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EXTENDED ABSTRACT

Accessible clean water is among the highest priorities for sustainable economic
growth and societal wellbeing. Water supports life and is a crucial resource for humanity; it is
also at the core of natural ecosystems and climate regulation. Water stress is primarily a water
quantity issue, but it also occurs as a consequence of a deterioration of water quality and a
lack of appropriate water management. Environmental problems that are associated with
water pollution have been a persistently important issue over recent decades, correlated
negatively with the health and ecosystem. The occurrence of trace amounts of antibiotics in
various bodies of water was directly linked to the development of antibiotic resistant
pathogens. Over the last two decades, penicillins have been widely prescribed and used
across Europe. Recently, Amoxicillin (AMX) was added to the second and third EU “watch
list” based on the Decision 2018/840/EU and 2020/1161/EU, respectively. Its presence in
wastewater effluents is related to limited removal by common municipal wastewater
treatment plants (WWTP's) based on primary (physical) and secondary (biological) treatment.
Therefore, the new remediation techniques must be implemented within the water treatment

train to remove such recalcitrant substances.

Advanced oxidation processes (AOPs) have gained much research attention due to
their innate ability to provide effective oxidation of a wide variety of organic pollutants
persistent to conventional wastewater treatment methods. AOPs effectiveness rely on highly
reactive and non-selective species, primarily hydroxyl radicals (HOe). Among various AOPs,
semiconductor photocatalysis greatly attracts attention due to stability of the semiconductor

material and potential to use abundant solar energy to degrade organic pollutants.

The most widely investigated and employed photocatalyst in water purification is
TiO,. However, TiO, suffers from the fast recombination of photogenerated charges (i.e.,
electron/hole pairs; e/h*) and is only active under UV light due its wide band gap (3.0-3.2
eV), thus hindering its potential for solar-driven applications. These deficiencies can be
improved by the following strategies: doping with metals and/or non-metals, dye
sensitization, incorporation with carbon nanotubes, reduced graphene oxide and coupling
with other semiconductors with narrow band gaps. Coupling of TiO, with narrow band gap
semiconductors with visible light response may promote synergistic effects between two
semiconducting materials leading to more efficient charge separation and high photocatalytic
activity under visible light irradiation.



Iron oxide (a-Fe;O3, also known as hematite) is a promising candidate for coupling
with TiO,, due to its abundance, low cost, stability and visible light activity due to its narrow
band gap (2.0-2.2 eV). Most importantly, suitable band-edge positions of hematite promote
photogenerated charge separation in TiO, via heterojunction transfer. Despite several
photocatalytic applications of Fe,O3/TiO, composites for the removal of contaminants of
emerging concern (CECs), all studies investigated their applications in the suspension system
(i.e., employing a powdered form of photocatalyst), while the application of immobilized
Fe,O3/TiO, composites are scarcely reported. Moreover, treatment of AMX under
solar/visible light wusing Fe,O3/TiO,, as well as the ecotoxicity of AMX
degradation/transformation by-products is rarely explored.

In this dissertation, removal of AMX in pure water was investigated using sandwich-
type Fe,O3/TiO, layered films made of commercially available nanomaterials (Part 1) and

using synthesized Fe,O3/TiO, made of pure chemical precursors (Part 2).

In part 1, sandwich-type composites made of commercial TiO,-P25 and a-Fe,O3 are
obtained in a form of thin films by spin coating, possessing different layer configurations,
namely: (i) TiO, layer over a-Fe,O3; (TiO,@a-Fe;03), (i) a-Fe O3 layer over TiO; (a-
Fe,Os@TiOy), and (iii) physically mixed 50% (w/w) of TiO./Fe,O3. Photocatalytic activity
under simulated solar irradiation of the aforementioned composites and their pure
components is investigated for the degradation of AMX in the presence and absence of
persulfate (PS). In both cases, TiO,@a-Fe,O3 sandwich-type achieved the highest
degradation rates of AMX and a marked effect of PS addition on the AMX degradation rate is
noted. The influence of pH and PS concentration on AMX degradation rate is established by
means of experimental design and response surface modeling which revealed optimum
conditions at [S,0s”] = 0.334 mM and pH = 4.0. The AMX degradation mechanisms and
pathways are studied by means of reactive oxygen species scavenging and identification of
intermediates by liquid chromatography with tandem mass spectrometry (LC-MS/MS),
respectively. Evolution of formed intermediates is directly correlated with an increased
toxicity assessed by Daphnia magna and Vibrio fischeri assays. Furthermore,
biodegradability changes are correlated with the mineralization profile of AMX solution. The
influence of water matrix constituents (CI, COs*, NO3, PO,* and Suwannee river natural

organic matter) on AMX degradation is established as well.



In part 2, Fe,O3/TiO, nanocomposites were fabricated via a facile
impregnation/calcination technique employing different amounts of iron (I1l) nitrate onto
commercial TiO, (P25 Aeroxide). The as-prepared Fe,O3/TiO, nanocomposites were
characterized by X-ray diffraction (XRD), Raman spectroscopy (RS), scanning electron
microscopy/energy-dispersive spectroscopy (SEM/EDXS), X-ray photoelectron spectroscopy
(XPS), Brunauer-Emmett—Teller analysis (BET), electron impedance spectroscopy (EIS),
photoluminescence spectroscopy (PL), and diffuse reflectance spectroscopy (DRS). The
Fe,O3/TiO, composite possessing 5% (w/w) of Fe,Os; showed the highest photocatalytic
activity in the slurry system and was thereafter successfully immobilized on glass support.
Photocatalytic activity under visible-light irradiation was assessed by treating AMX in the
presence and absence of additional oxidants: hydrogen peroxide (H,O,) and PS. The
influence of pH and PS concentration on AMX conversion rate was established by means of
statistical planning and response surface modeling. Results revealed optimum conditions of
[S,05%] = 1.873 mM and pH = 4.808; these were also utilized in presence of H,O, instead of
PS in long-term tests. The fastest AMX conversion possessing a zero-order rate constant of
1.51 x 107 M-min? was achieved with the photocatalysis + PS system. The AMX
conversion pathway was established, and the evolution/conversion of formed intermediates
was correlated with the changes in toxicity toward Vibrio fischeri. Reactive oxygen species
(ROS) scavenging was also utilized to investigate the AMX conversion mechanism, revealing
the major contribution of photogenerated h™ in all processes.

