutile
structure of TiOy exposing highly active { 0 0 1} and { 1 0 1} facets
greatly improved the photocatalytic degradation of acetaminophen. The
photocatalytic activity increase can also be attributed to the morpho-
logical properties of TiO, consisting of decahedral and octahedral par-
ticles compared to other morphologies observed for samples obtained in
different conditions. Meanwhile, sample TiO/Ti3Cy(550,2) showed the
lowest photocatalytic activity towards ACT degradation. This may be
related to the morphology and highly defective (Ti3* centers) surface of
the photocatalyst. Previous studies also proved that excess defects would
form the recombination center and be adverse to the separation of the
charge carriers [35]. Furthermore, based on the trapping experiment in
the presence of scavengers, it was noticed that the major reactive oxygen
species responsible for ACT degradation are superoxide anion radicals
and hydroxyl radicals (Fig. 3b).

Based on the Mott-Schottky analysis (Fig. 8S) it can be concluded
that TiO2/Ti3C2(220,24) NH4F_ HCl composite showed typical
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characteristics for n-type semiconductor. The potential of flat band edge
position was recorded at — 0.9 V vs. Ag/AgCl and converted to a value of
— 0.61 V vs. NHE. According to band gap energy equal 2.8 eV the
valence band (VB) edge of the composite was determined as approx.
2.19 eV. vs NHE. The proposed mechanism of acetaminophen degra-
dation with TiO2/Ti3C2(220,24) NH4F_HCl material is presented in the
Fig. 3c. Photogenerated electrons in TiO5 may be transferred to MXenes
at the interface due to the higher potential of MXenes and inhibit
recombination of photogenerated electron-hole pairs. Therefore, TizCy
may enhance the efficiency of charge separation and contribute to
improved photocatalytic activity.

The proposed pathway of ACT degradation is presented in Fig. 3d.
According to the LC-MS analyses, 3-hydroxyacetaminophen was detec-
ted as the first main intermediate of ACT decomposition, which suggests
that hydroxylation of the benzene ring was a primary step of the
degradation pathway. Moreover, based on the obtained results, 3-
hydroxyacetaminophen quickly degraded within time and was further
transformed through benzene ring cleavage to aliphatic acids [36,37].

Furthermore, the photocatalytic activity of the most active TiOy/
Ti3C2(220,24) NH4F_HCl composite was compared with the recently
reported photocatalysts applied for photodegradation of ACT and the
data are summarized in Table 6S. It was found that the photocatalyst
prepared in our work has excellent performance compared with other
materials with high degradation efficiency of ACT degradation within
60 min under simulated solar light.

4. Conclusions

In summary, the prepared TiO,/TizC, composites show good po-
tential for photocatalytic water treatment. Based on the chemometric
analyses, the photocatalytic activity was found to be significantly varied
from the synthesis conditions. Chemometric analyses revealed that ACT
degradation shows a positive correlation with TiO; content in the
composite, reaction time, synthesis temperature, and BET surface area.
The highest activity in this series was observed for the sample synthe-
sized at 220 °C for 24 h_This work also demonstrates the effect of the
synthesis environment on physicochemical properties and photo-
catalytic activity. In particular, the TiO»/Ti3C2(220,24) NH4F_HCI dis-
plays improved photocatalytic efficiency than other composites towards
ACT degradation under simulated solar light (92 % within 60 min). This
phenomenon may be attributed to the formation anatase-rutile poly-
morphs exposing highly active { 1 0 1} facets and {0 0 1} facets coupled
with MXene. Additionally, the photocatalytic mechanism was eluci-
dated according to the band-gap energy, Mott Schottky plot and the
trapping experiment. It was revealed that the main reactive oxygen
species participating in photodegradation process are -O; and -OH.
Furthermore, based on the LC/MS analyses, 3-hydroxyacetaminophen
was detected as the first intermediate of photocatalytic process, and a
possible degradation pathway was proposed.
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2. Experimental
2.2. Materials

MAX phase compound - Ti;AlC, was provided by Luoyang Tongrun Info Technology Co.
(China). The HF(ACS reagent, 48%) and HBF4(48 wt.% in H,O), NH4,F(ACS reagent,
>98.0%) used for TiO./Ti;C, preparation were purchased from Sigma Aldrich, and HCI(35-
38%) was provided by Chempur. Acetaminophen(BioXtra, >99.0%) for the photocatalytic

degradation process was provided by Sigma Aldrich. Scavengers for trapping experiment:
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ammonium oxalate monohydrate (ACS reagent, >99%), isopropanol (anhydrous, 99.5%), and
benzoquinone (reagent grade, >98%) were purchased from Sigma Aldrich. The reagents were
used as received with no further purification. Deionized water (DI) was used in all

experiments.

2.3. Characterization of photocatalysts

The surface crystal structure and chemical composition were determined using an X-ray
powder diffractometer (XRD). XRD patterns were obtained with a powder diffractometer
Rigaku Intelligent X-ray diffraction system SmartLab (Rigaku Corporation, Tokyo, Japan)
with Cu Ka radiation, and in the 20 range from 5° to 80°, with a speed 2°min' and a step of
0.01°. Brunauer-Emmett-Teller (BET) surface area was analyzed by the Micromeritics
Gemini V analyzer (Norcross, GA, USA) in N, at a temperature of 77K (boiling point of
liquid nitrogen). Prior to the measurement, the powder samples were degassed at 200°C
under a constant flow of nitrogen. UV—vis reflectance spectra of the powder catalysts were
recorded by a ThermoScientific Evolution 220 spectrophotometer (Waltham, MA, USA) in
the wavelength range of 200-800 nm. BaSO, was applied as the reference material. The
photocatalyst bandgap energy was calculated from the corresponding Kubelka-Munk
function. Element analysis (H, C, N) was performed by the quantitative sample digestion at
the point of combustion method in the apparatus Vario Macro CHN, Elementar
Analysensysteme GmbH (Hesse, Germany). Microscopic measurements were performed
using scanning electron microscope (Quanta 3D FEG, FEI Europe ) with secondary electron
(SE) detector (Everhart-Thornley detector) and transmission electron microscope (model
Tecnai F20 X-Twin ) coupled with the spectroscopic techniques (EDS, EELS). In TEM
mode, a dark field (DF) detector was used for imaging. In the STEM mode, a high angle

annular dark field (HAADF) detector was used for imaging, and energy dispersive
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spectrometer (EDS) RTEM SN9577+, by EDAX (Pleasanton, USA), or parallel electron
energy loss spectroscopy (PEELS) by Gatan (Pleasanton, USA) was used to analyze the
elements.

The surface chemistry of the studied samples was analyzed by X-ray photoelectron
spectroscopy (XPS) using Escalab 250Xi multispectroscope (ThermoFisher Scientific) with a
monochromatic AlKa X-ray source. The high-resolution spectra were collected in the core-
level binding energy range of Ti2p, Cls, and Ols, at pass energy of 20 eV. The charge
compensation was provided by low-energy electron and Ar+ ions bombardment throughout
the measurement, with a final calibration at adventitious carbon Cls peak (284.8 eV).
Spectral deconvolution was done using Avantage 5.9921 software (ThermoFisher Scientific).
The Mott-Schottky analysis was performed to determine the flat band (F,) potential of the
photocatalyst. The EIS data were recorded from the anodic towards a cathodic direction using
Potentiostat/Galvanostat Autolab PGSTAT204 (Metrohm Autolab) with a Na,SO, (0.5 M) as
an electrolyte. EIS data were recorded for the applied frequency of 1000 Hz in the potential
range from 0 to —1.5 V vs. Ag/AgCl.

2.4. Photocatalytic activity

The photocatalytic performance of the TiO»/TisC, was evaluated in reaction of
acetaminophen degradation (20 mg/dm®) under simulated solar light. The experiments were
conducted in the 25 cm?® reactor with a quartz window, equipped with an air supply mode.
Firstly, the photocatalyst dispersed in ACT aqueous solution (2g-dm™) was stirred in the dark
for 30 minutes to achieve adsorption-desorption equilibrium before irradiation. The 300 W
Xe lamp (LOT Oriel, Darmstadt, Germany) was applied as a light source imitating the
sunlight spectrum with the light flux in the UV range (310 nm < A < 380 nm) equaled 30
mW-cm™. Then, reaction samples from the ACT solution were collected at regular intervals

of 20 min for HPLC analysis. Furthermore, the photocatalyst particles were separated from
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the solution using a 0.2 um syringe filter. The rate of acetaminophen photodegradation was
measured using reverse-phase high-performance liquid chromatography. A volume
composition of the mobile phase of 0.1% formic acid, 69.9% water, and 30% methanol was
used to determine acetaminophen concentration.

The acetaminophen transformation products were analyzed using high-performance LC-
MS system employed consisted of an HCT Ultra spectrometer (Bruker Daltonics, Billerica,
Massachusetts, US) with an ESI source coupled with an Agilent 1200 liquid chromatograph
(Agilent Technologies, Santa Clara, California, US). Chromatographic separation was
conducted on Eclipse XDB-C8, 4,6 x 150 mm, 5 um (Agilent) column. Mobile phase A was
water with 0.1% formic acid and phase B acetonitrile with 0.1% formic acid. Gradient
program was as follows: 0 min — 1% B, 5 min — 1% B, 25 min — 90% B, 30 min — 90% B, 35
min — 1% B. The flow was set at 0.4 ml/min, and the injection volume was 50 pl. Column
oven temperature was set to 25°C and UV chromatograms were recorded at 220, 246 and 254
nm. Spectra were acquired in positive and negative ESI mode, the capillary voltage was set at
113V, the scanned mass range was 50-850 m/z and the accumulation time was 200,000 ms.
The parameters capillary voltage, drying gas flow, nebulizing gas and source temperature
was, respectively: 4.0 kV, 10 L min—1, 30 psi and 350 °C. Helium (99.999%) was used as
the collision gas in the ion trap. The mass spectrometer was operated in full scan and single
ion monitoring (SIM).

Furthermore, the photocatalytic process was performed in the presence of scavengers to
study the mechanism of acetaminophen photodegradation. Ammonium oxalate was applied
as holes scavenger (h'), isopropyl alcohol for free hydroxyl radicals (-OH), and p-
benzoquinone for superoxide radical anions (+O,). The content of each scavenger was equal
to 0.03 mmol (10-fold concentration of contaminant).

2.5. Data analysis
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As a first approach, unsupervised hierarchical clustering [1] (HCA) was carried out to
identify distinct subgroups of TiO,/Ti;C, composites with similar features. In a nutshell, HCA
seeks to group observations (here: nanocomposites) with similar features into homogenous
clusters. That means that similar data observations are grouped together into one cluster. The
similarity measure is a distance (e.g., Euclidean distance, Manhattan distance, Pearson
correlation distance, etc.) that quantifies the level of (dis)similarity. It is assumed that two
points are similar when having near-zero distance, while as the distance increases the degree
of similarity decreases. Clustering was performed based upon similarity across the set of
samples morphology, synthesis conditions, and physicochemical properties of TiO,/Ti;C,
composites using Euclidean distance and Ward's minimum variance method. The rationale
behind such a combination of distance measure and linkage method is that it tends to produce
internally homogeneous and substantively interpretable clusters of approximately equal size.
To get further insight into the nature of the interrelationships among the analyzed TiO,/Ti;C,
composites as well as between the photocatalytic performance of the samples and their
characteristics such as morphology, physicochemical properties, and synthesis conditions, the
Principal Component Analysis (PCA) was performed. PCA is one of the most prevalent
unsupervised pattern recognition methods for exploratory data analysis. It aims to efficiently
reduce the dimensionality of the multivariate data to facilitate exploratory data analysis,
visualization, and further identify the inherent patterns within the data. The theoretical
foundations and applications of PCA have been detailed extensively elsewhere [2]. All
statistical analyses were performed using R software (v4.1.2) with the following packages:

circlize [3], dendextend [4], factoextra [5], and ggplot2 [6].

3.Results and discussion

3.1. Physicochemical characteristics of TiO:/Ti;C> composites prepared by a solvothermal

method in the presence of HBF,
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Fig 1S. The XRD diffractograms of TizAlC; and Ti;C,Ty after the etching process.

Table 1S. CHN analyses for Ti;C,Tx material.

Sample N C H
P (%) (%) (%)
Ti:C,Tx 0.196 8.486 2.147
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Figure 2S. STEM-EDX-EELS analysis for sample TiO,/Ti3C»(220,24)

Examining the tree-like graph shown in Figure 3S in the Supporting Materials revealed
that all TiO»/Ti;C, composites were clustered into four groups. The pure MXene samples,
without formation of anatase, i.e., TiOx»/Ti;Cx(140,6), TiO2/Ti;Cy(140,12), and
TiO,/Ti;C5(160,6), were grouped as one cluster (indicated with dark green). The second
cluster (indicated with purple) was formed by samples composed of the evidently higher
concentration of Ti;C, (in the range from 54.2 to 88.5 wt%) than that of TiO, (in the range
from 11.5 to 45.8 wt%). The composites with a mass ratio among TiO, and Ti;C, of more
than one and one-half were grouped together in the third group (indicated with gold). At the

same time, the last cluster (indicated with pink) was formed by the samples synthesized at the
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three highest synthesis temperatures (i.e., 180, 200, and 220°C) for 24 hours, which in

addition were characterized by very low content of Ti;Co.
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Figure 3S. Circular dendrogram for the hierarchical cluster analysis (HCA) of TiO,/Ti;Cs

composites results using Euclidean distance and Ward’s linkage clustering.

The correlogram analysis presented in Figure 4S graphically illustrates the associations and
amount of variability between variables (expressed as Pearson correlation coefficients, r).
The interpretation of the correlogram plot provides two important pieces of information on
the direction and strength of the relationship for each pair of continuous variables. The colors
in the correlogram plot denote the direction of the relationship (negative or positive) between
two variables. Blue gray indicates a negative correlation, meaning that increases in the value

of one variable tend to be accompanied by decreases in the value of another variable.
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Whereas orange represents a positive correlation which implies that the variables are directly
related, and thereby when the value of one variable increases, the value of the other variable
also tends to increase. The strength of a linear relationship that can be anywhere between —1
and +1 is reflected in the correlogram by the size of the circles. A correlation coefficient
close to zero (indicated as small circle) suggests that no linear association exists between two
variables. The further away correlation coefficient is from zero (in a positive or negative
direction), the stronger the relationship between two variables. A correlation coefficient of +1

(indicated as big circle) indicates a perfect linear relationship.
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Figure 4S. Correlation matrix that illustrates the strength of a relationship between any two
variables, where correlation coefficients, r (in absolute value) less than or equal to 0.35
indicate low or weak correlations, r values between 0.36 and 0.69 refer to moderate

correlations, while r values greater than or equal to 0.70 are considered strong or high
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correlations. The color of the circle corresponds to the directions of association: positive or

negative association (or no association at all). Whereas the size of the circle indicates the

strength of a linear relationship: the small circles indicate smallest (insignificant) correlation,

and big circles denote highest (significant) correlation.

Table 2S. The details of the developed predictive model

Model for predicting acetaminophen degradation rate constant in the presence of

TiO./Ti;C: composites

Kernel function:
Bandwidth kernel density
estimation method:

Bandwidth (the number of
nearest neighbours):

Local polynomial's degree:

Model's quality metrics:

Truncated gaussian

Adaptive nearest-neighbour bandwidth obtained with least
squares cross-validation method

Temperature Mass ratio of TiO> to Ti;C,
2 1

0 (constant)

R?*=0.98; RMSEc = 0.08

ri= 0.84; Q*r= 0.84; Q%= 0.90; CCC= 0.89; RMSE; =
0.23

10
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Table 3S. The details of the developed predictive model

Composition e Observed inoph Predicted I
D (%)* P Mass @\io Set* degradation rate constant degradation rate constant Residuals
C) TiO/Ti:Cy
TiO:  TisC: (min'-107) (min'-107)
TiO2/Ti;Cx(140,6) 0 100 140 0.00 T 0.22 0.32 -0.10
TiOX/TisCx(140,12) 0 100 140 0.00 Vv 0.24 0.32 -0.08
TiO:/Ti:Cx(160.6) 0 100 160 0.00 T 0.28 0.35 -0.07
TiOx/TixCx(180.6) 135 86.5 180 0.16 T 0.99 1.02 -0.03
TiO»/TixCx(220,12) 85.9 14.1 220 6.09 v 0.99 1.22 -0.23
TiOx/TisC2(140,24) 115 88.5 140 0.13 T 1.01 0.97 0.04
TiO/TisCx(200,24) 98.8 1.2 200 82.33 T 1.03 1.12 -0.09
TiO:/Ti:C2(200.6) 31.6 68.4 200 0.46 v 1.14 144 -0.30
TiOx/TisCo(180,24) 81.7 183 180 4.46 T 1.22 1.22 0.00
TiOx/TixC2(200,12) 69.8 30.2 200 231 T 124 1.24 0.00
TiO:/Ti:C(220,6) 639 36.1 220 1.77 v 137 1.24 0.13
TiO2/TisCx(160,12) 18.6 81.4 160 0.23 B 1.66 1.48 0.18
TiOZ/TisCx(160,24) 458 542 160 0.85 T 1.89 1.85 0.04
TiOx/TisCx(180,12) 42.4 57.6 180 0.74 v 2.04 1.72 0.32
Ti0)/Ti:C2(220,24) 99.8 0.2 220 499.00 T 2.86 2.86 0.00
TiOy/TizCx(test-1) 4 96 170 0.04 P - 041 -
TiO/Ti;Cx(test-2) 10 90 170 0.11 P - 0.93 -
TiO/Ti;Ca(test-3) 20 80 210 0.25 P - 1.30 -
11
TiOo/TisCx(test-4) 25 75 150 0.33 P - 1.63 -
TiOy/TisCa(test-5) 40 60 200 0.67 P - 1.44 -
TiOy/Ti;Cs(test-6) 70 30 190 233 P - 125 -
TiO/TizCx(test-7) 90 10 200 9.00 P - 1.20 -
TiOx/Ti;Cs(test-8) 50 50 160 1 P - 1.84 -
* T - training set, V - test set, P - prediction set
12
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3.2. The effect of reaction environment on TiO/Ti;C, composites physicochemical properties

and photocatalytic activity
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Figure 5S. The X-ray diffractograms (a) and DR/UV-vis spectra (b) for TiO,/Ti;C, composites