Key words: Semiconductor solar photocatalysis; Fe,Os/TiO, composite; amoxicillin;

persulfate; transformation products; toxicity



PROSIRENI SAZETAK NA HRVATSKOM

Dostupna cista voda jedan je od najvecih prioriteta za odrzivi gospodarski rast i
drustvenu dobrobit. Voda podrzava zivot i klju¢ni je resurs za ¢ovjeCanstvo; takoder je u srzi
prirodnih ekosustava i regulacije klime. VVodeni stres prvenstveno je uzrokovan problemom
koli¢ine vode, ali se javlja 1 kao posljedica pogorSanja kvalitete vode i1 nedostatka
odgovarajuc¢eg gospodarenja vodom. Problemi okoliSa povezani s onecis¢enjem vode vazno
su pitanje tijekom posljednjih desetlje¢a, te su u negativnoj korelaciji sa zdravljem i
ekosustavom. Pojava tragova antibiotika u raznim vodama u okoliSu izravno je povezana s
razvojem patogena otpornih na antibiotike. Tijekom posljednja dva desetlje¢a penicilini su
naSiroko propisivani i koriSteni diljem Europe. Nedavno je amoksicilin (AMX) dodan na
drugi EU ,,popis za pracenje” na temelju Odluke Komisije (EU) 2018/840/EU. Njegova
prisutnost u otpadnim vodama povezana je s ograni¢enim uklanjanjem na komunalnim
uredajima za prociS¢avanje otpadnih voda (UPOV) koji se temelje na primarnom (fizickom) 1
sekundarnom (bioloSkom) procis¢avanju. Stoga se moraju primijeniti nove tehnike

remedijacije za uklanjanje takvih tvari.

Nedavno su napredni oksidacijski procesi (AOP) privukli veliku paznju istrazivanca
jer osiguravaju ucinkovitu oksidaciju Sirokog spektra organskih onecis¢ivala koja su otporna
na konvencionalne metode obrade vode. Ué¢inkovitost AOP-a oslanja se na visoko reaktivne i
neselektivne vrste, prvenstveno hidroksilne radikale (HOe). Medu raznim AOP-ima,
fotokataliza uz koristenje poluvodic¢kih materijala uvelike privla¢i pozornost zbog stabilnosti
primjenjenih fotokatalizatora i potencijala koriStenja sunCeve energije za razgradnju

organskih onecisc¢ivala.

NajviSe istrazivan i koriSten fotokatalizator u procis¢avanju vode je TiO,. Medutim,
nedostatak TiO, je brza rekombinacija fotogeneriranih naboja (tj. parova elektron/Supljina; e
/h") te je aktivan samo pod UV svjetlom zbog Siroke zabranjene zone (3,0-3,2 eV), ¢ime se
smanjuje njegov potencijal u primjeni uz suncevo zracenje. Ovi nedostaci mogu se pobolj3ati
sljede¢im strategijama: dopiranjem metalima i/ili nemetalima, senzibilizacijom boje,
ugradnjom ugljicnih nanocijevi, reduciranim grafen oksidom 1 spajanjem s drugim
poluvodi¢ima s uskim propusnim pojasima. Spajanje TiO, s poluvodi¢ima s uskim razmakom
1 odzivom na vidljivo svjetlo moze pospjesiti sinergisticke uc¢inke izmedu dva poluvodicka
materijala $to dovodi do ucinkovitijeg odvajanja naboja i visoke fotokataliticke aktivnosti

pod zrac¢enjem vidljivim svjetlom.



Zeljezni oksid (o-Fe,0s, takoder poznat kao hematit) obecavajuéi je kandidat za
spajanje s TiO,, zbog svoje zastupljenosti, niske cijene, stabilnosti i aktivnosti pod vidljivom
svjetlosti zbog uske zabranjene zone (2,0-2,2 eV). Ono Sto je najvaznije, prikladni rubni
polozaji hematita promicu fotogenerirano odvajanje naboja u TiO, putem prijenosa
heterospojnice. Unato¢ nekoliko fotokatalitickih primjena kompozita Fe,O3/TiO, za
uklanjanje postojanih onecis¢ivala (engl, contaminants of emerging concern, CECs), sve te
studije istrazivale su njihovu primjenu u suspenziji (tj. upotrebom praskastog oblika
fotokatalizatora), dok je primjena imobiliziranih kompozita Fe;Os/TiO, vrlo rijetka. Stovise,
tretman AMX-a pod sun¢evim/vidljivim svjetlom pomocéu Fe,O3/TiO,, kao i ekotoksi¢nost

nusproizvoda razgradnje/transformacije AMX-a rijetko se istraZuje.

U ovoj disertaciji, uklanjanje AMX-a istrazeno je koristenjem slojevitih filmova
Fe,O3/TiO; sendvi¢ tipa izradenih od komercijalno dostupnih nanomaterijala (1. dio) i

koriStenjem sintetiziranog Fe,O3/TiO, napravljenog od Cistih kemijskih prekursora (2. dio).

U dijjelu 1, kompoziti sendvi€ tipa izradeni od komercijalnog TiO2-P25 1 a-Fe;0O3
dobiveni su centrifugiranjem tankih filmova s razli¢itim konfiguracijama slojeva: i) sloj TiO,
preko a-Fe;O3 (TiO,@Fe,03), ii) a-Fe,O3 sloj preko TiO, (a-Fe,Os@Ti0,), i iii) fizicki
pomijeSano 50% (w/w) TiO,/ Fe,Os. Fotokataliticka aktivnost pod simuliranim sunéevim
zraenjem gore spomenutih kompozita i njihovih ¢istih komponenti istraZena je kroz pracenje
razgradnje amoksicilina (AMX) u prisutnosti i odsutnosti persulfata (PS). U oba slucaja,
TiO,@oa-Fe,03 sendvic tip postigao je najviSe stope razgradnje AMX-a i primjeéuje se
znacajan uc¢inak dodatka PS na stopu razgradnje AMX-a. Utjecaj pH i koncentracije PS na
brzinu razgradnje AMX-a utvrden je primjenom eksperimentalnog dizajna i modeliranja
povriine odziva kojima su odredeni optimalni ujveti [S;0s°] = 0,334 mM i pH = 4,0. Put
razgradnje AMX proucavao je pomocu uklanjanja reaktivnih Kisikovih vrsta i identifikacije
meduprodukata tekuc¢inskom kromatografijom s tandemskom spektrometrijom mase (LC-
MS/MS). Njihovo nastajanje je u izravnoj korelaciji s pove¢anom toksi¢no$¢u procijenjenom
testovima Daphnia magna i Vibrio fischeri. Nadalje, promjene biorazgradljivosti povezane su
s profilom mineralizacije AMX otopine. Utvrden je i utjecaj sastojaka vodene matrice (CI',

COs%, NOs', PO, i prirodne organske tvari rijeke Suwannee) na razgradnju AMX-a.