Table 48S. The physicochemical characteristics of prepared TiO./Ti;C, composites

Sample Crystallite size (nm) Bandgap energy BET surface area
anatase rutile (eV) (m?%g)
Ti0,/Ti5Cx(220,24) HBF, 34 - 2.98 10.0
Ti0,/Ti5C»(220,24) H,O 31 26 3.10 26.4
Ti0,/Ti3Cx(550,2) 34 - 3.07 16.7
Ti04/Ti3Cx(220,24) NH,F HCI 42 44 2.80 13:3
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Table 58S. Lattice parameters of TiO,/Ti;C, composites

Sample Lattice parameters
Ti0./Ti,C.(220,24, H,0) a=b (A) c(A)
Anatase 3.77 9.49
Rutile 4.58 2.88
Ti0./Ti;C.(220,24, NH.F, HC]) a=b (A) c (A)
Anatase 3.79 9.52
Rutile 4.61 2.97
TiO,/Ti;C:(550,4) a=b (A) c(A)
Anatase 3.79 9.52
Ti0./Ti.C,(220,24 HBF,) a=b (A) c(A)
Anatase 3.79 9.51

13
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Figure 6S. The SEM images of a) TiO,/Ti;C»(220,24) HBF,, b) Ti0,/Ti;C»(220,24) H,0 c)
TiO»/Ti;Cx(550,2) d) TiO,/Ti;C5(220,24) NH,F _HCl
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Figure 7S. The XPS spectra of Ti 2p, Cls, and O 1s regions for a) TiO-/Ti;C,(220,24) HBF,

b) TiO/TisCx(220,24)_H;O c) TiO/Ti;Cx(550,2) d) TiO»/TixCx(220,24) NH.F_HCI
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Figure 8S. The Mott-Schottky plot for sample TiO,/Ti;C»(220,24) NH,F_HCl

Table 6S. The comparison of this work with results presented in recent literature for

photocatalytic degradation of ACT

Photocatalyst ACT : .
Photocatalyst loading concentration Diight Dt:f‘%rqdatlon Ref.
(i P source efficiency
Fe,05-TiO; 1.25 30 Solay 95.8% Within3h  [7]
simulator
Solar
Ti-Zr metal-organic- simulator s
frameworks 0.25 5 with Xe 100% within 3 h [8]
lamp
Solar
TiO,/Fe-C 0.25 5 Smlar  jane gk 9]
with Xe
lamp
Solar
simulator 7 il
Ag/NH,-MIL-125 0.25 5 with Xe 100% within 3 h [10]
lamp
Solar
Sr@Ti0,/UiO-66- simulator 7 b
NH, 0.25 =) with Xe 93% within 4 h [11]
lamp
YRR
Cu;%/é’VOJ 025 | Xe lamp 92.5% within 1 h [12]
carbon xerogel/TiO, 2 25 Hg lamp 96% within 4 h [13]
TiOJ/TixC 2 20 Xelamp  92%withinlh 005
work
16
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ARTICLE INFO ABSTRACT

Editor: Luigi Rizzo In this study, a novel TiOy/Ti3Cy/MnFey04 magnetic photocatalyst with dual properties, enabling (i) improved
photocatalytic degradation with PMS activation under simulated solar light and (ii) magnetic separation after the
Keywords: degradation process in an external magnetic field was developed and applied for the efficient photodegradation

Carbamazepine pharmaceutically active compounds (PhACs) frequently present in wastewater and surface waters worldwide.

Tbup mffm 2 MXene was used as a 'Ii precursor for anatase/rutile synthesis and as a co-catalyst in the photodegradation
Magnetic separation . . . . . . ’ . . i1

MXene process. Manganese ferrite with ferrimagnetic properties was coupled with the TiO,/Ti3C, composite to facilitate
Photocatalysis the magnetic separation alter the purification process in an external magnetic field. Moreover, MnFe,04 was
TiO, used for PMS activation, producing S04 radicals with a strong oxidation ability and higher redox potential of
TiaCy 2.5-3.1 V (vs. NHE) than ¢OH radicals with a standard oxidation-reduction potential of 2.8 V. The effect of the

manganese ferrite content in the composite structure (5 wt% and 20 wt%) on the physicochemical properties and
photocatalytic activity of the magnetic photocatalyst was investigated. Furthermore, the most photocatalytic
active composite of TiOp/MXene/5%MnFe;04 was used for peroxymonosulphate-assisted photocatalytic
degradation of ibuprofen and carbamazepine. The effect of peroxymonosulphate concentration (0.0625 mM,
0.125 mM, and 0.25 mM) and the synergistic effect of PMS activation on photocatalytic degradation was studied.
Based on the obtained results, it was found that TiO,/MXene/5%MnFe,0,4/PMS process is an efficient advanced
treatment technology for the oxidation of emerging contaminants that are not susceptible to biodegradation.
Carbamazepine and ibuprofen were completely degraded within 20 min and 10 min of the PMS-assisted pho-
todegradation process under simulated solar light. The trapping experiments confirmed that eSO; and €O, are
the main oxidising species involved in the CBZ degradation, while ¢SO; and h' in the IBP degradation.
Furthermore, introducing interfering ions of Na™, Ca®t, Mg?t, CI', and SO in the model scawater did not affect
the removal efficiency of both pharmaceuticals. In terms of reusability, the performance of the TiOy/MXene/5%
MnFey04/PMS photocatalyst was stable after four subsequent cycles of carbamazepine and ibuprofen
degradation.
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1. Introduction

Emerging contaminants in aquatic systems arising from drug resi-
dues have received great attention recently. All these compounds may
be excreted into the environment as a mixture of the parent compound
and its metabolites because they are only partially degraded and
removed in biological wastewater treatment plants [1,2] Moreover,

* Corresponding authors.

some of them undergo various attenuation processes, including
biotransformation, photolysis, sorption, and volatilisation [3].

Among them, ibuprofen (IBP) and carbamazepine (CBZ) are the most
frequently detected drugs in aquatic ecosystems [4]. Ibuprofen (IBP) is a
non-steroidal anti-inflammatory drug with nearly 200 tons worldwide
annual consumption. Carbamazepine (CBZ) is an anticonvulsant and
antiepileptic pharmaceutical, with worldwide consumption above 1000
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tons per year, which is also used in the treatment of trigeminal neural-
gia, a chronic pain disorder [5].

The concentrations of both pharmaceuticals in wastewater treatment
plant effluents range from hundreds ng/dm® to tens of pg/dms. The
effluents from Portugal WWTPs contained 1059 ng/dm® of CBZ and 217
ng/dm3 of IBP [6]. Meanwhile, IBP has been detected in the Tunisia
WWTPs effluent from 8 to 43 pg/dm®. The concentration of CBZ was
determined at a level between 60 and 132 pg/dm3 [7]. Carbamazepine
has also been detected in coastal and offshore seawaters of the Baltic
Sea, where the concentrations were low. However, due to the long
turnover time and low removal efficiency, a stock of over 55 t of car-
bamazepine has accumulated in the Baltic Sea waters [8]. Carbamaze-
pine and ibuprofen can generate subtle effects on aquatic and terrestrial
organisms. For example, carbamazepine and ibuprofen can modify
physiological and biochemical processes in Senegalese sole (Solea sen-
egalensis) and interfere with the biosynthesis of enzymes involved in the
osmoregulatory process [9]. Therefore, improving water treatment
technology is the active subject matter of actual research to protect
ecosystems, increase water quality and ensure the sustainability of water
cycle management.

The advanced oxidation processes (AOP), based on the in-situ gen-
eration of the strongest oxidants - hydroxyl radicals and sulphate radi-
cals, have been recognised as a promising approach for wastewater
treatment from residues of recalcitrant and emerging organic contami-
nants [10,11]. Among the AOPs, ozonation and UV irradiation have
already been established and started at full scale for the treatment of
drinking water and the facilities of water reuse. Recently, the
photo-Fenton process, UV/O3, and UV/H0, have been commonly
applied to remove persistent organic compounds such as carbamazepine
and ibuprofen to strengthen the oxidation capability [12-15]. Never-
theless, ozonation is restricted by the high cost of ozone and low min-
eralisation efficiency, while the Fenton process usually operates under a
limited pH range (3-4) and generates Fe(OH)3 precipitation [16-18].
The photocatalysis process is a promising intensification approach in
AOPs, owing to the generation of electron-hole pairs under light irra-
diation and the production of reactive oxygen species. At present,
solar-induced chemical processes, such as photocatalysis, are limited by
low quantum efficiencies [19].

In this regard, the twofold strategy to optimise photocatalyst struc-
ture towards the degradation of selected PhACs was investigated in this
study. Previously, it was reported that the hybridisation of semi-
conductor with graphene-related materials improve charge carriers
mobility [20]. Recently, MXenes, the family of early transition metal
carbides, have been proposed as advanced carbon-based materials,
which may act as co-catalysts, enhancing the adsorption of the pollut-
ants on the surface, photocatalyst stability, and increasing the light
absorption range. Significantly in situ oxidation of MXene TizC;Tx led to
the formation of TiO2/Ti3C, composite with intimate contact providing
effective charge carriers separation. Therefore, Ti3C,/TiO, composites
have been proposed as advanced candidates with high efficiency in
photocatalytic process [21,22]. This hybrid material with strong
bonding possesses minimised defects at the interfaces [23,24]. Based on
the studies performed in our group, we showed markedly enhanced
photocatalytic activity of accordion-like TiO/Ti3Cy composites with
exposed {1 01} and {0 0 1} TiO5 crystal facets [21,22].

Furthermore, considering the difficulties of separation and recycling
of photocatalyst nanoparticles from wastewater after the successful
micropollutants degradation, the hybridisation of semiconductor ma-
terial with magnetic particles enables efficient photocatalyst recovery
from post-process suspension with the assistance of an external magnetic
field [25,26]. Previously, spinel ferrites with a formula of AFe,0,, where
A is a transition or alkaline earth metallic cation (Mn, Zn, Co, Ni, or Mg),
were applied for photocatalyst separation [27,28]. Among the various
studied magnetic nanomaterials, MnFe,O4 nanoparticles have attracted
great attention due to their low cost, high chemical stability, and
non-toxicity [29]. Simultaneously, Mn and Fe ions may activate
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peroxymonosulphate through an electron-transport strategy mediated
by the variable-valence metal sites [30].

Therefore, in this study, TiO»/MXene/MnFe,0,4 composite was syn-
thesised and applied for the photocatalytic degradation of the PhACs
mixture under simulated solar light irradiation. To further increase the
degradation efficiency of ibuprofen and carbamazepine, the photo-
catalytic process was combined with the PMS activation. MXene - Ti3Cy
was used as a Ti precursor for anatase/rutile TiO, formation and co-
catalyst, and MnFe;O4 particles embedded in the structure of TiOy/
Ti3Cy played a dual role of magnetic part providing easy separation after
the purification process and activation of PMS, to produce ¢SO radicals.

In the presence of transition metals (Fe, Cu, Mn, Co), PMS may
effectively produce sulphate radicals with strong oxidation ability [31,
32]. The sulphate radical (¢SO,) possesses a close or even higher redox
potential of 2.5-3.1 V (vs. NHE) compared to hydroxyl radical (Eg
=1.8-2.8 V) [33,34]. Moreover, sulphate radicals have higher selec-
tivity, longer half-life (30-40 ps), and could be activated in the broader
pH range from 2 to 8 than eOH radicals [35]. The effect of PMS con-
centration, pH, and interfering ions on the efficiency of photocatalytic
processes of CBZ and IBP mixture photodegradation was studied in
detail. Furthermore, the trapping experiments with scavengers were
performed to determine the major reactive species participating in the
TiO,/MXene/MnFe,0,/PMS degradation process. Finally, the compos-
ite stability and reusability were tested in subsequent cycles of PhACs
photocatalytic degradation.

2. Experimental
2.1. Materials

The MAX phase compound - TizAlCy was provided by Luoyang
Tongrun Info Technology Co. (China). The hydrofluoric acid (ACS re-
agent, 48%), NH4F (ACS reagent, > 98.0%), MnCl; (>>99% trace metals
basis), and FeCl3-6 HyO (ACS reagent, 97%) were purchased from Sigma
Aldrich. HCI (35-38%) and NaOH (pure p.a.) were provided by Chem-
pur (Poland). Carbamazepine (Certified Reference Material) and
Ibuprofen ( > 98% (GC)) for the photocatalytic degradation process
were provided by Sigma Aldrich. Potassium peroxymonosulphate
(OXONE) was provided by Sigma Aldrich. The reagents were used as
received with no further purification. Scavengers: tert-butanol (anhy-
drous, 99.5%), isopropanol (anhydrous, 99.5%), p-benzoquinone (re-
agent grade, > 98%), and ammonium oxalate monohydrate (ACS
reagent, > 99%) for trapping experiments and reagents for model
seawater: CaCly (anhydrous, powder, 99.99% trace metals basis), MgCl,
(anhydrous, >98%), NaySO, (ACS reagent, >99.0%, anhydrous, pow-
der), and NaCl (ACS reagent, >>99.0%) were supplied by Sigma Aldrich.
Acetonitrile (HPLC grade) and H3PO4 (85%, HPLC grade) were used to
determine the concentration of CBZ and IBU by HPLC and were provided
by Sigma Aldrich. Deionised water (DI) was used in all experiments.

2.2. Synthesis of MnFe,04

The magnetic nanoparticles were prepared by dissolving in 100 em®
of deionised water (DI), FeCl3-6 H,0 and MnCl; in the molar ratio of 2:1.
Next, 0.5 M NaOH solution was added dropwise until the pH reached 10.
The suspension was transferred into a Teflon-lined stainless steel
reactor. The reaction was performed at 180 °C for 6 h. The resulting
material was separated with a magnet, washed 3 times with DI water,
and dried at 50 °C to dry mass.

2.3. Preparation of Ti3CyTy and TiO3/TisCy

The Ti3C,Ty was obtained by aluminium etching from MAX phase
compound - TizAlCy. In a typical process, 10 g of Ti3AlC; was added
gradually to 100 cm® of 48% HF and mixed at room temperature for 24
h. Next, the material was centrifuged and washed with DI water until
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neutral pH.

To prepare the TiO,/Ti3C, composite, 60 cm® of 3 M HCl was mixed
with 0.1 g NH4F. Next, 0.4 g of Ti3C,Tx was added to the above mixture
and sonicated for 10 min. Then the suspension was mixed for 30 min and
transferred into a Teflon-lined stainless steel reactor. The reaction was
performed at 220 °C for 24 h. The resulting material was washed several
times with DI water and dried at 50 °C to dry mass.

2.4. Preparation of MnFe304/TiO2/TizC, composite

The composites with 5 wt% and 20 wt% of MnFey04 were prepared
by ultrasonic-assisted self-assembly approach. In this regard, 0.5 g of
TiO,/Ti3Cy was dispersed in 50 cm® of water/ethanol mixture (1:4 v/v),
while an appropriate amount of MnFe;04 was dispersed similarly in 50
em® of water/ethanol mixture (1:4 v/v), separately. Both suspensions
were sonicated in the bath for 15 min. After that, MnFe,04 dispersion
was added dropwise to TiO,/Ti3Cy suspension under sonication. As
prepared material was mixed for 1 h using a mechanical stirrer. The
prepared composite was separated with a magnet and washed 3 times
with DI water. Finally, it was dried at 50 °C to dry mass.

2.5. Characterisation of as-obtained materials

The crystal structure of the samples was characterised by the powder
X-ray diffraction method using the Rigaku Intelligent X-ray diffraction
(XRD) system SmartLab (Rigaku Corporation, Tokyo, Japan). The dif-
fractograms were obtained in a 20 range of 5-80°, with a speed of
2°.min~" and a step of 0.01°. The quantitative phase analysis was per-
formed using the Rietveld refinement with X'Pert HighScore Plus.

Specific surface areas were estimated through the BET model (Bru-
nauer-Emmett-Teller) at 77 K (boiling point of liquid nitrogen) with the
Micromeritics Gemini V apparatus (model 2365) (Norcross, GA, USA).
Samples were degassed under N, at 200 °C for 2 h before the
measurements.

A ThermoScientific Evolution 220 spectrophotometer (Waltham,
MA, USA) was used to record the UV-vis diffuse reflectance spectra
(DRS). The measurements were performed in the wavelength range from
200 nm to 800 nm, using barium sulphate as a standard reference.

The morphologies of the synthesised materials were examined by
scanning electron microscopy (SEM) using SEM Microscope FEI Quanta
FEG 250. Transmission electron microscope (TEM) analyses were per-
formed using (S)TEM Titan3 G2 60-300 with detector Super-X detector
(Thermo Fisher Scientific).

A SQUID magnetometer (Quantum Design MPMS XL7) was
employed to magnetically characterise the samples (room temperature
hysteresis loops and magnetisation versus temperature, 10 —300 K).

The X-ray photoelectron spectroscopy (XPS) measurements were
performed using Escalab 250Xi multispectroscope (ThermoFisher Sci-
entific) with a monochromatic AlKa X-ray source. The high-resolution
spectra were registered in the core-level binding energy range of Ti
2p, C 1 s, and O 1 s at pass energy of 20 eV.

The photoluminescence spectra (PL) were registered using a spec-
trofluorometer Shimadzu RF-6000 (Kyoto, Japan). As an excitation
source, a 150 W Xenon lamp was used with an excitation wavelength of
300 nm.

The Fourier-transform infrared spectroscopy (FTIR) spectra were
recorded using Nicolet iS10 FT-IR Spectrometer (Thermo Fisher Scien-
tific Inc., MA, USA) in the transmittance mode in the wavenumber range
from 400 to 4000 cm .

Electrochemical impedance spectra were registered with potentio-
stat/galvanostat Metrohm Autolab PGSTAT204 in the range between
10° and 0.1 Hz with AC voltage amplitude equal to 0.01 V. Samples were
placed on the carbon screen-printed electrode with Ag reference elec-
trode. The electrolyte solution (0.5 M NaySO4) was purged with argon
for 10 min prior to the measurements. The Mott Schottky analysis was
performed to determine the flat band (F},) potential of the TiOy/Ti3Cy
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composite and MnFez04. The EIS data were recorded from the anodic
towards a cathodic direction for the applied frequency of 1000 Hz in the
potential range from 0 to — 1.8 V. Transient photocurrent response of
photocatalysts was recorded at the light on/off interval equal 25sat 0V
vs. Ag under 372 nm LED light illumination.

Thermogravimetric analysis (TGA) was performed using a ther-
mogravimetric analyser 2 SF/1100 from Mettler Toledo. The conditions
of the measurement were: airflow 10 cm®/min, temperature range:
25-750 °C, heating rate 10 °C/min.

ICP-OES measurement was performed based on the Polish Standard
PN-EN-ISO-11885_2009E. Iron Photmetric Test Kit (0.01-1 mg/dm®)
and spectrophotometer DR5000 (HACH LANGE) with a wavelength of
485 nm were used to determine iron content in the post-process solution.

2.6. Photocatalytic degradation analyses

Typically, 0.05 g of the photocatalyst was dispersed in 25 cm® of the
mixture of carbamazepine (7 mg/dm3) and ibuprofen (10 mg/dms) so-
lution (pH 6.7, initial TOC value of 13.3 mg/dm®). The photocatalytic
experiment was performed in a 25 cm® reactor with a quartz window
equipped with an airflow. As a light source, imitating the sunlight
spectrum, a 300 W Xe lamp (LOT Oriel, Darmstadt, Germany) with a
light flux in the UV range (310 nm < % < 380 nm) equalled 35 mW-.cm 2
was operated. Before irradiation, the photocatalyst suspension was kept
in the dark for 30 min to reach adsorption-desorption equilibrium.
During the photodegradation process, 1 em® of the suspension was
collected at 0, 20, 40, and 60 min and separated using a 0.2 um syringe
filter. The rate of pharmaceutical degradation was controlled using
reverse-phase high-performance liquid chromatography (Shimadzu
UFLC LC-20AD (Kyoto, Japan) with a photodiode array detector (Shi-
madzu SPD-M20A). The analyses were performed at 45 °C and under
isocratic flow conditions of 1.5 cm®min~" for carbamazepine and 0.5
em®-min~?! for ibuprofen. A volume composition of the mobile phase of
70% acetonitrile, 29.5% water, and 0.5% orthophosphoric acid was used
to determine ibuprofen concentration, while 60% water, 39.5% aceto-
nitrile, and 0.5% orthophosphoric acid to determine carbamazepine
concentration. The change in total organic carbon (TOC) during the
photocatalytic process was analysed using a Shimadzu TOC analyser.

Further experiments were performed with the addition of PMS to the
suspension (concentration in CBZ/IBU solution equal to 0.0625 mM,
0.125 mM, or 0.25 mM). After the addition of PMS (0.25 mM), the initial
pH of the solution decreased to 5.2. The samples (1 cm®) were collected
and filtrated during the photocatalytic process, and after that 200 pL of
methanol was added to quench the radical species.

Further analyses were conducted in the model seawater to evaluate
the effect of interfering ions on the efficiency of photocatalytic processes
of CBZ and IBP mixture removal. The model seawater contained 2.5%
NaCl, 1.1% MgCly, 0.4% NaySO4, and 0.16% CaCl, in DI water. More-
over, the effect of the solution pH was investigated. The solution pH was
adjusted with 0.1 M HCI or 0.1 M NaOH to values 4.5 and 9.5,
respectively.

The radical trapping experiments were carried out under the same
conditions in the presence of scavengers (with a concentration equal to
the 10-fold concentration of contaminant). Ammonium oxalate (AO)
was applied as a hole scavenger (h"), tert-butanol (t-But) for free hy-
droxyl radicals (¢OH), isopropanol (iPr) for hydroxyl radicals and sul-
phate radicals (¢OH and ¢SO4 ) and p-benzoquinone (BQ) for superoxide
radical anions (eO,) scavenging test.

In order to evaluate the stability and recyclability of the photo-
catalyst/PMS system, after each process, the photocatalyst was sepa-
rated from the solution, and a fresh portion of the pharmaceuticals
mixture was poured with the addition of PMS. The photocatalyst was
used without any additional treatment. The photocatalytic performance
was evaluated within four subsequent cycles under the same reaction
conditions.
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3. Results and discussion

3.1. Characterization of MnFe»04, TiO»/TizCz and TiOy/TizCz/
MnFe,0,4 photocatalysts

The XRD patterns of Ti3AlC; and TizC,Ty after Al etching are pre-
sented in Fig. 1a. The presence of diffraction signals at 20 = 8.9°, 18.2°,
and 27.5° corresponding to (002), (004), and (006) planes confirmed the
successful formation of MXene. Moreover, the XRD analysis was used to
determine the phase composition of the MnFey04, TiO2/Ti3Cy, and
TiO4/Ti3Cy/MnFe»04, as shown in Fig. 1b. The diffraction signals of
MnFe,04 are assigned to the (220), (311), (400), (422), (511), (440)
planes at 29.8°, 34.8°, 42.7°, 52.8°, 56.3°, and 61.9° 20. Diffractogram
of TiO,/Ti3Cy includes signals assigned to anatase (101), (004), (200),
(211), (204), (116) planes at 25.2°, 37.7°, 47.9°, 55.0°, 62.6°, 68.8°, and
rutile (110), (101), (111), (210), (211), (220) planes at 27.3°, 36.0°,
41.1°, 43.9°, 54.2°, 56.4°, respectively. In the XRD pattern of the com-
posite material, signals for anatase, rutile, and MnFe,04 were observed.
No other signals were noticed, which confirmed the phase-pure crys-
tallographic structure of the obtained photocatalyst. This result also
demonstrates that the MnFe;04 was successfully combined with TiOy/
Ti3Cy. The phase distributions (percentage, wt%, of each phase) of
prepared materials are listed in Table 1. Based on the Rietveld refine-
ment, the content of the magnetic part (MnFe;04) was about 4% for
TiOy/Ti3Cy/5%MnFe;04 and 17% for TiOy/Ti3Cy/5%MnFez04 com-
posites. However, no signals corresponding to MXene - TizCy were
observed, probably due to the low content or well dispersion [36,37].

Therefore, to verify the presence of TizCy in the composite after
solvothermal synthesis, the XPS analysis was performed, and the results
are presented in Fig. 2. The survey spectrum is presented in Fig. 52 in the
Supporting Materials. The characteristic weak signals for MXene Ti-C
and Ti®" bonds (454.5 eV and 457.4 eV) indicated the presence of a
small amount of TizCy. The most intense signal of Ti*" (459 eV)
confirmed that the material was almost entirely oxidised to TiO; [38,
39].

The C1s spectrum was deconvoluted for five peaks corresponding to
Ti-C (283 eV), C-Ti-O (283.5 eV), adventitious carbon (285 eV), C-O
(286.7 V), and C-F bonds (288.5 eV). The O 1 s spectrum confirmed the
presence of Ti-OH (528.5 eV) bonds and Ti-O (530 eV), as well as C=0
(531.5 eV) and C-O (532.5 eV).

Furthermore, the thermogravimetric (TGA) analysis was performed
to confirm the existence of Ti3C; in the composite material. As can be
seen in Fig. 3, the 0.7% weight gain from 250 °C to 400 °C was noticed.
This change was related to the oxidation of MXene layers to form
anatase.

Journal of Envir I Chemical Engineering 11 (2023) 110660

Table 1
The phase compositions of the samples based on Rietveld refinement.

Sample Anatase (%) Rutile (%) MnFe,0,4 (%)
MnFe,0, - - 100
Ti02/TizCy 10 60 -
Ti02/Ti3Cy/5%MnFe;04 38 58 1
TiO,/TisC,/20%MnFe,0, 32 51 17

The ICP-OES and SEM-EDS analyses for TiO»/Ti3Cy/5%MnFe,04
sample presented in Table S1 and Fig. S1 in the Supporting Materials
confirmed the presence of Ti, Mn and Fe in the composite structure and
correlated well with XRD, XPS and TGA analyses results.

The optical properties were characterised by DR/UV-vis, as pre-
sented in Fig. 4. The TiOy/Ti3Cy exhibited strong absorption in the UV
range with a threshold of about 420 nm. The light absorption in the
range above 450 nm resulted from the presence of titanium carbide,
which absorbs light within the whole light range [40]. Bandgap energy
(Eg) values were calculated according to the Kubelka-Munk function,
(R)"™Epy against Epy,, where Epy, is photon energy, while n has values of
n=2 and 1/2 for indirect (MnFe,04) and direct (TiO,) transition,
respectively. The plots are presented in Fig. 53 in the Supporting Ma
terial. Furthermore, the estimated E, values are summarised in Table 2.
The manganese ferrite particles exhibited the lowest E, value of 1.5 eV,
which agrees with the literature [41].

The narrow bandgap of TiO»/Ti3Cy resulted from the presence of
rutile in the composite structure. Furthermore, the specific surface areas
of the photocatalytic materials are presented in Table 2. It can be
observed that both components and composite materials possess similar
surface areas in the range of 12-13 m?/ g.

The SEM images of TiOy/Ti3Cy, MnFep0y4, and TiOy/TizCy/MnFe;0y4
composites are presented in Fig. 5. The TiO,/Ti3C, composite contained
a mixture of various size decahedral and octahedral TiO, particles,
exposing { 1 0 1} and { 0 0 1} facets. The morphology of the MnFe,04
had a spherical shape (average diameter ~ 80 nm) with the presence of
the agglomerates, ascribed to relatively stronger interaction among
magnetic particles [42].

Furthermore, the TEM analysis was performed to characterise the
morphology and microstructure of TiO/Ti3Cy/5%MnFe;04, and the
images are shown in Fig. 6. The presence of anatase, rutile, TizC, and
MnFey04 was noticed. In the corresponding HRTEM image, the d-
spacing was ~0.258 nm and ~0.482 nm, respectively, which corre-
sponded to the (111) and (311) planes of MnFe;O4. For anatase, d-
spacing of ~0.351 nm was assigned to the (101) planes, while for rutile,
~0.215nm and ~0.323 nm were assigned to the (111) and (110)
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A A S 372 x 1 TiO/Ti,C/20%MnFe,0,
o~ —_ “
) 0
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Fig. 1. The XRD diffractograms for TizAlC, and Ti;C,Ty (a) and prepared materials (b).
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Fig. 2. XPS spectra for Ti 2p (a), C 1 s (b) and O 1 s (¢) regions for TiO,/TizCy composite.
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Fig. 3. TG curve of TiOy/Ti3Cy.

planes, respectively [43]. STEM-EDS elemental mapping proved that
MnFe,04 particles were uniformly distributed in the composite material
with some agglomerates (see Fig. 6 and Fig. S4 in the Supporting
Materials).

The photoluminescence spectra of TiO/Ti3Cy and TiO3/TizCy/5%
MnFey04 were analysed under an excitation of 300 nm (Fig. 7). The
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Fig. 4. The DR/UV-vis spectra for prepared materials.

materials showed a broad visible emission band between 400 and
700 nm with a maximum of 465 nm associated with the multi-photon
process occurring due to the participation of various electronic states
within the band gap. Both spectra are similar and broad with no clear
shift. Only, a slight decrease in the photoluminescence intensity for
TiO,/Ti3Cyo/MnFe,04 composites compared with TiOy/TisCy was
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Table 2

BET surface arca and calculated bandgap energy for prepared materials.
Sample BET surface area (m?/g) E, (eV)
MnFe,0, 13.4 15
Ti02/TiaCa 12.5 3.0
Ti05/Ti3Co/5%MnFes04 12.9 299
TiO,/TizCa/20%MnTe 0, 12.1 3.05

noticed.

Furthermore, the Gaussian fitting and deconvolution of PL spectra
for TiOy/TizC,/5%MnFe,04 are shown in Fig. 8. The deconvolution of
the spectrum reveals ten components centered at 425 nm, 443 nm,
465 nm 482 nm, 492 nm, 516 nm, 573 nm, 639 nm, 692 nm, and
732 nm. The first band (violet-blue) at 425 nm may be attributed to the
self-trapped excitons of TiOg octahedra [44]. The bands in the blue and
green region may correspond to the shallow trap due to the Ti’" states
just below the conduction band and singly ionised oxygen vacancies,
respectively. The band at 573 nm may be ascribed to intrinsic defects or
the recombination of electrons and holes on the amorphous carbon of
MXene [44,45]. The orange-red region emission may be assigned to
surface oxygen and hydroxyl species [44] There is no significant dif-
ference in the deconvolution of pure TiOy/TisCa and TiOy/-
Ti3zCy/MnFe,04 composites (Fig. S5 in the Supporting Materials). For
MnFey0, very weak emission was observed. Characteristic blue emis-
sion may be attributed to the radiative defects related to the interface
traps existing at the grain boundaries. Green emissions may correspond
to oxygen vacancies [46]. The yellow-orange signal may be related to
the Mn d-d emission [47].

Journal of Envir I Chemical Engineering 11 (2023) 110660

Fig. 9 shows the room temperature hysteresis loops (magnetisation,
M, versus applied magnetic field, moH) of pure MnFe,O4 and TiOy/
TizCy/MnFey04 composites. Pure MnFe»O, had the highest saturation
magnetisation of 68 emu/g. Meanwhile, the magnetic properties of the
composite were reduced in comparison to MnFe,O, to about 12 emu/g
for TiO»/Ti3Cy»/20% MnFey04 and 5emu/g for TiO»/TizCy/5%
MnFe,04, as a consequence of the presence of a relatively high fraction
of non-magnetic component of TiO»/Ti3Cy. Nevertheless, the coercive
field, H,, is not significantly modified after the preparation of the final
composites (see inset of Figure 8, H. 60 Oe in the three samples). It is
important to notice that, as can be seen in the image in Fig. 8, even the
sample with the lowest magnetic component (TiO2/TizCy/5% MnFe;04)
can be effectively separated from the liquid using a magnet bar and thus
possess good properties for recovery and recycling.

The magnetic response of the samples was further analysed through
the temperature dependence of the magnetisation. Fig. 10a shows M
versus temperature at the applied magnetic field of 6 T for the manga-
nese ferrite and the TiO2/Ti3C, composites. As concluded from the
hysteresis loops, an overall reduction in M is found in the composites
due to the non-magnetic nature of TiO2/Ti3Cy. However, if the magnetic
response of this component is analysed in further detail under similar
experimental conditions (see inset of Fig. 10a), negative magnetisation
is found to be linked to its diamagnetic nature. Such a negative contri-
bution (low in absolute value) would not contribute significantly to the
net magnetisation. Anyway, the magnetisation was estimated consid-
ering the magnetic contribution of each component, that is, Mcomposite
= (%) * Mpmre204 + (1 - %)* Mrjo2/Tisce, considering % from the Riet-
veld refinement (4% and 17%, see Table 1). As shown in Fig. 10a, a close

Fig. 5. The SEM image of pure MnFe,04 (a), TiO,/TizCy (b), TiO,/TizCy/5%MnFe;04 (c), Ti0O,/TizCy/20%MnFe04 (d).

151


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Pobrano z mostwiedzy.pl

J——

A. Grzegorska et al.

d]i:’- =4,

Rutile

diy = 0215 nm

10 nm

Journal of Environmental Chemical Engineering 11 (2023) 110660

Fig. 6. The TEM image of TiO,/Ti3C,/5%Mnle,04 (a), HRTEM with marked lattice spacing for Mnl'e,04 (b), rutile (¢) and anatase (d), TEM image for Ti3C; (e),

STEM-EDS elemental mapping of Ti0,/Ti;Cy/5%MnFe,04 (f).

agreement between this estimation (line) and the experimental mag-
netisation (symbols) is found. Finally, regarding the magnetic charac-
terisation, the Zero-Field-Cooled (ZFC)-Field-Cooled (FC) magnetisation
curves are displayed in Fig. 10b for the three analysed samples, where
the magnetisation for the composites is normalised (M/%) to compar-
atively analyse their magnetic response. Typical curves of super-
paramagnetic nanoparticles with Blocking temperatures slightly above
room temperature are obtained in all the samples. The proximity of the
Blocking temperature to the operation temperature (300 K) guarantees
an optimum magnetic behaviour of the magnetic composites in aqueous

152

dispersions, that is, low He and magnetisation at the remanence to avoid
magnetic interparticle interactions and high magnetic susceptibility to
allow and efficient recovery through the action of an external magnetic
field.