U 2. dijelu, nanokompoziti Fe,O3/TiO, proizvedeni su jednostavhom tehnikom
impregnacije/kalcinacije  koriStenjem razli¢itth koli¢ina Zeljezovog (III) nitrata na
komercijalnom TiO, (P25 aeroksid). Pripremljeni nanokompoziti Fe,O3/TiO, karakterizirani

su difrakcijom X-zraka (XRD), Ramanovom spektroskopijom (RS), skeniraju¢om



elektronskom  mikroskopijom/energetsko-disperzijom  spektroskopije ~ (SEM/EDXS),
fotoelektronskom spektroskopijom X-zraka (XPS), Brunauer— Emmett-Tellerova analiza
(BET), spektroskopija elektronske impedancije (EIS), fotoluminiscencijska spektroskopija
(PL) i spektroskopija difuzne refleksije (DRS). Kao rezultat toga, 5% (w/w) Fe,Os/ TiO,
postigao je najvecu fotokatalitiCku aktivnost u suspenzijskom sustavu i uspjeSno je
imobilizirano na staklenoj podlozi. Fotokataliticka aktivnost pod zracenjem vidljivim
svjetlom procijenjena je tretiranjem farmaceutskog amoksicilina (AMX) u prisutnosti i
odsutnosti dodatnih oksidansa: vodikovog peroksida (H,O,) i persulfatnih soli (PS). Utjecaj
pH 1 koncentracije PS na stopu konverzije AMX utvrden je pomocu statistickog planiranja i
modeliranja povrsine odziva. Odredeni su optimalni uvjeti [S,0s°] = 1,873 mM i pH = 4,808;
oni su takoder koristeni u prisutnosti HoO, umjesto PS u dugoro¢nim testovima. Najbrza
AMX pretvorba s konstantom brzine nultog reda od 1,51 x 107 M-min™ postignuta je
sustavom fotokataliza + PS. Utvrden je put pretvorbe AMX, a evolucija/pretvorba nastalih
meduprodukata povezana je s promjenama toksi¢nosti prema Vibrio fischeri. Uklanjanje
reaktivnih kisikovih vrsta (ROS) takoder je koriSteno za istrazivanje mehanizma pretvorbe

AMX, otkrivajuéi glavni doprinos fotogeneriranog h* u svim procesima.

Kljuéne rijeci: fotokataliza uz Suncevo zracenje; Fe,O3/TiO, kompozit; amoksicilin;

persulfat; nusprodukti transformacije; toksi¢nost



RESUMEN EXTENDIDO EN CASTELLANO

El agua limpia accesible es una de las principales prioridades para el crecimiento
econdmico sostenible y el bienestar social. EI agua sustenta la vida y es un recurso crucial
para la humanidad; también esta en el centro de los ecosistemas naturales y la regulacion del
clima. El estrés hidrico es principalmente un problema de cantidad de agua, pero también
ocurre como consecuencia del deterioro de la calidad del agua y la falta de una gestion
adecuada del agua. Los problemas ambientales asociados con la contaminacién del agua han
sido un problema persistentemente importante en las Ultimas décadas, correlacionados
negativamente con la salud y el ecosistema. La aparicion de cantidades minimas de
antibioticos en varios cuerpos de agua estuvo directamente relacionada con el desarrollo de
patdgenos resistentes a los antibidticos. Durante las ultimas dos décadas, las penicilinas se
han recetado y utilizado ampliamente en toda Europa. Recientemente, la amoxicilina (AMX)
se agrego a la segunda "lista de vigilancia” de la UE con base en la Decision Europea
propuesta 2018/840/EU. Su presencia en los efluentes de aguas residuales esta relacionada
con la eliminaciéon limitada por parte de las plantas de tratamiento de aguas residuales
(PTAR) comunes municipales basadas en el tratamiento primario (fisico) y secundario
(bioldgico). Por lo tanto, las nuevas técnicas de remediacion deben aplicarse para eliminar

dichas sustancias recalcitrantes.

Recientemente, los procesos de oxidacion avanzada (POA) han ganado mucha
atencion en la investigacion debido a su capacidad innata para proporcionar una oxidacion
eficaz de una amplia variedad de contaminantes organicos persistentes en los métodos de
tratamiento de aguas residuales convencionales. La eficacia de los AOP se basa en especies
altamente reactivas y no selectivas, principalmente basadas en radicales hidroxilo (HOse).
Entre varios AOP, la fotocatélisis de semiconductores atrae mucho la atencion debido a la
estabilidad del material semiconductor y el potencial para usar abundante energia solar para

degradar contaminantes organicos.

El fotocatalizador mas ampliamente investigado y empleado en la purificacion del
agua es el TiO,. Sin embargo, el TiO, sufre la rapida recombinacion de las cargas
fotogeneradas (es decir, pares de electrones/huecos; e/h*) y solo es activo bajo la luz
ultravioleta debido a su ancho de banda prohibida (3,0-3,2 eV), lo que dificulta su potencial
para aplicaciones impulsadas por energia solar. Estas deficiencias se pueden mejorar
mediante las siguientes estrategias: dopaje con metales y/o no metales, sensibilizacion de



colorantes, incorporacion con nanotubos de carbono, 6xido de grafeno reducido vy
acoplamiento con otros semiconductores con bandas prohibidas estrechas. El acoplamiento
de TiO, con semiconductores de banda estrecha con respuesta de luz visible puede promover
efectos sinérgicos entre dos materiales semiconductores que conducen a una separacion de

carga mas eficiente y una alta actividad fotocatalitica bajo la irradiacion de luz visible.

El 6xido de hierro (a-Fe,Os, también conocido como hematita) es un candidato
prometedor para el acoplamiento con TiO,, debido a su abundancia, bajo costo, estabilidad y
actividad de luz visible debido a su estrecha banda prohibida (2.0-2.2 eV). Lo que es mas
importante, las posiciones adecuadas del borde de la banda de hematita promueven la
separacion de carga fotogenerada en TiO, a traves de la transferencia de heterounion. A pesar
de varias aplicaciones fotocataliticas de los compuestos de Fe,O3/TiO; para la eliminacion de
contaminantes emergentes (CEC), todos los estudios investigaron sus aplicaciones en la
suspension (es decir, empleando una forma de fotocatalizador en polvo), mientras que la
aplicacion de compuestos de Fe,O3/TiO, inmovilizados es escasamente conocida. Informado.
Ademas, rara vez se explora el tratamiento de AMX bajo luz solar/visible usando
Fe,O3/TiO,, asi como la ecotoxicidad de los subproductos de degradacion/transformacion de
AMX.