The EIS Nyquist plots are shown in Fig. 11a. It can be seen that TiOy/
Ti3Cy/5% MnFe,0,4 showed the minimum radius of arc in comparison to
other samples, which suggests that coupling between TiO,/Ti3Cy and
5% of MnFe;04 decreased the charge-transfer resistance. As shown in
Fig. 11D, all samples present a stable photocurrent within 5 on/off cy-
cles, indicating that these materials can be excited to generate
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electron-hole pairs. However, for pure MnFe;O4 the photocurrent
response is very weak, which is related to the low number of generated
charge carriers. For TiO2/TizCz/5% MnFey04, slightly higher photo-
current density was observed than TiO/Ti3Cy, suggesting efficient
transfer and improved electron-hole separation.

According to the slope of Mott Schottky plots (Fig. 12), both TiOy/
Ti3Cy and MnFe,04 presented n-type semiconductor characteristics. The
potential of TiO2/Ti3Co and MnFe04 flat band edge position, which for
n-type semiconductors is almost equal to the conduction band potential,
were recorded at — 1.21 and — 1.4 vs Ag. These values were converted
to a value of — 0.41 V and — 0.62 V vs. NHE. Considering the bandgap
value for TiO,/Ti3Cy and MnFe;04 equal to 3.0 eV and 1.5 eV, respec-
tively, the valence band edge position were calculated as 2.59 V and
0.88 V vs. NHE.

3.2. Photocatalytic activity in reaction of ibuprofen and carbamazepine
degradation

Firstly, the photolysis of ibuprofen and carbamazepine was analysed
to notice the differences between processes with or without photo-
catalyst and verify the effect of PMS addition. As shown in Fig. 13, the
photolysis of CBZ reached 23% within 60 min, while for IBP 49% within
60 min under simulated solar light irradiation. In these cases, the min-
eralisation measured as TOC reduction was not observed. After the
addition of PMS (0.25 mM), the degradation for both pharmaceuticals
increased to about 90% within 60 min. Nevertheless, the TOC concen-
tration did not decrease.

The efficiency of carbamazepine and ibuprofen photodegradation for
composite materials is presented in Fig. 14. The photocatalytic activity
of pure MnFe,O, was inefficient, which confirmed that although the
lowest band gap, magnetic material did not show the ability for pho-
todegradation and could only absorb a low amount of CBZ and IBP in the
dark reaction (see Fig. S6 in the Supporting Materials). This may be
explained by the fast recombination of electron-hole pairs [48]. Based
on XRD analysis, the TiO2/Ti3Cy composite sample contained TiO as a
mixture of anatase and rutile. Therefore due to the difference in the
position of band gaps, the formation of heterojunction in TiO, material
can be noticed. According to our previous work [22] focusing on the
influence of the solvothermal reaction environment on morphology and
photocatalytic activity, it was found that at the same hydrothermal re-
action time and temperature, higher activity in reaction of acetamino-
phen degradation revealed sample obtained in NH4F/HCI solution
consisting of anatase and rutile combined with trace amounts of TizCy
compared to the sample of anatase modified with Ti3Cy prepared in
HBF4/H»0 solution. The direct contact between these two crystalline
TiO, polymorphs may facilitate the interparticle transfer of the photo-
generated charges in the photocatalytic processes and improve the
photocatalytic activity [49-51]. The introduction of 5 wt% of manga-
nese ferrite into the TiO,/Ti3Cy photocatalyst structure did not affect the
degradation efficiency of both pharmaceuticals, which reached 100%
after 60 min of irradiation. However, the incorporation of a higher
amount of MnFe304 (20%) significantly decreased the photocatalytic
activity. This phenomenon may be attributed to the excessive amount of
magnetic light diffusing particles that may hinder the contact between
the photocatalyst and the light or become a new electron-hole recom-
bination centre, which reduces the lifetime of the photogenerated
charge carriers [52,53].

The TOC reduction efficiency during the photodegradation process is
presented in Fig. 15. For TiO,/Ti3Cy and TiO,/Ti3Cy/5% MnFe,04
composite, the mineralisation efficiency was about 40% within 60 min
of irradiation. In the case of TiO3/Ti3C2/20% MnFe;0,4 composite and
MnFe,04, the mineralisation was not observed.

Furthermore, as presented in Fig. 16, the addition of PMS resulted in
a significant increase in the degradation of both pharmaceuticals.
Moreover, the combination of the photocatalytic degradation process for
sample TiOy/Ti3Cy/5%MnFe;04 with PMS activation led to superior
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Fig. 10. High field magnetisation, M, (applied magnetic field mgH = 6 T) for MnFe,0,4 and prepared magnetic composites (a). Inset: M versus T at 6 T for the TiO,/
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Fig. 13. The efficiency of carbamazepine and ibuprofen degradation in the
CBZ/IBP mixture for photolysis and photolysis with PMS (0.25 mM).

photodegradation of the pharmaceutical mixture. In the case of the
MnFey0,, both Mn and Fe may activate PMS to produce sulphate radi-
cals [54]. The effect of PMS concentration in the range of
0.065-0.25 mM for IBU and CBZ degradation and mineralisation was
observed (see Figs. 16-17). The degradation rate was promoted with the
increased concentration of the PMS. It can be explained by the fact that
more PMS as a source of active species may improve pharmaceuticals
degradation [55]. However, above a certain concentration, ¢SOz might
be consumed by the excess PMS and produce less active SO% [56].
Therefore, the highest degradation efficiency was observed for TiOs/-
TizCy/5%MnFe,04 photocatalytic process combined with the activation
of PMS with a concentration of 0.25 mM. After 20 min and 10 min of the
advanced treatment process, 100% of CBZ and IBP were degraded,
respectively.

Furthermore, a mineralisation efficiency measured as a TOC reduc-
tion was also improved for the sample TiO3/Ti3C2/5% MnFey04/PMS
compared to the sample without PMS (Fig. 17). The rate constant
increased from 8.9 + 0.27 min~ 11072 to 28.6 + 0.98 -102 min™! for
CBZ, and from 7.0 + 0.18:10 2 min ! to 53.0 + 1.4 min 110 2, after
the introduction of PMS into the reaction environment (Table S2 in the
Supporting Materials). Therefore, the synergetic effect on the CBZ and
IBP mixture degradation efficiency for peroxymonosulphate-assisted
photocatalytic degradation over TiO;/Ti3Cy/5% MnFe;04 photo-
catalyst was noticed.
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The amount of the photocatalyst is another important factor deter-
mining the photocatalytic activity. The amount of TiO,/Ti3C./5%
MnFe,04 photocatalyst ranged from 0.5 to 2 g~dm_3, with PMS con-
centration equal to 0.25 mM. As presented in Fig. 18, the highest
degradation efficiency was observed for 2 g-dm °. However, the
reduction of photocatalyst amount to 0.5 g-dm ™ enables degradation
above 90% of CBZ and near 100% of IBP within 20 min of irradiation
and TOC reduction of about 47%. The TOC removal was summarised in
Table S3 in the Supporting Materials.

The effect of pH on the CBZ/IBP degradation was investigated at
constant photocatalyst amount (2g-dm’3) and PMS concentration
(0.25 mM) by adjusting the initial pH of the solution. As shown in
Fig. 19, a decrease in CBZ degradation can be noticed at a pH of 6.7
compared to 4.5, whereas the photodegradation efficiency of IBU was
efficient at both pH values. However, increasing pH to 9.5 resulted in
markedly decreased degradation of CBZ and IBP. The TOC removal was
summarised in Table S3 in the Supporting Materials. Similarly, the
lowest mineralisation efficiency of IBU and CBZ was observed under
alkaline conditions, in which PMS may undergo self-decomposing
without the production of reactive species. Moreover, in alkaline con-
ditions, standard redox potentials of sulfate and hydroxyl radicals are
lower as well as their lifetimes are shorter than in acidic conditions [57,
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Fig. 15. TOC removal in the photodegradation process for obtained
photocatalysts.
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Fig. 14. The efficiency of carbamazepine (a) and ibuprofen (b) photocatalytic degradation in the CBZ/IBP mixture under simulated solar light.
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Fig. 16. The effect of PMS concentration on the carbamazepine (a) and ibuprofen (b) degradation efficiency in the CBZ/IBP mixture for TiO,/Tiz;Cy/5% MnFe;04/
PMS system.

58].

Furthermore, additional experiments were performed in the model
TiO,/Ti,C,/5%MnFe,0, = awater to evaluate thg effect of interfering ions (Mg?®, Ca®", Na™
cations and CI" and SO7) on the efficiency of CBZ and IBU photo-
degradation (Fig. 20).

Interestingly, for CBZ removal, significant improvement was
observed. After 5 min of irradiation, about 100% of CBZ was degraded,
whereas in DI water within 20 min. The TOC removal efficiency is also
summarised in Table S3 in the Supporting Materials. Also, a slight
improvement in the mineralisation efficiency was observed in the model
seawater. Huang et al. [59] reported that chloride ions could facilitate
the Acid Orange 7 photocatalytic degradation in the presence of PMS.
The enhancement could be related to the generation of reactive chlorine
species from the reaction between Cl and ¢SO, [60].

Meanwhile, for IBP, the degradation was slightly limited. The slower
photodegradation of IBU in seawater compared with the DI water may
be attributed to the presence of inorganic species in seawater acting as

60

TOC removal (%)

T
without PMS  0.065mM  0.125 mM 0.25 mM hydroxyl radical scavengers and therefore reducing photocatalytic ac-
. . . . . tivity [61].
Fig. 17. The effect of PMS trat the carb. d
.I:g f SRELSE & SPASgR RS RINION Sstabatiaaet - o In order to explain the mechanism of CBZ and IBP photodegradation
ibuprofen (b) mineralisation efficiency measured as TOC removal for TiOy/ s 5 > 2 3
TizCy/5% Mnle,04/PMS system after 60 min of irradiation. with TiOy/TizC,/5%MnFe;04/PMS system, the trapping experiments

with reactive species scavengers were performed. The results are shown
in Fig. 21. The highest inhibition of CBZ degradation efficiency was
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Fig. 18. The effect of photocatalyst amount on the efficiency of carbamazepine (a) and ibuprofen (b) degradation in the CBZ/IBP mixture for TiO,/TizCy/5%
MnFe,04/PMS system.
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Fig. 19. The effect of pH on the efficiency of carbamazepine (a) and ibuprofen (b) degradation (C/Cp) in the CBZ/IBP mixture for TiO»/TizCs/5% MnFey04/

PMS system.
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observed with the addition of benzoquinone, which indicates that su-
peroxide anion radicals are the main oxidising species taking part in the
removal of pharmaceuticals. Meanwhile, the degradation of IBP was
significantly limited in the presence of ammonium oxalate. In this case,
the h™ were mainly involved in the photodegradation process.
Furthermore, for both pharmaceuticals, a decrease in photocatalytic
activity was observed with the addition of isopropanol, suggesting that
the presence of ¢SOy significantly affects the pharmaceuticals removal
efficiency.

Different reactive species may play the dominant role in the photo-
degradation mechanism depending on the nature and physicochemical
properties of both pharmaceuticals and photocatalyst. According to
Dudziak et al. [62], for carbamazepine with a low energy position of
LUMO orbital, the process efficiency is not exactly dependent on the
stability of h' generated organic radical, which is frequently indicated
as an initial reactive form. Meanwhile, direct h™ transfer from the sur-
face to the pollutant appears essential for IBU degradation, which also
agrees with its preferred surface adsorption and negative charge. In the
study of Georgaki et al. [63], the hole-dominated surface reaction was
also observed for IBP, while for CBZ solution-phase mechanism.

The possible mechanism of pharmaceuticals degradation with TiOy/
Ti3Co/5% MnFe04/PMS is presented in Fig. 22. In the presence of light,
the promotion of electrons from the valence band (VB) of MnFe;04 and
TiO, to its CB was attained in the nanocomposite, leaving behind the
same number of holes in the corresponding VB. The photogenerated

b)
100
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60

40

IBP removal efficiency (%)

20 1

0-
Blank AO BQ t-But iPr

Fig. 21. The trapping experiments for carbamazepine (a) and ibuprofen (b) degradation in the CBZ/IBP mixture for Ti0O,/TizCy/5% MnFe,04/PMS system.
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Fig. 22. The possible mechanism of IBP/CBZ mixture degradation in the presence of TiO,/Ti;Cy/5%MnFe,04/PMS.

electrons are transported to the conductive MXene at the interface,
which elongates the lifetime of holes in the VB of TiO; and inhibits the
recombination of photogenerated charge carriers. Accumulated elec-
trons participate in superoxide anion radical generation from oxygen,
whereas photogenerated holes participate in hydroxyl radicals produc-
tion as a main reactive oxygen species taking part in the photocatalytic
degradation of CBZ and IBP.

Furthermore, the presence of Mn and Fe may activate PMS to pro-
duce sulphate radicals. Electron transfer from PMS to Fe*' and Fe?"
caused the regeneration of Fe** and cycling between Fe®" and Fe*"
(Egs. 1-2). Similarly, there was also the regeneration of Mn*" and
cycling between Mn** and Mn®* (Eqgs. 3-4). This redox cycles
Mn?t5Mn**~Mn?" and Fe?"—Fe®’»Fe?! are the rate-limiting steps
in the PMS activation [64]. Furthermore, #SOs5 radicals may react with
each other to form ¢SO, (Eq. 5). While, ¢SO; may further react with OH
to generate «OH (Eq. 6) [65].

Fe’* + HSO5 — Fe?' + ¢S03 + H' )
Fe>* + HSO3 — Fe’™ + SOj + OH’ (2
Mn*" + HSO5 — Mn®" + ¢SO + OH 3
Mn** + HSO5 — Fe? + «SO5 + H* 4
eS05 + 505 — 2 ¢SO + O, (5)
SOj + OH — SOF + «OH (6)

Based on the ICP-OES analysis and iron photometric measurement,
the levels of metal lixiviation were determined for the TiO2/Ti3Cy/5%
MnFe,0,4/PMS system with the highest PMS concentration. The results
are presented in Table S4 in the Supporting Materials. The metal lixiv-
iation using TiO2/Ti3C2/5% MnFey04/PMS (0.25 mM) system to the
post-process solution was below LOD for Ti, not exceeding the permis-
sible limit for Fe (0.08 mg-dm™>) in surface and drinking water, while
exceeded for Mn (0.4 mg-dm °) in drinking water. Despite that, the
photocatalyst showed good stability and reusability in the four subse-
quent cycles of photodegradation. After each cycle, the composite
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material was separated and reused with no additional treatment. As
presented in Fig. 23a, the degradation efficiency of CBZ and IBP
remained stable and maintained at 100% within 10 min for IBP and
100% within 20 min for CBZ, respectively, confirming good stability and
recyclability. Besides, the XRD characteristic peaks of the used com-
posite are unchanged compared to the fresh material (Fig. 24a). Simi-
larly, FTIR spectra (Fig. 24b) for TiO»/Ti3C2/5% MnFe»04 fresh sample
and after the 4th photocatalytic cycle do not differ. A broad band
observed in the range between 3650 and 3000 em ! with a maximum at
3430 cm ! is ascribed to the stretching mode of the hydroxyl group. The
characteristic signal at 1630 em ™! is related to the bending vibrations of
the hydroxyl group. The broad band between 882 and 400 em ™! cor-
responds to the Ti-O stretching vibrations and Ti-O-Ti bridging
stretching mode.

The results presented in the present study were compared with
recent publications concerning photocatalytic degradation of IBP and
CBZ enhanced by PMS activation. The comparison is presented in
Table 3. However, any studies considering photocatalyst/PMS/sunlight
irradiation system for IBP degradation have not been found.

4. Conclusions

For the first time, the ternary magnetic composites TiO2/Ti3Cy/
MnFe;0, were successfully fabricated and applied for the degradation of
pharmaceuticals, the mixture of carbamazepine and ibuprofen. The
present work provided a new approach to the application of MXene
compound as a precursor for photocatalyst synthesis and co-catalyst.
The TiOy/Ti3Cy/MnFe;04 magnetic composite was easily recovered
from the post-process suspension after the photodegradation process by
an external magnetic field. The magnetic composite revealed excellent
photocatalytic activity in the wide pH range and in the presence of
inorganic ions. For both pharmaceuticals, nearly 100% degradation was
obtained within 60 min in the photocatalytic degradation process. The
synergetic effect of the combination of photodegradation process in the
presence of TiO,/Ti3Cy/5%MnFe;04 composite with PMS activation
under simulated solar light was noticed. The coupling of photocatalysis
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Fig. 24. The comparison of XRD diffractograms (a) and FTIR spectra (b) for TiO,/TiyCy/5% MnFe,04 fresh sample and sample after the fourth photo-

degradation cycle.

Table 3
‘The comparison of this work with results presented in recent related papers.
Photocatalyst Dosage (g/ Pl 1 ration PMS Light source Degradation efficiency Ref.
dm?) (mg/dma) concentration
BiOCI 0.6 10 (CBZ) 1mM simulated solar light 100% within 20 min 166]
(A = 300 nm)
B-FeOOH on g C3N4 0.1 10 (CBZ) 0.2mM simulated sunlight 100% within 30 min [67]
Si doped TiO, 0.1 10 (CBZ) 1mM A metal halide lamp with a 100% within 60 min [68]
300 nm cut-off filter
Ti0,/Ti5C,/5% 2 7 (CBZ) 10 (1BP) 0.25 mM Xe lamp 100% within 20 min 100% this
MnFe,04 within 10 min work

with relatively low PMS concentration led to a significant increase in the
kinetic of the reaction. The degradation efficiency was 100% within
20 min for carbamazepine and 10 min for ibuprofen without significant
change in the pH of the solution. Therefore, considering the economic
aspects related to energy saving by reducing the photocatalytic process
time, combining the photocatalytic degradation process with PMS
activation seems beneficial. Therefore, the results presented in this work
have the potential to provide new insights into the development of
combined magnetic photocatalyst/PMS processes. However, it is
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important to find the compromise between high degradation efficiency
in AOP-based processes and the possibility of secondary pollutants
generation, for example, acidification of the treated wastewater or metal
ions lixiviation into the water environment. In our study, due to the
relatively low PMS concentration, we did not observe a significant
change in the pH of the solution after the photodegradation process.
However, for the highest PMS concentration of 0.25 mM, lixiviation of a
trace amount of Fe and Mn can be noticed.
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3. Results and discussion

3.1 Characterization of MnFe>O,, TiO»/Ti;C: and TiO»/Ti;C/MnFe>O; photocatalysts

Table S1. ICP-OES measurements for the TiO,/Ti;C2/5%MnFe,0,.

Element Content (Wt%)
Ti 33.9930+2.0554
Mn 0.9436+0.0632
Fe 2.0062+0.1147
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Figure S1. SEM area EDS spectrum with atomic and weight percentage of elements.

O1s

Ti2p

Cis

Counts (arb. units)

T T T T

T T T
1000 800 600 400
Binding energy (eV)

T T
1200 200 0

Figure S2. Survey XPS spectra for TiO,/Ti;C, composite.
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Figure S4. HAADF-STEM image and STEM-EDS elemental mapping of
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164


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Pobrano z mostwiedzy.pl

e

a) b)
Ay 300 nm TIOJTi,C, A, 300 nm —— MnFe,O, )
—— Deconvolution —— Deconvolution
e ~—— Gaussian fit Gaussian fit
2 z
e g
§ g
3 s
= €
d d m
400 500 600 700 400 500 600 700
Wavelenght (nm) Wavelength (nm)
%) —— TiO/Ti,C/20% MnFe,O,
A, 300 nm —— Deconvolution
Gaussian fit

i)

c

=]

g

A

=

2

2

E

p )

a

= + —
400 500 600 700
Wavelength (nm)

Figure S5. The Gaussian fitting and deconvolution of PL spectra of the TiO./TisC; (a),
MnFe,0; (b), and TiO,/Ti;C,/20%MnFe,0, (¢)

165


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Pobrano z mostwiedzy.pl

e

1.0

dark reaction

0.9

0.8 —=— MnFe,O, CBZ
—v— MnFe,O,_IBP
| —a—Tio,Ti,C, CBZ

071 —e—TiO,Ti,C, IBP

{ ——TiO,/Ti,C,/5% MnFe,O, CBZ
—e— TiO,/Ti,C,/5% MnFe,O,_IBP
—— TiO,/Ti,C,/20% MnFe,0, CBZ
| —«—TiO,Ti,C,/20% MnFe,0,_IBP

05 .
-30 15 0

Time
Figure S6. CBZ and IBP adsorption (dark reaction) for prepared materials.

GiC,,

0.6

Table S2. The rate constant of CBZ and IBP degradation in the CBZ/IBU mixture for
selected processes.

CBZ degradation IBP degradation

Sample rate constant rate constant

(min'- 10?) (min'- 10?)
Photolysis 0.5+0.02 1.2+0.05
Photolysis/PMS 4.8+0.14 5.2+0.23
TiO./Ti;C»/5% MnFe,O, 8.9+0.27 7.0+0.18

TiO./Ti:C./5% MnFe,0,/PMS
(0.25 mM) 28.6+0.98 53.0+1.4
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Table S3. The TOC removal (%) in the CBZ/IBU mixture for selected processes.

Sample TOC removal (%)

Ti0,/Ti;C./5% MnFe,O0./PMS
(0.25 mM) Amount of 54+1.7%
photocatalyts - 2g/dm?

Ti0,/Ti;C./5% MnFe,O,/PMS g
(0.25 mM) Amount of 3140:6%
photocatalyts - 1g/dm?

Ti0,/T1:C./5% MnFe,O./PMS o
(0.25 mM) Amount of sl

photocatalyts - 0.5 g/dm’
TiO,/Ti;C./5% MnFe,O,/PMS 57+0.8%
(0.25 mM) pH 4.5
TlOz/ThCz/S% MnFezO4 /PMS 43.1+£1. 1%
(0.25 mM) pH 9.5
; Z 2
TIOz/T13C1/5 A) MnFezO.a /PMS 603:|:2 1%

(0.25 mM) Seawater

Table S4. The metal lixiviation results for a post-process solution using TiO./T1;C./5%

MnFe,O/PMS (0.25 mM) and amount of photocatalyst — 2 g/dm’.

Element ICP-OES Iron Photometric Test
(mg/dm’®) (mg/dm?)
Ti <LOD -
Mn 0.423+0.032 -
Fe 0.089+0.010 0.08
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ARTICLE INFO ABSTRACT

Keywords: In the present study, a hydrothermal method in a water/ethanol environment was used for the first time to obtain
Box-Behnken novel Cu/TiOy/Ti3Cy composites with high photocatalytic activity for the degradation of carbamazepine (CBZ)
(hl'bamflzepine under simulated solar light. The Box-Behnken factorial design was coupled with Response Surface Methodology
3;(2:‘[““05 (RSM) for synthesis parameter optimisation. The effect of different synthesis parameters, including temperature,
Photocatalysis time and water/ethanol ratio, was for the first time studied in detail. The analysis of variance (ANOVA) was used
Optimisation to verify the adequacy of the proposed model. The water/ethanol ratio was the most influential parameter for
RSM anatase crystallite growth and the efficiency of carbamazepine degradation. The TiO,/Ti3Cy sample prepared
TisCy under the optimised conditions (synthesis time of 17 h, temperature of 220 °C, and water/ethanol ratio of 58:42
TiO, v/v) revealed almost 100% of CBZ degradation within 60 min. Furthermore, the surface modification of this

sample with 0.25% - 1 wt% of copper resulted in improved photocatalytic activity. For TiO,/TizCy modified with
0.5% of Cu, almost complete CBZ degradation was observed in 40 min of the photodegradation process. Finally,
the combination of the photodegradation process with the activation of peroxymonosulphate (PMS) by Cu-TiO,/
TizCy resulted in markedly improved carbamazepine degradation and reached 100% within 20 min under
simulated solar light irradiation. The degradation mechanism of CBZ was proposed based on trapping experi-
ments, which revealed that 0, and ¢SO, are the main oxidising species involved in carbamazepine degradation.
Moreover, the hybrid system exhibited high recyclability and stability during subsequent photodegradation
cycles.
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1. Introduction

The water demand in many places worldwide has surpassed its
supply and continues to grow. Population growth, climate change,
industrialisation, and destruction of the environment contribute to a
greater demand for water (Rathi et al., 2021). Therefore, the recycling of
water is crucial. Recently, anthropogenic activities have led to high
levels of water resource pollution with emerging contaminants such as
endocrine-disrupting compounds, personal care products and pharma-
ceuticals, which are not biodegradable in conventional wastewater
treatment plants. The presence of these substances and their trans-
formation products in aquatic systems may cause serious environmental

* Corresponding authors.

and health concerns. For example, carbamazepine (CBZ) is the most
frequently detected pharmaceutical in water bodies. This antiepileptic
drug is a recalcitrant compound that is not susceptible to biodegradation
and is not efficiently removed by wastewater treatment plants (WWTPs)
or naturally occurring photolysis process. The human body metabolises
approximately 72% of CBZ, while 28% is unchanged and subsequently
discharged through faeces to the environment, along with its main
metabolites, such as 3-hydroxycarbamazepine and carbamazepine-10,
11-epoxide, which are more toxic to daphnids than the parent com-
pound (Zind et al., 2021; Gubitosa et al., 2022). Moreover, it exhibits
high water solubility, biomagnification, and bioaccumulation in aquatic
organisms. Mezzelani et al. (2020) observed that CBZ was the most

E-mail addresses: anna.grzegorska@pg.edi.pl (A. Grzegorska), annjurek@pg.edu.pl (A. Zielinska-Jurek).
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frequently detected pharmaceutical in more than 95% of Mediterranean
mussels collected over 4 years from 14 sites along the Adriatic and
Tyrrhenian Sea. Almeida et al. (2021) reported that CBZ, at environ-
mentally relevant concentrations (up to 1 pg/dm3), may alter biological
responses (physiological, cellular, molecular) in marine bivalves. Ac-
cording to European legislation on the classification and labelling of
chemicals (92/32/EEC), carbamazepine is classified as R52/53 sub-
stance, which is hazardous to aquatic organisms and may cause
long-term adverse effects in the aquatic environment (Zhang et al.,
2008). Furthermore, carbamazepine has been proposed as an anthro-
pogenic marker for water bodies. In Germany, CBZ has been detected in
WWTPs effluents, surface water, and groundwater at concentrations of
1075-6300 ng-dm *, 81-1100 ng-dm *, and 1-100 ng-dm >, respec-
tively. In the United Kingdom, the concentrations are found to be
152-4596 ng-dm >, 9-327 ng-dm >, and 425-3600 ng-dm > (Hai et al.,
2018).

Therefore, the occurrence, fate, transformation, and transfer of the
emerging pollutants in the environment must be identified. Moreover, a
significant issue to address is the degradation of persistent and emerging
contaminants by the application of advanced treatment technologies
such as ozonation, Fenton, photo-Fenton, and photocatalysis (River-
a-Utrilla et al., 2013). The selection of a treatment method depends on
the specific characteristics of the wastewater and the physicochemical
properties of the pharmaceuticals. It is particularly important to
consider the potential environmental and human health impacts of each
treatment method and select an efficient and sustainable technology.

In this regard, photocatalysis is a significant approach as an efficient
green remediation technology for the degradation of persistent and
emerging organic pollutants. In this process, the generation of electrons
and holes leads to the formation of reactive oxygen species (ROS) such as
hydroxyl radicals (OHe), superoxide radical anions (¢O3), singlet oxy-
gen (102), and hydrogen peroxide (H05), which can selectively or non-
selectively oxidise and mineralise a wide range of contaminants in water
and air (Wolski et al., 2019; Afreen et al., 2020). Among a wide group of
semiconductor materials, titanium(IV) oxide is a commonly used pho-
tocatalyst with low cost, strong oxidising potential, and chemical sta-
bility (Simamora et al., 2012). Nevertheless, its activity limited to UV
irradiation and fast charge carrier recombination enforces the search for
alternative approaches (Dong et al., 2015). The combination of TiO,
with highly conductive carbonaceous materials is a potential strategy to
inhibit the fast recombination of photogenerated electrons and holes
(Asencios et al., 2022). Among carbonaceous materials, MXenes have
attracted attention in various fields because of their unique properties,
including non-toxicity, excellent mechanical strength, large interlayer
spacing, extraordinary electrical and thermal conductivity, hydrophi-
licity, rich surface chemistry, and biocompatibility (Im et al., 2021;
Zhang et al., 2020). Moreover, the in situ oxidation of MXene led to the
formation of MXene/metal oxide composite, i.e. TizCp/TiO2, with inti-
mate contact, which provides highly efficient charge carriers separation
(Grzegérska et al., 2021).

In this study, we focused for the first time on the effect of the syn-
thesis parameters, including temperature, time, water/ethanol ratio and
modification with copper species on the photocatalytic degradation of
carbamazepine in the presence of TiO/TisCy under simulated solar
light. The Box-Behnken factorial design was coupled with Response
Surface Methodology (RSM) for optimisation of temperature, water/
ethanol ratio, and hydrothermal reaction Then, ANOVA was used to
study the statistically significant parameters and their interactions.
Furthermore, the TiO3/Ti3Cy sample obtained under optimal conditions
was modified with copper species to improve charge carriers separation
and enhanced photocatalytic activity under simulated solar light.
Among transition metals, copper is an inexpensive metal, almost 100
times and 6000 times cheaper than Ag and Au, with excellent thermal
and electrical conductivity (Gawande et al., 2016). Highly reactive
copper species can promote various reactions via both one- and
two-electron pathways, owing to their wide range of oxidation states
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Table 1
Experimental range and levels of the independent variables in the Box-Behnken
statistical experimental design.

Variable design Factors Coded level

-1 0 +1
A Temperature (°C) 180 200 220
B Time (hours) 6 15 24
C Amount of ethanol (vol%) 0 50 100

Table 2

The Box-Behnken design with experimental values for the independent variables
and optimum conditions determined based on the response optimisation for CBZ
degradation.

Experiment symbol Coded level of variables Actual level of variables

A B C A B C
S1 -1 -1 0 180 6 50
S2 1 -1 0 220 6 50
S3 1 1 0 180 24 50
§4 +1 +1 0 220 24 50
S5 1 0 1 180 15 0
S6 +:1 0 -1 220 15 0
s7 -1 0 g B 180 15 100
S8 +1 0 =1 220 15 100
S9 0 -1 1 200 6 0
S$10 0 +1 -1 200 24 0
S11 0 -1 +1 200 6 100
S12 0 +1 +1 200 24 100
S13 0 0 0 200 15 50
S14 0 0 0 200 15 50
$15 0 0 0 200 15 50
816 optimum conditions 220 17 42

(Cu®, cu', cu?*, and Cu®") (Muscetta et al., 2020).

In addition, copper species may effectively activate perox-
ymonosulphate (PMS) to produce sulphate radicals, a promising alter-
native to hydroxyl radicals. The eSO, radicals have a higher redox
potential (Ep = 2.5-3.1 V) than OHe (1.8-2.8 V) radicals. Moreover,
sulphate radicals reveal a longer half-life (4 x 107" 5) than that of OHe
radicals (2 x 10~ s). Notably, during SO based oxidation processes,
secondary oxidants such as eOH, eO5, and 102 can also be produced,
which accelerates the degradation rate of organic contaminants (Hasija
et al., 2022). Therefore, a promising strategy of photocatalysis assisted
by peroxymonosulphate (PMS) activation for enhanced CBZ degradation
is proposed in this study.

2. Materials

TizAIC, was purchased from Luoyang Tongrun Info Technology Co.
(China). HF (ACS reagent, 50%), ethanol (anhydrous, 99.8%), copper
(II) nitrate trihydrate (p.a., 99-104%), potassium peroxymonosulphate
(OXONE, monopersulphate compound), and carbamazepine (Pharma-
ceutical Secondary Standard; Certified Reference Material) were pro-
vided by Sigma Aldrich. Beznoquinone (reagent grade, > 98%),
ammonium oxalate (ACS reagent, > 99%), isopropanol (anhydrous,
99.5%), and tert-butanol (anhydrous, 99.5%) were supplied by Sigma
Aldrich. Acetonitrile (HPLC grade) and H3PO4 (85%, HPLC grade)
applied to determine the CBZ concentration by HPLC were provided by
Sigma Aldrich. All reagents were used as received without additional
treatment. Deionised (DI) water was used in all experiments.

3. Methods
3.1. Experiment design

The statistical software Minitab version 21.1 (Minitab USA, 2021)
was used to design and analyse the effects of various synthesis
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Fig. 1. Schematic representation of the synthesis procedure.

parameters on the physicochemical properties of the materials and the
photodegradation of CBZ. A three-factor three-level Box-Behnken
experimental design (BBD), along with RSM, was used to correlate the
interactions among the variables and responses. Based on the BBD
design, 15 runs were performed to obtain precise results. The co-
efficients were analysed using analysis of variance (ANOVA). Each of the
parameters was analysed on the three levels: low (—1), high (+1), and
centre point (0). Table 1. represents the levels and ranges of the selected
independent variables. The Box-Behnken experimental design, with
three independent variables, is presented in Table 2.

3.2. Preparation of MXene — Ti3CsT,

First, 10 g of Ti3AlCy was gradually added to 100 em® of HF. The
suspension was mixed for 24 h at room temperature. The sample was
then centrifuged and washed with DI water until the pH of the washing
solution was neutral.

3.3. Synthesis of TiO2/Ti3Cz composite

In a typical procedure, 0.4 g TisC2Ty was dispersed in water (60 cm?),
a water-ethanol mixture (1:1 v/v), or ethanol. The mixture was soni-
cated for 10 min to obtain a homogeneous dispersion and then mixed for
another 30 min. The suspension was transferred to a Teflon-lined
stainless-steel autoclave reactor and held in an oven for 6, 15, or 24 h
at 180, 200, or 220 °C, according to the parameters summarised in Ta-
bles 1 and 2.

3.4. Preparation of Cu-deposited TiO2/TisC2 composites

The TiO2/Ti3Cy composites were modified with Cu particles using
the one-pot synthesis method, as presented in Fig. 1. In the first step, 0.4
g Ti3C, Ty was dispersed in 60 cm?® of a water/ethanol mixture (58:42 v/
v). Then, a proper volume of Cu(NO3);-3 Hy0O aqueous solution corre-
sponding to 0.25 wt%, 0.5 wt% and 1 wt% of Cu was added. Next, the
sample was sonicated for 10 min and mixed for 30 min. The suspension
was transferred to a Teflon-lined stainless steel autoclave reactor and
held in an oven for 17 h at 220 °C.