En esta disertacion, se investigo la eliminacion de AMX usando peliculas en capas
tipo sandwich de Fe,O3/TiO, hechas de nanomateriales disponibles comercialmente (Parte 1)
y usando Fe,O3/TiO; sintetizado hecho de precursores quimicos puros (Parte 2).

En la parte 1, se obtienen compuestos tipo sdndwich hechos de TiO,-P25 y a- Fe,03
comerciales mediante recubrimiento por rotacion de peliculas delgadas con diferentes
configuraciones de capa, a saber: i) capa de TiO, sobre a- Fe;O3 (TiOx@a-Fe,0s3), ii) capa de
a-Fe;03 sobre TiO; (a-Fe,0s@TIiO,), vy iii) mezclado fisicamente al 50 % (p/p) de TiOy/
Fe,Os. Se investiga la actividad fotocatalitica bajo irradiacion solar simulada de los
compuestos antes mencionados y sus componentes puros para la degradacion de amoxicilina
(AMX) en presencia y ausencia de persulfato (PS). En ambos casos, el tipo sandwich de
TiO,@a-Fe,03 logrod las tasas de degradacion més altas de AMX y se observa un marcado
efecto de la adicion de PS en la tasa de degradacion de AMX. La influencia del pH y la
concentracion de PS en la tasa de degradacion de AMX se establece mediante un disefio
experimental y un modelo de superficie de respuesta que revelé condiciones Optimas de
[S,05°] = 0,334 mM y pH = 4,0. La ruta de degradacién de AMX se estudia mediante la

eliminacion de especies reactivas de oxigeno y la identificacion de intermediarios mediante



cromatografia liquida con espectrometria de masas en tandem (LC-MS/MS). Su evolucion
estd directamente relacionada con una mayor toxicidad evaluada por los ensayos de Daphnia
magna Yy Vibrio fischeri. Ademas, los cambios de biodegradabilidad estdn correlacionados
con el perfil de mineralizacion de la solucion AMX. También se establece la influencia de los
componentes de la matriz del agua (CI", COs*, NOs , PO,> y la materia organica natural del

rio Suwannee) en la degradacion de AMX.

En la parte 2, se fabricaron nanocompuestos de Fe,O3/TiO, mediante una sencilla
técnica de impregnacion/calcinacion empleando diferentes cantidades de nitrato de hierro
(111) sobre TiO, comercial (aeréxido P25). Los nanocompuestos de Fe,O3/TiO, preparados se
caracterizaron mediante difraccion de rayos X (XRD), espectroscopia Raman (RS),
microscopia electronica de barrido/espectroscopia de dispersion de energia (SEM/EDXS),
espectroscopia de fotoelectrones de rayos X (XPS), Brunauer— Analisis de Emmett-Teller
(BET), espectroscopia de impedancia de electrones (EIS), espectroscopia de
fotoluminiscencia (PL) y espectroscopia de reflectancia difusa (DRS). Como resultado, el 5
% (p/p) de Fe 03/ TiO; logrd la actividad fotocatalitica mas alta en el sistema de suspension y
se inmovilizd con éxito en un soporte de vidrio. La actividad fotocatalitica bajo irradiacion de
luz visible se evalu6 mediante el tratamiento de amoxicilina farmacéutica (AMX) en
presencia y ausencia de oxidantes adicionales: perdxido de hidrégeno (H,O,) y sales de
persulfato (PS). La influencia de la concentracion de pH y PS en la tasa de conversion de
AMX se estableciéo mediante planificacion estadistica y modelado de superficie de respuesta.
Los resultados revelaron condiciones 6ptimas de [S,0s* ] = 1,873 mM y pH = 4,808; estos
también se utilizaron en presencia de H,O, en lugar de PS en pruebas a largo plazo. La
conversion AMX mas rapida que poseia una constante de velocidad de orden cero de 1,51 x
10”7 M-min™* se logré con el sistema de fotocatalisis + PS. Se estableci6 la ruta de conversién
de AMX y se correlaciono la evolucion/conversion de los intermedios formados con los
cambios en la toxicidad hacia Vibrio fischeri. También se utiliz6 la eliminacion de especies
reactivas de oxigeno (ROS) para investigar el mecanismo de conversion de AMX, lo que
revel6 la principal contribucion del h* fotogenerado en todos los procesos.

Palabras clave: Solar fotocatalisis de semiconductores; Fe,O3/TiO, compuesto;

amoxicilina; persulfato; subproductos de transformacion; toxicidad



RESUM AMPLIAT EN CATALA

L'aigua neta accessible és una de les maximes prioritats per al creixement economic
sostenible i el benestar social. L'aigua dona suport a la vida i és un recurs crucial per a la
humanitat; també és el nucli dels ecosistemes naturals i la regulacié del clima. L'estres hidric
és principalment un problema de quantitat d'aigua, perd0 també es produeix com a
consequiencia d'un deteriorament de la qualitat de l'aigua i la manca d'una gestio adequada de
l'aigua. Els problemes ambientals associats a la contaminacio de l'aigua han estat un tema
persistentment important durant les Gltimes decades, correlacionats negativament amb la salut
i I'ecosistema. L'aparicio de traces d'antibiotics en diverses masses d'aigua estava directament
relacionada amb el desenvolupament de patogens resistents als antibiotics. Durant les dues
ultimes decades, les penicil-lines s'han prescrit i utilitzat ampliament a tot Europa.
Recentment, I'amoxicil-lina (AMX) es va afegir a la segona "llista de seguiment” de la UE
basada en la proposta de Decisid europea 2018/840/UE. La seva preséncia en els efluents
d'aigues residuals esta relacionada amb I'eliminacid limitada de les depuradores municipals
comunes (EDAR) basades en el tractament primari (fisic) i secundari (biologic). Per tant, cal

aplicar les noves tecniques de remediacio per eliminar aquestes substancies recalcitrants.

Recentment, els processos d'oxidacio avancgats (AOP) han guanyat molta atencio en la
investigacié a causa de la seva capacitat innata de proporcionar una oxidacio efica¢ d'una
amplia varietat de contaminants organics persistents als meétodes convencionals de tractament
de WW. L'eficacia dels AOP es basa en especies altament reactives i no selectives, basades
principalment en radicals hidroxil (HOe). Entre els diversos AOP, la fotocatalisi de
semiconductors crida molt I'atencié a causa de l'estabilitat del material semiconductor i el

potencial d'utilitzar energia solar abundant per degradar els contaminants organics.

El fotocatalitzador més investigat i emprat en la purificacié daigua és el TiO,, no
obstant aix0, el TiO, pateix la recombinacié rapida de carregues fotogenerades (és a dir,
parells d'electrons/forats; e/h*) i només esta actiu sota llum UV a causa de la seva gran bretxa
de banda (3,0).-3,2 eV), dificultant aixi el seu potencial per a aplicacions impulsades per
I'energia solar. Aquestes deficiencies es poden millorar amb les seglients estratégies: dopatge
amb metalls i/o no metalls, sensibilitzacié de colorants, incorporacié amb nanotubs de
carboni, oxid de grafe reduit i acoblament amb altres semiconductors amb bandes buides
estretes. L'acoblament de TiO, amb semiconductors de banda estreta amb resposta a la llum

visible pot promoure efectes sinérgics entre dos materials semiconductors que condueixen a



una separacio de carrega més eficient i una alta activitat fotocatalitica sota irradiacié de llum

visible.

L'oxid de ferro (a-Fe;O3, també conegut com a hematita) és un candidat prometedor
per acoblar-se amb TiO,, a causa de la seva abundancia, baix cost, estabilitat i activitat de la
llum visible a causa de la seva banda estreta (2,0-2,2 eV). EI més important és que les
posicions de banda adequades de I'hematita promouen la separacié de carrega fotogenerada
en TiO, mitjancant transferencia d'heterounio. Malgrat diverses aplicacions fotocatalitiques
de compostos de Fe,O3/TiO, per a I'eliminacié de contaminants de preocupacié emergent
(CEC), tots els estudis van investigar les seves aplicacions a la suspensio (és a dir, emprant
una forma de fotocatalitzador en pols), mentre que I'aplicacio de compostos de Fe,O3/TiO,
immobilitzats amb prou feines son reportat. A mes, rarament s'explora el tractament d'’AMX
sota Ilum solar / visible mitjangant Fe,O3/TiO,, aixi com l'ecotoxicitat dels subproductes de

degradacio / transformacié d AMX.

En aquesta tesi, es va investigar I'eliminacio d'AMX mitjancant pel-licules en capes
de Fe,O3/TiO, tipus sandvitx fetes de nanomaterials disponibles comercialment (part 1) i
utilitzant Fe,O3/TiO; sintetitzat fet de precursors quimics purs (part 2).

A la part 1, els compostos de tipus sandvitx fets de TiO,-P25 i a-Fe,O3 comercials
s'obtenen mitjancant pel-licules primes de recobriment per gir amb diferents configuracions
de capes, a saber: i) Capa de TiO, sobre a-Fe;O3; (TiOx@a-Fe;03), ii) La capa d'a-Fe,Os
sobre TiO; (a-Fe,0;@TIiO,) i iii) es va barrejar fisicament el 50% (p/p) de TiO,/Fe;0s.
S'investiga l'activitat fotocatalitica sota irradiacié solar simulada dels compostos esmentats i
dels seus components purs per a la degradacio de lI'amoxicil-lina (AMX) en preséncia i
abséncia de persulfat (PS). En ambdos casos, el tipus sandvitx TiO,@a-Fe,O3 va aconseguir
les taxes de degradacidé més altes d’/AMX i es nota un efecte marcat de I'addicio de PS sobre
la taxa de degradacio d'AMX. La influencia de la concentracio de pH i PS sobre la taxa de
degradacio d'AMX s'estableix mitjancant un disseny experimental i un modelatge de
superficies de resposta que va revelar condicions optimes de [S,0s° ] = 0,334 mM i pH = 4,0.
La via de degradacio de 'AMX s'estudia mitjancant I'eliminacid d'especies reactives d'oxigen
i la identificacio d'intermedis mitjancant cromatografia liquida amb espectrometria de masses
en tandem (LC-MS/MS). La seva evolucio esta directament correlacionada amb una toxicitat
augmentada avaluada pels assaigs de Daphnia magna i Vibrio fischeri. A més, els canvis de
biodegradabilitat estan correlacionats amb el perfil de mineralitzacio de la soluci6 AMX.

També s'estableix la influéncia dels components de la matriu de l'aigua (CI”, COs*, NOs ,



PO,>~ i matéria organica natural del riu Suwannee) en la degradacié de I'AMX.

A la part 2, es van fabricar nanocomposites Fe,O3/TiO, mitjancant una tecnica
d'impregnacio / calcinacié facil que utilitzava diferents quantitats de nitrat de ferro (111) en
TiO, comercial (aeroxid P25). Els nanocomposites Fe,O3/TiO, preparats es van caracteritzar
per difraccio de raigs X (XRD), espectroscopia Raman (RS), microscopia electronica
d'escaneig/espectroscopia dispersiva d'energia (SEM/EDXS), espectroscopia fotoelectronica
de raigs X (XPS), Brunauer— Analisi Emmett-Teller (BET), espectroscopia d'impedancia
electronica (EIS), espectroscopia de fotoluminescéncia (PL) i espectroscopia de reflectancia
difusa (DRS). Com a resultat, el 5% (p/p) de Fe,Os/TiO, va aconseguir l'activitat
fotocatalitica més alta en el sistema de purins i es va immobilitzar amb éxit sobre suport de
vidre. L'activitat fotocatalitica sota irradiacio de llum visible es va avaluar tractant
amoxicil-lina farmaceéutica (AMX) en preséncia i absencia d'oxidants addicionals: peroxid
d'hidrogen (H,05) i sals de persulfat (PS). La influéncia del pH i la concentracio de PS en la
taxa de conversio d'/AMX es va establir mitjancant la planificacio estadistica i el modelatge
de superficies de resposta. Els resultats van revelar condicions optimes de [S,0° ] = 1,873
mM i pH = 4,808; aquests també es van utilitzar en presencia d' H,O; en lloc de PS en proves
a llarg termini. La conversi6 AMX més rapida amb una constant de velocitat d'ordre zero
d'1,51 x 10" M- min"' es va aconseguir amb el sistema fotocatalisi + PS. Es va establir la
via de conversio AMX i I'evolucio/conversio dels intermedis formats es va correlacionar amb
els canvis de toxicitat cap a Vibrio fischeri. També es va utilitzar I'eliminacié d'espécies
reactives d'oxigen (ROS) per investigar el mecanisme de conversio d'AMX, revelant la

principal contribucié de I'h* fotogenerat en tots els processos.