3.5. Characterisation methods

The prepared materials were characterised using X-ray powder
diffraction (XRD). This technique was used to determine the composi-
tion of the prepared photocatalysts and the crystallite size. XRD patterns
were obtained with a powder diffractometer Rigaku Intelligent X-ray
diffraction system SmartLab (Rigaku Corporation, Tokyo, Japan) with
Cu Ko radiation, and in the 20 range from 5° to 80°, with a speed of
2°min " and a step of 0.01°. UV-vis reflectance spectra of the powdered
photocatalysts were recorded using a Thermo Scientific Evolution 220
spectrophotometer (Waltham, MA, USA). BaSO4 was used as the
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reference material. Absorbance was recorded in the wavelength range of
200-800 nm. The Brunauer-Emmett-Teller (BET) surface area was
determined using a Micromeritics Gemini V analyser (Norcross, GA,
USA) in liquid nitrogen. Before the measurements, the powder samples
(approximately 0.1 g) were degassed at 200 “C for 2 h under constant
nitrogen flow. Scanning electron microscopy (SEM) was used to deter-
mine the morphologies of the prepared composites. The SEM images
were obtained using an SEM microscope (FEI Quanta FEG 250). Trans-
mission electron microscopy (TEM) analyses were conducted using a
Thermo Fisher (formerly FEI) Titan Themis G2 200 Probe Cs Corrected
Scanning Transmission Electron Microscope (STEM). Photo-
luminescence (PL) spectra were recorded on a spectrofluorometer Shi-
madzu RF-6000 (Kyoto, Japan). A 150 W Xenon lamp with an excitation
wavelength of 300 nm was used as the excitation source. XPS analyses
were performed using a multi-chamber UHV PREVAC system. The
photoelectron excitation source was an X-ray tube VG Scienta SAX 100
with an aluminum anode equipped with a monochromator VG Scienta
XM 780, emitting radiation with the characteristic line of Al Ka and an
energy of 1486.6 eV. Spectral deconvolution was performed using
CasaXPS Version 2.3.25 PR1. Electrochemical measurements were per-
formed using an Autolab Potentiostat/Galvanostat Autolab (model
PGSTAT204). The photocatalytic materials were placed on carbon
screen-printed electrodes with an Ag reference electrode. The electrolyte
solution (0.5 M Na3S0O4) was purged with Ar for 10 min prior to the
measurements. Electrochemical impedance spectra (EIS) Nyquist plots
were recorded in the range of 10° Hz to 0.1 Hz with an AC voltage
amplitude of 0.01 V. Mott Schottky plots were registered for the applied
frequency of 1000 Hz in the potential range from — 1.5-0 V. The tran-
sient photocurrent response of the photocatalysts was recorded at a light
on/off interval of 25s at OV vs. Ag under 372nm LED light
illumination.

3.6. Photocatalytic activity

In a typical procedure, a photocatalyst suspension (2 g/d1113) was
prepared in a carbamazepine solution (14 mg/dm®) in a 25 cm® glass
reactor with a quartz window. The suspension was aerated throughout
the experiment. Prior to photodegradation, the suspension was mixed in
the dark for 30 min to achieve adsorption-desorption equilibrium.
Subsequently, the photocatalytic experiment was performed using a
300 W Xenon lamp emitting simulated solar light irradiation. The
spectrum of the used Xe lamp is presented in Fig. S1 in Supporting
Materials. The reaction temperature was maintained at 20 °C. The
samples were collected at 0, 20, 40, and 60 min of the process.
Furthermore, the photocatalyst was separated from the solution using a
0.2 um syringe filter. The progress of pollutant photodegradation was
analysed using reverse-phase high-performance liquid chromatography
(HPLC) (Shimadzu UFLC LC-20AD (Kyoto, Japan) with a photodiode
array detector (Shimadzu SPD-M20A). Measurements were performed
at 45 °C under isocratic flow conditions of 1.5 cm®min~'. The volume


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Pobrano z mostwiedzy.pl

J——

A. Grzegorska et al.

Table 3

Process Safety and Environmental Protection 179 (2023) 449-461

Box-Behnken experimental results: carbamazepine degradation (%), TOC removal (%), specific surface arca (mz/g), and average anatase crystallite size (nm) of

anatase TiO, particles.

Sampleno.  Sample BET surfaccarea  Anatase crystallite Efficiency of degradation Degradation rate constant (min - TOC removal (%)

label (m%/g) size (%) 10 %
(nm)

S1 T180/EtOH H,0/6 h 34.1 12 66 1.84 + 0.09 9.2

S2 T220/EtOH-H,0/6 h 12.6 13.5 83 2.93+0.12 161

S3 T180/EtOH-H0/ 38.1 13 88 3.54 £ 0.05 18.3
24h

S4 T220/EtOH-H,0/ 50.6 17 95 4.86 + 0.07 21.2
24h

S5 T180/H,0/15 h 21.3 18 57 1.16 = 0.06 3.7

S6 1T220/H20/15h 291 21 81 2.77 £ 0.08 11.0

S7 T180/TtOI/15 h 57.6 13 48 1.11 + 0.05 9.2

S8 T220/TtOI1/15 h 33.2 15 83 2.68 + 0.09 12.8

S9 T200/H,0/6 h 37:2 19 79.5 2.57 + 0.04 7.3

510 T200/H;0/24 h 30.3 25 81 2.63 + 0.05 17.3

S11 T200/EtOH/15 h 42.9 11.5 50 1.19 + 0.07 10.1

S12 T200/EtOH/24 h 69.6 13 52 1.28 + 0.03 13.5

S13 T200/TtOIT-I1,0/ 38.3 13 97 5.34 + 0.09 22.4
15h

S14 T200/ELOH-H,0O/ 42.4 13 96.! 5.21 +0.13 229
15h

S15 T200/EtOH-H,0/ 39.5 13 97 539+ 0.11 238
15h

$16 T220/EtOH-H,0/ 38.2 18 99. 6.56 £ 0.13 25.2
17h

composition of the mobile phase was 39.5% acetonitrile, 60% water,
and 0.5% orthophosphoric acid. Determination of CBZ concentration
was performed using the C18 column, with the injection volume of
10 pL, and the detection wavelength was set at 285 nm. The mean
retention time of CBZ was 4.6 min. The calibration curve for the
determination of CBZ concentration is presented in Fig. 52 in Supporting
Materials.

For the photodegradation process coupled with PMS activation, after
reaching the adsorption-desorption equilibrium, 0.5 mM of PMS was
added to the photoreactor. The samples were collected at 0, 5, 10, 20,
30, 40, and 60 min of the process. Subsequently, after photocatalyst
separation, 200 pL of methanol was added to each sample to quench the
generated radical species.

Furthermore, trapping experiments were performed to analyse the
mechanism of the CBZ degradation. Benzoquinone was used as a su-
peroxide anion radicals scavenger, ammonium oxalate as holes scav-
enger, isopropanol as a hydroxyl radicals and sulphate radicals
scavenger, and tert-butanol as a hydroxyl radicals scavenger. The con-
centration of the scavengers was 10-times higher than that of the CBZ in
the solution.

4. Results and discussion

4.1. Box-Behnken design (BBD) and characteristic of TiO2/Ti3Ca
composites

Firstly, a three-factor three-level Box-Benkhen design (BBD) was
developed to optimise the synthesis parameters and describe the pho-
tocatalytic degradation of carbamazepine in an aqueous solution. Car-
bamazepine is a persistent pharmaceutical compound not susceptible to
biodegradation. Therefore, in this study, we investigated the effect of
photocatalyst synthesis parameters on carbamazepine degradation to
propose a highly efficient advanced treatment process.

The results obtained from the 15 experiments planned using the BBD
are presented in Table 3. The responses were the efficiency of carba-
mazepine degradation (%), TOC removal efficiency (%), BET-specific
surface area (mz/g), and average anatase crystallite size (nm). Accord-
ing to the results presented in Table 3, polynomial equations in an un-
coded form showing the empirical relationship between the responses
(CBZ degradation, TOC removal, BET surface area, and crystallite size)
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and independent variables were determined.

The surface area of a photocatalyst is an important factor affecting
the efficiency of the photocatalytic degradation process. A higher spe-
cific surface area with more reactive sites and a shorter migration dis-
tance may reduce the recombination rate of photogenerated electron-
hole pairs (Isac et al., 2022). Furthermore, materials with higher sur-
face areas exhibit better adsorption properties (Danish et al., 2021).

The polynomial equation representing the empirical relationship
between the BET surface area and the independent variables is shown in
Eq. 1. The coefficient of determination (R2) of the model was 0.88.

BET surface area (mz/g) =400 + 4-23-A - 3.55-B + 1-386-C - 0-00984-A% +
0-0643-B> — 0-00004-C* + 0-0055-A-B — 0-00731-A-C + 0-01902-B-C (1)

The highest surface areas of 50.6 mz-g_], 57.6 mz-g_], and
69.6 m2~g’1 were noticed for samples S4 (T220/EtOH-H,0/24 h), S7
(T180/EtOH/15 h) and S12 (T200/EtOH/24 h), respectively. By ana-
lysing the 3D surface plots presented in Fig. 2, an increase in the BET
surface area with an increase in the synthesis time and amount of
ethanol used as a reaction medium was observed. The BET surface area
increased with an increase in the hydrothermal reaction temperature to
200 °C, and decreased above this temperature. The ANOVA results and
Pareto chart in Table S1 and Fig. S3 in the Supporting Materials show
that the amount of ethanol (C) had the highest influence on the BET
surface area. Only for this variable, the p-value was lower than the
significance level (p < «), and exceeded the red vertical line (2.571) in
the Pareto chart.

Crystallite size is also one of the parameters involved in controlling
photocatalytic activity. The crystallite size was calculated based on the
XRD analyses presented in Fig. S4 in Supporting Materials. For all the
obtained samples (S1-S15), the characteristic signals for both the
anatase and MXene phases were identified. The main signals at 8.9°,
18.3%, 27.6°, and 60.6° were assigned to the (002), (004), (006), and
(110) planes of MXene, respectively, and at 25.3°, 48.0°, 53.8°, and
55.0° to the (101), (200), (105), and (211) planes of anatase, respec-
tively. The largest anatase crystallite size was observed for the samples
prepared in water as a reaction medium (S5, S6, and S10) and the
smallest was obtained with the addition of ethanol, which enabled the
control of anatase particle nucleation and growth (samples S1, S7, and
S11) (Dudziak et al., 2021).

The polynomial equation representing the empirical relationship
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Fig. 2. 3D surface plots showing the effects of (a) temperature and synthesis
time, (b) amount of ethanol and temperature, and (¢) amount of ethanol and
synthesis time on the BET surface area development.

between the anatase crystallite size and the independent variables is
shown in Eq. 2.

The coefficient of determination (R?) of the model was 0.98. ANOVA
results and a Pareto chart (Table S2 and Fig. S5 in the Supporting Ma-
terials) showed that the amount of ethanol (C and Cz), temperature (A),
and time (B) had the highest impact on the crystallite size.

Crystallite size (nm) = 44-8 — 0-369-A — 0-262-B + 0-017-C + 0-001 16-A% +
0-00015-B> s 0-001535.C2 + 0-00264-A-B — 0-001100-A-C — 0-00233-B-C(2)

As presented in Fig. 3, the average anatase crystallite size was
positively correlated with the hydrothermal reaction temperature, time,
and ethanol concentration. It was found that a longer time and higher
temperature facilitated the anatase grain growth. In contrast, the
average crystallite size decreased with increasing ethanol concentration.
The presence of ethanol suppressed the hydrothermal oxidation of
Ti3CyTy. Furthermore, according to Zhang et al. (2017), without
ethanol, TiO; nuclei readily grow into TiO grains because of complete
contact with water. Furthermore, the presence of ethyl alcohol resulted
in steric hindrance, limiting grain growth and leading to the formation
of smaller anatase nanoparticles.

The DR/UV-vis spectra of the selected TiO»/Ti3Cy composites are
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Fig. 3. 3D surface plots presenting the effects of (a) temperature and synthesis
time, (b) amount of ethanol and temperature, and (¢) amount of ethanol and
synthesis time on TiO, crystallite size.

presented in Fig. S6 in Supporting Materials. All samples showed a
characteristic absorption band for TiO5 in the range of 200-350 nm. The
significant increase in the absorption in the range of 400-800 nm may
be attributed to the presence of MXene and its full-spectrum absorption.

Finally, scanning electron microscopy (SEM) images of the TiOy/
Ti3Cy composites synthesised under different conditions are shown in
Fig. 4. The layered structure of MXene was preserved after the sol-
vothermal treatment. The MXene surface was uniformly covered with
fine TiO, nanoparticles. Furthermore, increasing the synthesis temper-
ature led to complete coverage of the MXene sheets with the TiOy
agglomerates.

The polynomial equation representing the empirical relationship
between CBZ degradation (%) and the independent variables is pre-
sented in Eq. 3. The coefficient of determination (R2) of the model was
0.87.

CBZ degradation (%) = —667 + 6:56-A + 6:32-B + 0-29.C - 0.0148-A% —
0-10001-B - 0-00933-C% — 0-0142-A-B - 0-00231-A-C + 0-0004-B-C  (3)

By analysing the 3D surface plots (Fig. 5), it can be observed that the
efficiency of CBZ degradation increased with an increase in the synthesis
temperature. An opposite effect was observed for the amount of ethanol
in the reaction environment. The addition of ethanol improved the
photocatalytic activity; however, above the optimal amount of ethanol,
the degradation efficiency decreased. Based on 15 experiments, the
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Fig. 4. SEM images of $13 (T200/EtOH-H,0/15 h) (a), S10 (T200/H,0/24 h) (b), $4 (T220/EtOH-H,0/24 h) (c), S12 (T200/EtOH/24 h) (e), S16 (T220/E(OH-

11,0/17 h) (f), and 0.5% Cu-516 (Cu-modified 1220/LtO11-11,0/17 h) (g).

highest photocatalytic activity towards CBZ degradation was observed
for sample S15 (T200/EtOH-H;0/15 h), synthesised at 200 °C for 15 h
with an ethanol/water ratio of 50:50 v/v. The degradation of CBZ
reached 97% within 60 min under simulated solar light irradiation.
ANOVA results and Pareto chart (Table S3 and Fig. 57 in the Supporting
Materials) showed that the amount of ethanol (CZ) and temperature (A)
had the highest impact on the photocatalytic CBZ degradation. Only for
these two variables, the p-value was lower than the significance level
(p < ) and exceeded the red vertical line, indicating a minimum

174

statistically significant effect (2.571) in the Pareto chart.

To further improve CBZ degradation, optimisation of the response
was performed, and the synthesis parameters were predicted to be
220 “C, 17 h, and a water-ethanol mixture with a ratio of 58:42 v/v.
Furthermore, to confirm the predictions, the photocatalyst was syn-
thesised under these conditions. The photocatalytic activity experiment
confirmed that the degradation was the highest among all analysed
samples for this composite, reaching nearly 100% within 60 min of
irradiation.
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Fig. 5. 3D surface plots presenting the effects of (a) temperature and synthesis
time, (b) amount of ethanol and temperature, and (c) amount of ethanol and
synthesis time on CBZ degradation (%).

The progress in the photodegradation process also reflects the min-
eralisation of organic compounds to CO, and H,O. This process may be
evaluated by the determination of the total organic carbon (TOC)
removal after the degradation process. The polynomial equation repre-
senting the empirical relationship between TOC removal after the pho-
tocatalytic process (%) and the independent variables is shown in Eq. 4.
The coefficient of determination (R?) of the model was 0.98.

TOC removal (%) = —535-7 + 5-084-A + 2-467-B + 0-617-C - 0-01204-A% —
0-02397-B% - 0-003617-C* — 0-00597-A-B — 0-000925-C — 0-00367-B-C  (4)

Based on the 3D surface plots presented in Fig. 6, it can be observed
that the reduction in TOC concentration, similar to the photocatalytic
activity, increased with increasing synthesis temperature and time.

The amount of ethanol in the synthesis above the optimal value
caused a decrease in TOC removal after the photocatalytic process. The
ANOVA results and Pareto chart (Table S4 and Fig. S8 in Supporting
Materials) showed that the amount of ethanol (Cz) had the greatest in-
fluence on TOC removal, followed by synthesis time, and temperature.
For these variables, the p-value was lower than the significance level
(p < o) and exceeded the red vertical line (2.571) in the Pareto chart.
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Fig. 6. 3D surface plots presenting the effects of (a) temperature and synthesis
time, (b) amount of ethanol and temperature, and (¢) amount of ethanol and
synthesis time on TOC removal.

Table 4
The anatase crystallite size, BET surface area, and band gap energy for Cu-S16
composites.

Sample Crystallite size BET surface area Band gap
(nm) (m?/g) (eV)

0.25% Cu-S16 19 11.2 3.13

0.5% Cu-S16 17 10.9 3.10

1% Cu-S16 17 10.3 3.09

4.2. Characterisation of Cu-modified TiO,/Ti3Cy composites

In the next step, the sample synthesised under optimised conditions
(sample S16 with a synthesis time of 17 h, temperature of 220 °C, and
water/ethanol ratio of 58:42 v/v) was modified with different amounts
of Cu in the range from 0.25 wt% to 1 wt%.

The BET surface areas of the composite materials in the series Cu-S16
were similar and equalled 40-41 mz»g’l, slightly higher than that of
pure S16 sample (38.2 nlz/g). The band gap energy of the S16 composite
was 3.14 eV, and similar values (Table 4) were obtained for Cu-modified
samples, as presented in Table 4.

Based on the XRD analysis, only the signals corresponding to TiOy
and TizCy were noticed, as presented in Fig. 7. Any copper species were
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Fig. 8. TEM images and SAED pattern of 0.5% Cu-S16 sample.

detected in the composite materials. [t may be related to the low amount
of Cu in the composite structure or suggests that copper was uniformly
distributed on the TiO/Ti3Cy surface. Because the radius of cu®t
(0.087 nm) is considerably larger than that of Tt (0.0745 nm) and
there is a large difference in the valence state, copper should not replace
titanium in the crystal lattice (Yan et al., 2015).

Furthermore, SEM-EDS analysis confirmed the presence of copper on
the TizCy/TiO, composite surface, as shown in Fig. 59 in the Supporting
Materials. The copper content for the 0.5% Cu-S16 sample was about
0.51 wt% (0.19 at%), which is consistent with the amount used for
modification. TEM images are presented in Fig. 8. The formation of
small TiO; nanoparticles on the MXene surface was visible. Based on the
TEM with the corresponding SAED pattern, d-spacing values equalled
0.35 nm and 0.234 nm were ascribed to the anatase (101) and TizCyTy
(103) planes, respectively (Verma et al., 2017; Huang et al., 2022).

XPS analysis was performed to identify the oxidation states of the
elements and are presented in Fig. 9. The Ti 2p 3,» components at
455.2 eV, 456.5 eV, 457.9 eV, and 459.5 eV correspond to Ti bound to
C, Ti(11), Ti(11I) and Ti(IV), respectively (Zhu et al., 2016). Forthe O 1 s
region, peaks at 530.7 eV and 532.3 eV are ascribed to Ti~-O-Ti in TiO,
and Ti-OH, respectively. The OH terminates on the surface of Ti3Cy
(Ding et al., 2019). The C 1 s spectrum was deconvoluted into nine peaks
fitted at 282eV, 284.4eV, 285eV, 285.6eV, 286.2eV, 287 eV,
287.9 eV, 289.1 eV, and 289.8 eV. These peaks were assigned to the
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Ti-C, C=C, C-H, C-C, G-OH, C-O-C, C=0, C-F, and O=C-O bonds,
respectively (Ahmed et al., 2016; Kalambate et al., 2020). XPS analysis
revealed the presence of copper (0.1 at%) in the composite material. The
peak was deconvoluted for two signals at 932.3 eV and 934.1 eV cor-
responding to Cu(0) and/or Cu(l), and Cu(ll), respectively. Only based
on the XPS spectrum in the Cu 2p region, it is difficult to distinguish
between metallic Cu and Cu(I) due to the similar BE values (Biesinger
etal., 2010; Shaaban and Li, 2022). The prevailing quantity of Cu(0)/Cu
(I) over Cu(ll) indicates the partial self-reduction of copper on the
MZXene surface without an external reducing agent. This phenomenon
occurs due to the strong reductive activity of low-valence Ti(II) and Ti
(II) species and the presence of negatively charged terminal groups
(Wang et al., 2023; Zou et al., 2016). Similarly, a self-reduction process
on the TizCyTy surface was observed for Ag, Au, Ni, and Cu (Li et al.,
2022; Zhou et al., 2022; Zhang et al., 2016; Li et al., 2018).

The photoluminescence spectra are presented in Fig. 10. The spectra
show a broad band between 400 and 650 nm, with a maximum photo-
luminescence intensity at 460 nm. The incorporation of copper into the
composite material led to a decrease in photoluminescence. Further-
more, the highest decrease was observed for the 0.5% Cu-S16 sample,
possibly due to the lowest recombination of photoexcited charge car-
riers, thus improving photocatalytic efficiency. Meanwhile, for the
sample modified with 1% of copper, the PL peak intensity was stronger
than that of the sample modified with 0.5% of copper, indicating that an
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Fig. 9. XPS spectra of Ti 2p (a), C 1 s (b), O 1 s (¢), and Cu 2p (d) regions for sample 0.5% Cu-S16.

characterise the charge transfer resistance. The EIS Nyquist plots of the
prepared materials are presented in Fig. 1la. The diameter of the
semicircle in the EIS Nyquist plot correlates with the charge transfer
resistance and separation efficiency of the photogenerated electron-hole
pairs at the interface between the material and the electrolyte solution.
It can be seen that the 0.5% Cu-S16 sample showed the smallest
impedance arc radius compared with the other Cu-modified samples and
pure TiO2/TisCy. This is related to the excellent electronic conductivity
of Cu, and enhancement in the Cu-modified composite conductivity
compared to pure TiO,/Ti3Cs. The direct contact between deposited Cu
species and TiO2/Ti3Cy results in efficient photogenerated charge car-
riers separation, faster and easier electron transfer and lower electron-
hole recombination rate (Vattikuti et al., 2018). Similar effect was also
confirmed in previous studies for Cu-TiO, (Hua et al., 2016) and
Cu-BiVO,4 (Wu et al., 2022). A lower resistance is correlated with a
higher photocurrent response for samples modified with copper. For
both samples, a photocurrent was instantly generated once the light was
turned on. The photocurrent response of the composite modified with
copper was improved compared to TiO/Ti3Cy sample (Fig. 11b). The
photocurrent density for 0.5% Cu-S16 was 12.76 uA/cmz, while for S16
was 3.46 pA/cmz, which was above 3.5 times greater for
copper-modified TiO5/TisCy. The higher the photocurrent, the higher is

—816

—— 0.25% Cu-S16
0.5% Cu-S16
1% Cu-S16

hpes 300 NM

Intensity (arb. units)

T T T T T T T 2 T T T T
350 375 400 425 450 475 500 525 550 575 600 625 650
Wavelength (nm)

Fig. 10. Photoluminescence spectra of Cu-modified composite materials.
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excessive amount of Cu negatively affected the charge carriers separa-
tion. Excessive Cu agglomerates can form new recombination centres for
photogenerated charge carriers.

Electrochemical impedance spectroscopy is a suitable method to

177

the charge carriers separation efficiency (Shen et al., 2018). In the
five-cycle measurement, similar photocurrent values were obtained for
each switch on/off cycle, showing the excellent reproducibility of the
materials. According to the Mott Schottky plot (Fig. 12), the conduction
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Fig. 11. EIS Nyquist plots (a) and photocurrent density (b) of prepared materials.
8x10° Table 5
CBZ degradation rate constant and mineralisation measured as TOC removal
7x10°4 0.5% Cu-S16 efficiency.
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Fig. 12. Mott Schottky plot for 0.5% Cu-S16 composite.
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Fig. 14. CBZ degradation efficiency for processes with and without
PMS addition.
0.0 T

The photocatalytic activity of the prepared samples was investigated
Time (min) in reaction of carbamazepine degradation, as presented in Fig. 13. Pure
sample S16 (T220/EtOH-H,0/17 h) synthesised under optimal condi-
tions was compared with those modified with different amounts of
copper from 0.25 wt% to 1 wt%. The incorporation of copper led to an
increase in the photocatalytic activity of the composite. The optimal
amount of copper was about 0.5 wt%. For this sample, 100% of CBZ was
degraded within 60 min under simulated solar light. Compared with the
S16 sample, the constant rate for the 0.5%-S16 sample increased from

Fig. 13. CBZ degradation efficiency for samples modified with various copper
amounts under UV-vis irradiation.

band, which is almost equal to the flat band potential for n-type semi-
conductors, was determined at — 1.21 V versus Ag and converted to
— 0.41 V versus NHE.
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Fig. 15. Degradation of CBZ in the presence of scavengers for 0.5% Cu-
$16/PMS.
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Fig. 16. CBZ degradation efficiency in the 4 subsequent cycles for 0.5% Cu-
S16/PMS.

Process Safety and Environmental Protection 179 (2023) 449-461

6.0 min '10 2 to 9.0 min 1102 (see in Table 5). Moreover, the TOC
removal efficiency increased from 25% to 61%.

In the next step, the photodegradation process in the presence of
0.5% Cu-S16 was combined with PMS activation. The results are shown
in Fig. 14. It can be seen that PMS may be activated by light irradiation.
The rate constant for photolysis with PMS increased from 0.2 min~ "
107 ?t04.9 min~ 11072, compared with photolysis. A synergetic effect of
the combination of the photocatalytic process and PMS activation for the
degradation of CBZ was observed. The rate constant increased from
9.0 min~'10"2 for 0.5% Cu-516 without PMS to 33.5 min 102 for
0.5% Cu-S16 with PMS (Table 5). It can be explained by the fact that
some transition metal ions, such as copper, can induce the generation of
reactive sulphate radicals by coupling with PMS.

To verify the mechanism of CBZ degradation by 0.5% Cu-S16 in the
presence of PMS, trapping experiments using radical scavengers were
performed. As shown in Fig. 15, superoxide anion radicals (eO3) and
sulphate radicals (¢SO4) were the main reactive species involved in the
efficient photodegradation process.

The stability and recyclability of the 0.5% Cu-S16/PMS system were
evaluated in the four subsequent photodegradation cycles (Fig. 16). It
can be observed that 0.5% Cu-S16/PMS may be effectively reusable,
with nearly 100% degradation of CBZ within 20 min after the fourth
cycle. Moreover, the XRD and FTIR analyses confirmed no changes in
the material structure after the degradation processes (Fig. 17).

According to the Mott Schottky plot and band gap determined from
the Kubelka Munk function, the conduction and valence bands were
determined as — 0.41 V and 2.69 V, respectively. As presented in Fig. 18
the prepared photocatalyst can easily reduce oxygen to superoxide
radicals (—0.18 V vs. NHE). According to XPS analysis, copper exists in
two oxidation states: Cu(I) and Cu(II). Both of these species can activate
PMS (Zhu et al., 2021). The following reactions may occur during PMS
activation by Cu(Il), which is considered a direct one-electron transfer
reaction:

Cu?t 4 HSO; — Cu’t + SO; + OH (5)

Meanwhile, in the case of Cu(l), there are two possible routes: one-
electron oxidation of Cu(l) or two-electron oxidation of Cu(l) to pro-
duce Cu(II) or Cu(Ill), respectively (Wang et al., 2020; Ding et al., 2022).

Cu' + HSO5 — Cu®* + eSO; + OH' (6)
cut + HSO; — vt + SO + OH 7)

Previous studies show that activating PMS using Cu (II) to generate
ROS is difficult because this reaction is thermodynamically

a) b)

| ™ 0.5%-S16 after 4" photocatalytic cycle
- | after 4™ photocatalytic cycle g
€ I | | ’ g

| \ | © e N e
g [t M b S M ] g‘ \/ VT
L
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g &
£ s
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10 20 30 40 50 60 70 80 3500 3000 2500 2000 1500 1000 500
20 (°) Wavenumber (cm™)

Fig. 17. The XRD diffractograms (a) and FTIR spectra (b) of fresh and used 0.5%Cu-S16 composites.
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Fig. 18. Proposed scheme of degradation mechanism for the Cu-TiO,/TiCy/PMS system.

unfavourable. Moreover, the degradation rate of pollutants by Cu(Il) is
slow, and the time is relatively long (Zhang et al., 2022). Furthermore,
Cu(I) may effectively activate PMS to generate highly active radicals and
promote the rapid decomposition of pollutants, owing to its stronger
electron donation capacity.

5. Conclusions

In this work, the temperature, water/ethanol ratio, and hydrother-
mal reaction time were optimised using the Box- Behnken method to
maximise carbamazepine photodegradation efficiency under simulated
solar light. ANOVA was used to study the statistically significant pa-
rameters and their interactions. According to the RSM and ANOVA an-
alyses, the optimum synthesis conditions were 220 °C, 17 h, and
58:42 v/v water/ethanol ratio, and the most important parameter
affecting the synthesis of the highly photocatalytic active TiO»/TizCx
composite material was the water/ethanol ratio. The optimised TiOy/
TiyC, sample exhibited the highest CBZ photodegradation efficiency,
and complete CBZ degradation was observed within 60 min under
simulated solar light irradiation.

Further analysis revealed that modification with copper species led
to markedly improved photocatalytic activity, and the optimal copper
content was 0.5 wt%. The combination of the photocatalytic process
using the 0.5% Cu-S16 sample with PMS (0.5 mM) activation led to
complete CBZ degradation within 20 min of irradiation under simulated
solar light. The superoxide anion radicals and sulphate radicals were the
main reactive species involved in the degradation process.
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3. Methods

3.6. Photocatalytic activity

Spectral irradiance (arb. units)
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Figure S1. Spectrum of 300 W Xenon lamp
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Figure S2. Calibration curve for quantification of CBZ concentration
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4. Results and discussion

4.1 Box—Behnken design (BBD) and characteristic of TiO,/Ti;C.composites

Table S1. ANOVA results of the quadratic model for BET surface area

/\/\ MOST WIEDZY Pobrano z mostwiedzy.pl
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De%;ees Sum of Mean
Source squares square F-value p-value
freedom (SS) (MS)
(df)
Regression 9 1636.16 181.796 3.99 0.071
Linear 3 954.95 318.317 6.99 0.031
A 1 0.28 0.281 0.01 0.940
B 1 120.51 120.513 2.65 0.165
C 1 834.16 834.157 18.32 0.008
Square 3 170.29 56.762 1.25 0.386
A? 1 57.22 57.221 1.26 0.313
B? 1 100.26 100.256 2.20 0.198
C? 1 0.04 0.044 0.00 0.976
2-way interaction 3 510.93 170.308 3.74 0.095
AB 1 3.94 3.940 0.09 0.780
AC 1 213.89 213.891 4.70 0.082
BC 1 293.09 293.094 6.44 0.052
Residual error 5 227.61 45.522
Lack of fit 3 218.47 72.824 15.94 0.060
R? 0.8779
184


http://mostwiedzy.pl

/\_/__\> MOST WIEDZY Pobrano z mostwiedzy.pl

Pareto Chart of the Standardized Effects
(response is BET; a = 0,05)

2.5|71
Factor Name
A Temperature
B Time
C EtOH%

0 1 2 3 4
Standardized Effect

Figure S3. Pareto chart of the standardized effects for the BET surface area
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Figure S4. XRD diffractograms of prepared samples synthesized at 180 °C (a), 200 °C (b),
and 220 °C (¢)

Table S2. ANOVA results of the quadratic model for anatase crystallite size
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De%;ees Sum of Mean
Source squares square F-value p-value
freedom (SS) (MS)
(1))
Regression 9 242.693 26.966 27.36 0.001
Linear 3 177.738 59.246 60.12 0.000
A 1 19.531 19.531 19.82 0.007
B 1 15.401 15.401 15.63 0.011
C 1 142.805 142.805 144.91 0.000
Square 3 54.802 18.267 18.54 0.004
A’ 1 0.790 0.790 0.80 0.412
B? 1 0.001 0.001 0.00 0.982
(5 1 54.374 54.374 55.17 0.001
2-way interaction 3 10.152 3.384 3.43 0.109
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AB 1 0.903 0.903 0.92 0.383
AC 1 4.840 4.840 491 0.078
BC 1 4.410 4.410 4.47 0.088
Residual error 5 4.927 0.985 - -
Lack of fit 3 4.907 1.636 163.58 0.006
R? 0.9801
Pareto Chart of the Standardized Effects
(response is Crystallite size; o = 0,05)
Factor Name
A Temperature
B Time
C EtOH%

4 6
Standardized Effect

10

12

Figure S5. Pareto chart of the standarized effects for the anatase crystallite size
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Figure S6. DR/UV-vis spectra of selected materials

Table S3. ANOVA results of the quadratic model for carbamazepine degradation
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De%tt"ees Sum of Mean
Source squares square F-value p-value
freedom (SS) (MS)
(dh
Regression 9 3892.49 432.5 3.71 0.081
Linear 3 1638.62 546.21 4.68 0.065
A 1 895.49 895.49 7.68 0.039
B 1 169.37 169.37 1.45 0.282
C 1 573.76 573.76 4.92 0.077
Square 3 2206.38 735.46 6.31 0.038
A? 1 130.24 130.24 1.12 0.339
B? 1 242.65 242.65 2.08 0.209
C? 1 2007.39 2007.39 17.22 0.009
2-way interaction 3 47.49 15.83 0.14 0.935
AB 1 25.96 25.96 0.22 0.657
AC 1 21.39 21.39 0.18 0.686
BC 1 0.14 0.14 0.00 0.974
Residual error 5 582.94 116.59 - -
Lack of fit 3 582.70 194.23 1574.86 0.001
R? 0.8697
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Pareto Chart of the Standardized Effects
(response is Removal; a = 0,05)
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Figure S7. Pareto chart of the standardized effects for the carbamazepine degradation

Table S4. ANOVA results of the quadratic model for TOC removal

Degrees
Sum of
Source of squares Mesu sgmare F-value p-value

freedom SS MS)
Regression 9 540.500 60.056 30.86 0.001
T fiieni 3 153.248 51.083 26.25 0.002
A 1 55.125 55.125 28.33 0.003
B 1 93.161 93.161 47.88 0.001
C 1 4.961 4.961 2.55 0.171
Square 3 368.318 122.773 63.10 0.000
A2 1 85.663 85.663 44.02 0.001
B? 1 13.920 13.920 7.15 0.044
2 1 301.853 301.853 155.13 0.000
2-way 3 18.935 6.312 3.24 0.119

interaction
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AB 1 4.622 4.622 2.38 0.184
AC 1 3.422 3422 1.76 0.242
BC 1 10.890 10.890 5.60 0.064
Residual error 5 9.729 1.946 - -
Lack of fit 3 8.723 2.908 5.78 0.151
R? 0.9823
Pareto Chart of the Standardized Effects
(response is TOC removal (%); a = 0,05)
Factor Name
A Temperature
B Time
¢ EtOH%

0 2 4 6 8 10 12
Standardized Effect

14

Figure S8. Pareto chart of the standardized effects for the TOC removal

4.2. Characterisation of Cu-modified TiO./Ti;C:composite
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Figure S9. The SEM-EDX analysis
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Rozdziat VII: Podsumowanie i wnioski

Przeprowadzone badania, ktérych rezultaty przedstawiono w 5 publikacjach naukowych
opublikowanych w czasopismach z listy JCR, pogtebiajg stan wiedzy na temat zastosowania
zwigzkéw z grupy MXendw w procesach fotokatalitycznych. Etapy pracy badawczej
przedstawionej w kazdej z publikacji obejmowaty synteze materiatdw, charakterystyke
wihasciwosci fizykochemicznych oraz analize aktywnosci fotokatalitycznej. Potwierdzono
postawione tezy badawcze, miedzy innymi zasadnos¢ zastosowania MXenu Ti;C, T, jako ko-
katalizatora i jako prekursora do otrzymywania kompozytéw TiO,/Ti;C.. Powyzsze zatozenie
potwierdzono uzyskujgac materiaty charakteryzujgce sie wysoka aktywnoscia fotokatalityczng
w procesach degradacji trzech aktywnych substancji farmaceutycznych: karbamazepiny,

acetaminofenu, i ibuprofenu.