Paraules clau: Solar fotocatalisi de semiconductors; Fe,O3/TiO, compuesto;

amoxicillina; persulfat; subproductes de transformacio6; toxicitat
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1. INTRODUCTION



Semiconductor-based photocatalysis has emerged as a promising technology for water
purification, particularly as a tertiary treatment. Among photocatalysts studied, Titanium (IV)
dioxide (TiO,) has been regarded as the “benchmark photocatalyst” due to its chemical and
thermal stability, biological inertness, suitable mechanical properties, low cost, and
nontoxicity [1-3]. However, TiO, suffers from the fast recombination of photogenerated
charges (i.e., electron/hole pairs; e /h*) and is active only under UV light due to its wide
bandgap (3.0-3.2 eV), thus hindering its potential for visible-light-driven applications [1,4].
Consequently, these deficiencies can be improved by coupling TiO, with a narrow-bandgap
semiconductor with a visible-light response. As such, the formation of heterojunction
between the two semiconductors promotes synergistic effects, leading to more efficient
charge separation and improved photocatalytic activity under visible-light irradiation [2,4,5].
Hematite (0-Fe;03) is a well-suited candidate for coupling with TiO, due to its visible-light
activity (bandgap energy (Ey) = 2.0-2.2 eV) [6], natural abundance, low cost, and stability in
a wide range of pH in aqueous solutions [7]. In recent years, the application of Fe,O3/TiO,-
based composite photocatalysts has gained attention due to their efficiency for the removal of
contaminants of emerging concern (CECs) from water [8]. Further photocatalytic activity
enhancement can be accomplished using electron acceptors such as persulfate (S,0s>, PS)
and hydrogen peroxide (H,O,), which promote suppression of e /h* recombination in
Fe,0s/TiO, photocatalysts, thus leading to the increased availability of photogenerated h* for
the generation of additional reactive oxygen species (ROS) and for subsequent oxidation

reactions [9,10].

However, several knowledge gaps need to be addressed regarding Fe,Os/TiO;

application in real environmental conditions, including the following:

(i) Unequal distribution of solar energy around Earth’s surface. Most applications of
Fe,O3/TiO, for CEC removal are reported under solar irradiation [8]. In fact, solar light is
composed of 3% UV light, 44% visible light, and 53% infrared light [11,12]. The UV light
portion within solar irradiation plays an important role for the activation of the overall
photocatalytic composite (i.e., Fe;O3/TiO,), and its absence may result in different
mechanisms [13]. It must also be noted that UV distribution at the Earth’s surface is unequal
and influenced by several factors [14]. As such, focusing on the utilization of visible light is

favorable for such environmental applications.



(i) Toxicity assessment. Transformation and/or degradation byproducts of CECs after
Fe,O3/TiO, photocatalytic processes are scarcely reported. Clearly, the formation of more
toxic byproducts has already been reported using different TiO,/semiconductor-based
composites [15]. Accordingly, such potential treatment drawbacks must receive well-

deserved attention since they can impose additional risk to the environment.

(iii) Photocatalyst recovery. Fe,Os/TiO, immobilization in various supports is
scarcely reported and is usually applied in powder form, thus requiring secondary treatment
to remove fine nano-sized composite particles. Immobilization of photocatalysts provides a
potential decrease in operating costs for the water treatment process by avoiding in-treatment

agglomeration and post-treatment separation issues [1,3,9,16,17].

Herein, the aim of the study was to provide an insight on removal of amoxicillin
(AMX), a pharmaceutical that is included in the second and third EU “watch list” based on
the Decision 2018/840/EU and 2020/1161/EU, respectively [18,19]. AMX removal were
explored by solar or visible-light photocatalytic activation of PS using Fe,O3/TiO, layered
films made of commercially available nanomaterials (part 1) and synthesized Fe,O3/TiO,
(part 2) composite made from pure chemical precursors.

The specific goals for part 1 were to: (i) study the effect of photocatalyst layer
configuration along with the influence of initial pH and PS concentration, on AMX
degradation Kkinetics; (ii) study the mechanism of AMX degradation using common
scavenging agents for formed ROS; (iii) study the influence of water matrix constituents on
AMX degradation; (iv) and correlate environmental aspects of the treatment process such as
mineralization, biodegradability, and toxicity profiles with identified AMX degradation by-
products.

The specific goals of part 2 were to: (i) prepare Fe,O3/TiO, via an
impregnation/calcination; (ii) characterize the as-prepared photocatalyst with superior
catalytic activity using instrumental techniques specific for the inspection of structural and
elemental composition, as well as morphological, textural, optical, and electrochemical
properties; (iii) determine Fe,O3 content for optimal photocatalytic activity; (iv) optimize the
combined effect of pH and PS concentration for the removal of AMX using the immobilized
Fe,03/TiO,, and (V) correlate AMX transformation byproducts under different photocatalytic
processes (i.e., photocatalysis alone, photocatalysis + H,O,, and photocatalysis + PS) with
each toxicity profile.



2. BACKGROUND



2.1. Wastewater quality

The need for water is expected to increase by 55% by 2050, and the demand for water
used in manufacturing will rise by 400%. Ensuring access to clean water is one of the major
challenges facing the world in this century [20]. The Intergovernmental Panel on Climate
Change (IPCC) predicts that the number of people in Europe facing water scarcity will
increase from 28 million to 44 million by the 2070s [21]. Using treated wastewater is an
underutilized option and its reuse is considered crucial for communities facing water
shortages. Despite the advancements in technology, traditional methods of treating
wastewater are still a major obstacle to using it as a source of potable water and for other
forms of reuse. In fact, wastewater treatment plants (WWTPs) have been found to be the
main sources of CECs in the aquatic environment due to their limited effectiveness in
removing CECs [22,23]. WWTPs final effluent is often discharged into surface waters, but
the remaining sludge may be disposed of in landfills or it can be used as fertilizer in
agricultural fields, which can lead to the contamination of surface and groundwater posing a
risk of run-off into different water bodies [24,25]. WWTPs effluents have a significant
impact on the presence of CECs in water systems, particularly in recipients with low water
flow or recipients that receive wastewater from multiple or large WWTPs [26]. Nevertheless,
such inefficiencies of WWTPs to remove CECs are one of the main barriers for obtaining a

sustainable water quality that may be reused directly or indirectly for potable purposes.

2.1.1. Contaminants of emerging concern (CECs)

Contaminants of emerging concern (CECs) refer to a wide range of chemical and
biological substances that are not currently regulated but have the potential to impact human
health and the environment [27]. These include pharmaceuticals, personal care products,
endocrine-disrupting compounds, flame retardants, pesticides, and artificial sweeteners, etc.
Besides, their metabolites are also an issue of major concern. Table 1 summarizes various
classes of the abovementioned CECs [27]. CECs can enter the environment through various
pathways, such as sewage discharge, agricultural runoff, and atmospheric deposition. The
effects of CECs on human health and the environment are still not well understood, and

research is ongoing to better understand their potential impacts.



Pharmaceuticals, including antibiotics, have revolutionized healthcare and have been

essential in treating and preventing a wide range of diseases and infections. Antibiotics are a

type of pharmaceutical that specifically target bacterial infections, and they have been

responsible for saving countless lives and preventing the spread of infectious diseases.

However, the widespread use of antiobiotics has also led to the emergence of antibiotic-

resistant strains of bacteria, which poses a significant threat to public health.

Table 1. Classification of CECs (Adapted from [27])

Classes

Use/Function

Examples

Pharmaceuticals and Personal Care Products (PPCPs)

Psychiatric drugs
Analgesics
Anti-epileptic drugs
Antihyperlipidemics

Non-steroidal anti-
inflammatory drugs

Synthetic hormones

Antimicrobials

Polycyclic musks

Other

Antidepressant
Pain reliever

Anticonvulsant

Lipid regulators
Anti-inflammatory
Hormone

Antibiotic

Antiseptic
Fragrances
Insect repellent
Fragrances
Stimulant

Fluoxetine, Sertraline, and Citalopram
Acetaminophen and acetylsalicylic
acid

Carbamazepine and primidone
Gemfibrozil, clofibric acid, and
fenofibric acid

Diclofenac, ibuprofen, ketoprofen,
and naproxen

Estrone, 17a-estradiol, 17a-
ethinylestradiol, and estriol
Erythromycin, sulfamethoxazole,
tetracycline and amoxicillin
Triclosan, biphenylol, and

I—iéxahydrohexamethyl-
N,I\i-Diefhyl/I-meta-toluamide (DEET)
Acetophenone

Caffeine

Endocrine disruptive chemicals (EDCs)

Steroids

Alkylphenols

Polyaromatic
compounds

Organic oxygen
compounds

Pesticides

Others

Natural human estrogen

Metabolite

Manufacture of household
and industrial products

Plasticizers

Industrial production of
polycarbonates and epoxy
Insecticides, herbicides,
By-products of various
industrial and combustion

17b-estradiol
Estrone

Nonylphenol and octylphenol

Polychlorinated biphenyls and
brominated flame retardants

Phthalates
Bisphenol A
Atrazine, chlordane, and trifluralin

Dioxins and furans




Classes

Use/Function

Examples

Fire Retardants (FRs)

Halogen-containing
flame retardants

Phosphorus-based FRs
Melamine FRs

Inorganic hydroxides

Fire Retardants

Brominated bisphenols and phenols

Elemental red phosphorus and
inorganic phosphates

Melamine cyanurate

Aluminum hydroxide and magnesium
hydroxide

Borate FRs Sodium borate and boric acid
Silicon FRs

Pesticides

Carbamates Herbicides, insecticides, and Carbendazim, benomyl, and carbaryl

Chloroacetanilides
Chlorophenoxy acids
Organochlorines
Organophosphates
Pyrethroids
Triazines

fungicide

Preemergent herbicides
Herbicides

Insecticides
Insecticides
Insecticides

Herbicides

Metolachlor and alachlor

Bentazone and triclopyr

DDT, dieldrin, endrin, and endosulfan
Diazinon, malathion, and chlorpyrifos
Biphenthrin, cypermethrin, and

Atrazine, cyanazine, and simazine

Artificial sweeteners

Sugar substitutes

Acesulfame

Sucralose

Saccharin

Cyclama

Aspartame

Neotame

Neohesperidine dihydrochalcone

2.1.2. Amoxicillin

Amoxicillin (AMX), with chemical formula C1sH19N3OsS (Figure 1) was initially

discovered by researchers at Beecham Research Laboratories in the 1970s, and was initially

sold under the brand name "Amoxil". Today, amoxicillin is one of the most widely sold and

prescribed antibiotics in the world, having gained widespread use due to its broad-spectrum

effectiveness against a variety of bacterial infections, including skin infections, pneumonia,

angina, and urinary tract infections [28-30].



O/NO

Figure 1. Amoxicillin structure in zwitterionic form

Research has demonstrated that a significant portion, over 80%, of AMX is eliminated
from the human body via urine within 2 hours of consumption. Hence, its presence poses a
potential risk as it can lead to the development of antimicrobial-resistant bacteria, which can
be transmitted from animals to humans [31]. As such, AMX has been listed on the second
and third EU “watch list” based on the Decision 2018/840/EU and 2020/1161/EU,
respectively [18,19].

Due to the low metabolism rate of AMX in the body, it is likely to persist in the
aquatic environment in its original form or as transformed compounds (i.e., hydrolysis
byproducts etc.). In the first stage of metabolism, AMX is transformed into other substances
through chemical processes such as the addition of functional groups, hydrolysis, reduction,
and oxidation reactions. In the second stage, the products formed in the first stage, as well as
the original AMX, are combined with endogenous conjugating molecules like sulfuric acid,
glutathione, acetic acid, and glucuronic acid, resulting in hydrophilic derivatives that are
more easily excreted or more readily degraded enzymatically [28,32,33]. Hence, the proposed
aquatic transformation is shown in Figure 2 and occurrence of AMX all over the world is

summarized in Table 2.
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Figure 2. Proposed transformation of AMX in water (Adapted from [28,34])



Table 2. Occurrence of amoxicillin all over the world (Adapted from [35])

Country Detected in Concentration Reference
Australia Hospital effluent 900 ng-L™ [36]
Australia Raw sewage 280 ng-L™ [36]
Australia Ezf;frﬁgaf‘;fa"n’:"e”“o”a' 20 ng-L™* [36]
China Urban sewage 3380 ng-L* [37]
China Estuary 786.40 ng-L™ [38]
China Bay 90.97 ng-L* [38]
India Aquifers, surface 813 i 8%8 ﬁgti [39]
Italy WWTPs 15 ng-L* [40]
Italy Ell;f:::nt of sewage treatment 120 ng-L™* [36]
Italy WWTPs 25ng-L™* [40]
Kenya WWTPs 4.6 ug-L* [41]
Kenya Influent 1.58 ug-L* [41]
Spain Surface water 200 ng-L™ [36]
United Kingdom WWTPs 56-60 ng-L™ [40]
United Kingdom WWTPs 39-49 ng-L™* [40]
United Kingdom WWTPs 198-245 ng-L™ [40]
United Kingdom Surface water 120 ng-L™ [36]
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2.2. Conventional wastewater treatment

The first step in a wastewater treatment facility (Figure 3) is aimed at removing large
objects from the influent to protect the facility's equipment. The next step is to remove grit by
flowing the influent through a grit chamber. Solids, also known as organics or sludge, are
then separated out and pumped to a sludge digester or processing area to be dried and
removed, along with the sludge from the clarifier. After grit removal, the influent enters
primary clarifiers that separate out a portion of the solids. These solids, called sludge, are
regularly removed to prevent them from impacting the separation process. The sludge is often
used as fertilizer (depending on the quality), or it is classified as waste and, in such case, is
landfilled or incinerated. Air is then added to the aeration tank to encourage the conversion of
NH;" to NO3 and to provide oxygen for bacteria to continue to propagate. The bacteria
remove oxygen from the nitrate molecules and the nitrogen is given off as N, (in case of
denitrification) This process is managed to offer the best conditions for bacteria which are
directly related to Biochemical Oxygen Demand (BOD). BOD is a surrogate indicator for the
amount of organic material present and is used to determine the effectiveness of organic
material breakdown. The treated wastewater is then pumped into a secondary clarifier to
allow any remaining sediment to settle out. Any remaining small solids at this stage are
originated from aeration step, where biological treatment with activated sludge occurred.
Hence, settled activated sludge after secondary clarifier is returned to the aeration tank to
increase the mixed liquor suspended solids (MLSS).