Wykazano, ze aktywnos¢ otrzymanych kompozytéw TiO,/Ti;C, zalezy od szeregu
parametréw regulowanych w procesie syntezy (czas, temperatura, srodowisko reakg;ji).
W przypadku zastosowania jako ko-katalizator istotny wptyw ma zawartos¢ weglika
w kompozycie. Dodatkowo zaproponowano mozliwos¢ poprawy aktywnosci fotokatalitycznej
kompozytdw poprzez wprowadzenie czastek metali przejsciowych takich jak Cu i Fe
z zastosowaniem prostych metod modyfikacji. Otrzymane wyniki wskazujg na wysoki
potencjat aplikacyjny otrzymanych materiatdw ze wzgledu na doskonatg stabilnos¢ oraz
wysoka aktywnos¢ fotokatalityczng w szerokim przedziale pH, czy w obecnosci

nieorganicznych jondw przeszkadzajacych.

Ponadto, otrzymywanie potréjnego kompozytu poprzez wprowadzenie czastek
o wiasciwosciach magnetycznych (TiO,/Ti;C./MnFe,0,) pozwala na zapewnienie efektywnej

separacji fotokatalizatora po procesie, z wykorzystaniem zewnetrznego pola magnetycznego.

W ostatnim etapie prac zaproponowano potaczenie dwdch metod nalezgcych do grupy AOP -
fotokatalizy i aktywacji PMS prowadzacej do wytworzenia wysoce reaktywnych rodnikdéw
siarczanowych. Osiagniecie synergistycznego efektu degradacji aktywnych substanc;ji
farmaceutycznych byto mozliwe dzieki obecnosci w kompozytach czastek Cu i MnFe,O,

wykazujacych zdolnos¢ aktywacji PMS.

Do nowosci naukowych zaproponowanych w cyklu prac naukowych w ramach mojej pracy

doktorskiej zaliczam:
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Wykazanie mozliwosci zastosowania MXenu jako ko-katalizatora wptywajgcego na
efektywny transfer tadunku oraz zmniejszenie rekombinacji par elektron-dziura;
Okreslenie wptywu czas i temperatury procesu utleniania powierzchni MXendw na sktad
kompozytu, wiasciwosci fizykochemiczne i morfologie, a w konsekwencji na aktywnos¢
fotokatalityczna;

Otrzymanie fotokatalizatordw o zdefiniowanej morfologii i wykazanie wptywu
srodowiska reakcji na wiasciwosci fizykochemiczne i aktywnos¢ fotokatalityczna
kompozytdw TiO,/Ti;C;;

Wykazanie, ze kompozyty TiO,/Ti;C; charakteryzujg sie wysokg stabilnoscig w szerokim
zakresie pH, w obecnosci nieorganicznych jonéw przeszkadzajacych oraz aktywnoscig w
kolejnych cyklach degradacji, co wskazuje na ich potencjat do zastosowania jako
efektywnych fotokatalizatoréw do degradacji uporczywych zanieczyszczen organicznych
obecnych w wodach powierzchniowych;

Okreslenie wptywu modyfikacji kompozytéw TiO,/TisC, za pomocg zelaza lub miedzi na
wzrost efektywnosci fotokatalitycznej degradacji farmaceutykdw;

Wykazanie, ze wprowadzenie ferrytu manganowego do kompozyt TiO,/Ti;C, pozwala na
tatwe odzyskanie fotokatalizatora z zawiesiny po procesie oczyszczania w zewnetrznymo
polu magnetycznym;

Optymalizacje metody syntezy fotokatalizatoréw o zdefiniowanej morfologii;
Wykazanie, ze potaczenie procesu fotokatalizy z aktywacje PMS wptywa na synergiczny
efekt degradacji substancji farmaceutycznych w ponad 4-krotnie krétszym czasie. W tym
odniesieniu, uwzgledniajac aspekty ekonomiczne procesu zwigzane z oszczednoscia
energii poprzez skrdcenie czasu procesu fotodegradacji, korzystne wydaje sie potaczenie

fotokatalizy z aktywacjg za pomoca PMS.
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Oswiadczam, ze méj indywidualny wktad w publikacje stanowigce czes¢ rozprawy doktorskiej mgr
inz. Anny Grzegorskiej:

1. A. Grzegdrska, I. Wysocka, P. Gluchowski, J. Ryl, J. Karczewski, A. Zieliriska-Jurek, Novel
composite of Zn/Ti-layered double hydroxide coupled with MXene for the efficient photocatalytic
degradation of pharmaceuticals, Chemosphere 308 (2022) 136191.

2. A. Grzegdrska, P. Gluchowski, J. Karczewski, J. Ryl, I. Wysocka, K. Siuzdak, G. Trykowski, K.
Grochowska, A. Zieliriska-Jurek, Enhanced photocatalytic activity of accordion-like layered TisC,
(MXene) coupled with Fe-modified decahedral anatase particles exposing {1 0 1} and {o o 1} facets,
Chem. Eng. J. 426 (2021) 130801.

3. A. Grzegdrska, J. Karczewski, A. Zieliriska-Jurek, Modelling and optimisation of MXene-derived
TiO,/Ti5C, synthesis parameters using Response Surface Methodology based on the Box-Behnken
factorial design. Enhanced carbamazepine degradation by the Cu-modified TiO,/Ti;C; photocatalyst,
Process Saf. Environ. Prot. 179 (2023) 449.

obejmowat wykonanie analiz fotokatalizatorédw za pomocg skaningowego mikroskopu
elektronowego (SEM).

dr hab. inz. Jakub Karczewski, prof. PG
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Prof. Diana Sannino
Department of Industrial Engineering
University of Salerno
via Giovanni Paolo 11 132
84084 Fisciano, Italy
dsannino@unisa.it

Statement of contribution

| declare that | have contributed to the publication, which constitues a part of the PhD
dissertation of M.Sc. Eng. Anna Grzegdrska:

1. A. Grzegérska, J. Chibueze Ofoegbu, L. Cervera-Gabalda, C. Gémez-Polo, D. Sannino, A.
Zielinska-Jurek, Magnetically recyclable TiO,/MXene/MnFe,0, photocatalyst for enhanced
peroxymonosulphate-assisted photocatalytic degradation of carbamazepine and ibuprofen under
simulated solar light. J. Environ. Chem. Eng. 11 (2023) 110660.

In the above study, | have made corrections in the manuscript.

Prof. Diana Sannino
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Gdansk,18.10.2023

dr Karol Sikora

Katedra i Zaktad Chemii Nieorganicznej
Wydziat Farmaceutyczny

Gdanski Uniwersytet Medyczny

Aleja Generata J6zefa Hallera 107
80-416 Gdansk
karol.sikora@gumed.edu.pl

Oswiadczenie o udziale w publikacji

Os$wiadczam, ze mdj indywidualny wktad w publikacje stanowigcg czes¢ rozprawy doktorskiej mgr
inz. Anny Grzegorskiej:

1. A. Grzegodrska, A. Gajewicz-Skretna, G. Trykowski, K. Sikora, A. Zieliiska-Jurek, Design and
synthesis of TiO,/Ti;C, composites for highly efficient photocatalytic removal of acetaminophen:
The relationships between synthesis parameters, physicochemical properties, and photocatalytic
activity. Catal. Today 413-415 (2023) 113980.

obejmowat wykonanie analiz produktow degradacji acetaminofenu za pomocg LC-MS.

Katedra | laklad Chemll Nleorganicznej
Gdanski Uniwersytet Medyczny

A T L
dr Karol Sikora
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dr hab. inz. Katarzyna Siuzdak, Profesor IMP PAN
Pracownia Materiatéw Funkcjonalnych

INSTYTUT MASZYN PRZEPLYWOWYCH

im. Roberta Szewalskiego

POLSKIEJ AKADEMII NAUK

ul. Fiszera 14

80-231 Gdarisk

katarzyna.siuzdak@imp.gda.pl

Oswiadczenie o udziale w publikacji

Oswiadczam, ze méj indywidualny wktad w publikacje stanowigca czg$¢ rozprawy doktorskiej mgr
inz. Anny Grzegdrskiej:

1. A. Grzegdrska, P. Gtuchowski, J. Karczewski, J. Ryl, I. Wysocka, K. Siuzdak, G. Trykowski, K.
Grochowska, A. Zieliriska-Jurek, Enhanced photocatalytic activity of accordion-like layered Ti3C2

(MXene) coupled with Fe-modified decahedral anatase particles exposing {1 0 1} and {0 0 1} facets,
Chem. Eng. J. 426 (2021) 130801.

wykonanie analizy fotokatalizatoréw za pomocg spektroskopii Ramana wraz z przygotowaniem
rysunku nr 8 i dyskusja uzyskanych wynikéw; analizy Motta-Schottky'ego wraz z przygotowaniem
rysunku nr 12 oraz dyskusjg uzyskanych wynikéw.

dr hab. inz. Katarzyna Siuzdak
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Gdanisk, ...17.10.2023
dr hab. inz. Jacek Ryl, prof. PG
Instytut Nanotechnologii i Inzynierii Materiatowej
Wydziat Fizyki Technicznej i Matematyki Stosowane;j
Politechnika Gdariska
ul. Narutowicza 11/12
80-233 Gdarisk
jacryl@pg.edu.pl

Oswiadczenie o udziale w publikacjach

Oswiadczam, ze mdj indywidualny wktad w publikacje stanowigce czes¢ rozprawy doktorskiej mgr
inz. Anny Grzegdrskiej:

1. A. Grzegoérska, I. Wysocka, P. Gtuchowski, J. Ryl, J. Karczewski, A. Zieliriska-Jurek, Novel
composite of Zn/Ti-layered double hydroxide coupled with MXene for the efficient photocatalytic
degradation of pharmaceuticals, Chemosphere 308 (2022) 136191.

obejmowat wykonanie pomiaréw rentgenowskiej spektroskopii fotoelektronéw (XPS) dla
fotokatalizatordéw;

2. A. Grzeg6rska, P. Gluchowski, J. Karczewski, J. Ryl, I. Wysocka, K. Siuzdak, G. Trykowski, K.
Grochowska, A. Zieliiska-Jurek, Enhanced photocatalytic activity of accordion-like layered Ti;C,
(MXene) coupled with Fe-modified decahedral anatase particles exposing {1 0 1} and {0 o 1} facets,
Chem. Eng. J. 426 (2021) 130801.

obejmowat wykonanie pomiaréw elektrochemicznej spektroskopii impedancyjnej (EIS)
i fotopraddw dla fotokatalizatordw.
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UNIWERSYTET

MIKOLAJA KOPERNIKA UCZELNIA
W TORUNIU BADAWCZA
Wydzia* Chemii INICJATYWA DOSKONALOSC!
Torun, 17 pazdziernika 2023 r.
dr Grzegorz Trykowski
Katedra Chemii Materiatéw, Adsorpcji i Katalizy
Wydziat Chemii

Uniwersytet Mikotaja Kopernika w Toruniu
ul. Gagarina 7, 87-100 Torun
tryki@umk.pl

Oswiadczenie o udziale w publikacjach

Oswiadczam, ze moj indywidualny wktad w publikacje stanowiace czes¢ rozprawy doktorskiej mgrinz. Anny
Grzegorskiej:

1. A. Grzegorska, P. Gtuchowski, J. Karczewski, J. Ryl, . Wysocka, K. Siuzdak, G. Trykowski, K. Grochowska,
A. Zielinska-Jurek, Enhanced photocatalytic activity of accordion-like layered Ti3C2 (MXene) coupled with
Fe-modified decahedral anatase particles exposing {1 0 1} and {0 O 1} facets, Chem. Eng. J. 426 (2021)
130801.

obejmowat wykonanie analiz fotokatalizatoréw za pomoca transmisyjnego mikroskopu elektronowego

(TEM), analiz termograwimetrycznych (TGA) i spektroskopii fourierowskiej w podczerwieni (FTIR);

2. A. Grzegorska, A. Gajewicz-Skretna, G. Trykowski, K. Sikora, A. Zielinska-Jurek, Design and synthesis of
TiO2/Ti3C2 composites for highly efficient photocatalytic removal of acetaminophen: The relationships
between synthesis parameters, physicochemical properties, and photocatalytic activity. Catal. Today 413-
415 (2023) 113980.

obejmowat wykonanie analiz fotokatalizatorow za pomoca transmisyjnego mikroskopu elektronowego

(TEM) i skaningowego mikroskopu elektronowego (SEM), oraz analizy elementarnej (CHN).

~ ’
i v
Apegin 1Vhlhacsla

UNIWERSYTET MIKOLAJA KOPERNIKA W TORUNIU Wydziat Chemii
ul. Gagarina 7, 87-100 Torun, Polska, tel. +48 56 611 43 02, e-mail: wydzial@chem.umk.pl
chem.umk.pl
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drinz. 1zabela Wysocka

Katedra Inzynierii Procesowej i Technologii Chemicznej
Wydziat Chemiczny

Politechnika Gdariska

ul. Narutowicza 11/12

80-233 Gdarisk

izabela.wysocka@pg.edu.pl

Gdansk, 17.10.2023

Oswiadczenie o udziale w publikacjach

Oswiadczam, ze mdj indywidualny wktad w publikacje stanowiace czes¢ rozprawy doktorskiej
mgr inz. Anny Grzegorskiej:

1. A. Grzegérska, |. Wysocka, P. Gtuchowski, J. Ryl, J. Karczewski, A. Zieliriska-Jurek, Novel
composite of Zn/Ti-layered double hydroxide coupled with MXene for the efficient photocatalytic
degradation of pharmaceuticals, Chemosphere 308 (2022) 136191.

2. A. Grzegdrska, P. Gtuchowski, J. Karczewski, J. Ryl, I. Wysocka, K. Siuzdak, G. Trykowski, K.
Grochowska, A. Zieliiska-Jurek, Enhanced photocatalytic activity of accordion-like layered Ti;G
(MXene) coupled with Fe-modified decahedral anatase particles exposing {1 0 1} and {0 0 1} facets,
Chem. Eng. J. 426 (2021) 130801.

obejmowat udziat w dyskusji i opisie wynikow.

Taobeto, Wyrodia

drinz. Izabela Wysocka
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Gdarisk, 17.10.2023
dr hab. inz. Anna Zieliriska-Jurek, prof. PG
Katedra Inzynierii Procesowej i Technologii Chemicznej
Wydziat Chemiczny
Politechnika Gdariska
ul. Narutowicza 11/12
80-233 Gdarisk
annjurek@pg.edu.pl

Oswiadczenie o udziale w publikacjach

Oswiadczam, ze mdj indywidualny wkiad w publikacje stanowiagce czes¢ rozprawy doktorskiej
mgr inz. Anny Grzegdrskiej:

1. A. Grzegorska, |. Wysocka, P. Gtuchowski, J. Ryl, J. Karczewski, A. Zieliriska-Jurek, Novel
composite of Zn/Ti-layered double hydroxide coupled with MXene for the efficient photocatalytic
degradation of pharmaceuticals, Chemosphere 308 (2022) 136191.

2. A. Grzegdrska, P. Gtuchowski, J. Karczewski, J. Ryl, I. Wysocka, K. Siuzdak, G. Trykowski, K.
Grochowska, A. Zieliiska-Jurek, Enhanced photocatalytic activity of accordion-like layered TisC,
(MXene) coupled with Fe-modified decahedral anatase particles exposing {10 1} and {o 0 1} facets,
Chem. Eng. J. 426 (2021) 130801.

3. A. Grzegdrska, A. Gajewicz-Skretna, G. Trykowski, K. Sikora, A. Zieliiska-Jurek, Design and
synthesis of TiO,/Ti;C, composites for highly efficient photocatalytic removal of acetaminophen:
The relationships between synthesis parameters, physicochemical properties, and photocatalytic
activity. Catal. Today 413-415 (2023) 113980.

4. A. Grzegdrska, J. Chibueze Ofoegbu, L. Cervera-Gabalda, C. Gémez-Polo, D. Sannino, A. Zieliriska-
Jurek, Magnetically recyclable  TiO,/MXene/MnFe,0, photocatalyst for  enhanced
peroxymonosulphate-assisted photocatalytic degradation of carbamazepine and ibuprofen under
simulated solar light. J. Environ. Chem. Eng. 11 (2023) 110660.

5. A. Grzegdrska, J. Karczewski, A. Zieliriska-Jurek, Modelling and optimisation of MXene-derived
TiO,/Ti;C, synthesis parameters using Response Surface Methodology based on the Box-Behnken
factorial design. Enhanced carbamazepine degradation by the Cu-modified TiO,/Ti;C; photocatalyst,
Process Saf. Environ. Prot. 179 (2023) 449.

obejmowat zainicjowanie tematyki badawczej, opracowanie koncepcji i metodyki badan,
koordynacje prac badawczych, dyskusje wynikow, redagowanie publikacji oraz pozyskanie
funduszy na badania.

flane Lekinke dlc

dr hab. inz. Anna Zieliriska-Jurek, prof.
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