PRIMARY CLARIFIER  srpaTiON

BAR SCREENING GRIT REMOWA

Figure 3. Wastewater treatment plant's general scheme (nitrification only) [42]
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As a tertiary treatment, (nano- or ultra-) filtration, chlorine, ozone, UV or any form of
advanced oxidation process is then performed to remove any remaining bacteria. The final
step is water analysis and testing to ensure proper pH level, ammonia, nitrates, phosphates,
dissolved oxygen, and residual chlorine levels. The effluent can then be disposed of and

reintroduced to the environment [42].

However, wastewater treatment plants (WWTPs) have been found to be the main
point for spreading of chemical compounds such as CECs, which ended in municipal
wastewaters due to human activities, in the aquatic environment despite their attempts to
remove them [22,23]. Previous research has shown that conventional WWTPs are of limited
effectiveness in removing majority CECs and that they can still enter water systems [23,43].
The final effluent is often discharged into surface waters, but the remaining sludge may be
disposed of in landfills or incinerated, which can lead to the contamination of groundwater or
even surface waters, or can be used as fertilizer on agricultural areas, which poses a risk of
run-off into water bodies [24,25]. WWTP effluents have a significant impact on the presence
of CECs in water systems, particularly in recipients with low water flow or recipients that
receive wastewater from multiple or large WWTPs [26]. New approaches must be integrated

into conventional WWTPs to provide efficient removal of CECs.
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2.3.  Advanced oxidation processes

Advanced oxidation processes (AOPs) have gained much research attention due to their
innate ability to provide effective oxidation of a wide variety of organic pollutants persistent
to conventional WW treatment methods [44]. AOPs effectiveness rely on highly reactive and
non-selective species, that can be formed either in-situ or via added oxidants (hydrogen
peroxide, persulfate salts, percarbonates). Those are primarily hydroxyl radicals (HOe),
although various other radical species might be formed depending also on the present
oxidants and/or water matrix constituents: HOe, O,*", Cle, CO3*", NO3®, SO,* etc [9]. The
nature of HOe, including a combination of reactivity and non-selectivity, makes it suitable for
the degradation of a wide range of organic and inorganic pollutants, while generating low
amounts, or even no secondary waste at all [45]. Therefore, it is fairly obvious why AOPs
have gained so much attention from the scientific community and water professionals, which
lead to a rapid development and application of AOPs during the last several decades, but will
continue to do so in the forthcoming years. AOPs can oxidize/mineralize organic pollutants to
CO;, H,0 and/or respective mineral salts (i.e., chlorides, nitrates, phosphates), depending on
the structure of the starting pollutant(s). For example AOPs can sufficiently oxidize 2,4-
dinitrophenol (2,4-DNP), a common industrial wastewater pollutant, to nitrates and
byproducts which are rendered non-toxic to Daphnia magna [46]. However, complete
mineralization of the target pollutants is rarely pursued, as it is resource/energy intense and
unnecessary if the degradation byproducts are biodegradable. Therefore, AOPs are not
intended to replace current wastewater technologies, rather supplement them by addressing
their shortcomings either as a pretreatment to reduce the toxicity of influents and increase
biodegradability [47,48] and/or as a tertiary post-treatment after biological oxidation [49].
Complete mineralization is also in part difficult to achieve, due to the scavenging effect of
low molecular weight carboxylic acids that are common byproducts, which is the case if
natural organic matter (NOM) is present in the system [50].

Radical species employed in AOPs can be generated by numerous means, including
chemical, electrical, mechanical or radiation energy, hence AOPs can be categorized

according to the means of radical production and process operating conditions, Table 3.
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Table 3. Categorization of AOPs according to primary source of hydroxyl radicals: (Adapted

from [51])

Atmospheric pressure and temperature

Energy source

Parent process

Modified processes

photo-Fenton

electro-Fenton

Fenton (Fe**/H,0,)

sono-Fenton

zero valent iron (Fe”)

chemical non-ferrous based
peroxone
o catalytic ozonation
ozone (Os) photo-ozonation
sono-ozonation
) Fenton-corona
electrical corona -
high pressure plasma
sono-Fenton
mechanical ultrasound (US) sono-ozonation
sono-photocatalysis
i photolysis
o ultraviolet (UV) ——
UV and visible photooxidation
photon solar-Fenton
solar -
photocatalysis
high energy o gamma
radiation radiolysts electron-beam
Above normal conditions
. e catalytic wet air oxidation (CWAO
chemical wet air oxidation (WAQ) L ( )

catalytic wet peroxidation (CWPO)
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2.4.  Semiconductor Photocatalysis

The general mechanism of semiconductor photocatalysis (Figure 4) is composed of
three main steps: 1.) e /h™ pairs are generated on the surface of the semiconductor under
illumination with the required wavelength or energy; then, 2.) photogenerated charges (i.e.,
e /h") migrate to the surface of the semiconductor; and lastly, 3.) e and h" induce redox

reactions on the surface that facilitate improved degradation of organic pollutants [52,53].

0,
(Step 3: Reduction)
CB — C. 0,0
., (Step 2: Charge 2

"-\ Migration)
-,

,

Organic

Degradation Mineralization
Pollutants

— — COZ + HZO etc.

__,--—"(Sfep 2: Charge

Migration)

)

(Step 3: Oxidation)

VB

H,0 or OH"

Figure 4. Photocatalytic reaction mechanism over semiconductor material [5]

2.4.1 Titanium Dioxide (TiOy)

Titanium dioxide (TiO,) is a polymorphic compound having three polymorphous
structures (Figure 5): rutile phase (tetragonal), anatase phase (tetragonal), and the brookite
phase (orthorhombic). Rutile is the most stable form among the three phases. Nevertheless,
anatase is the most extensively studied among the three. TiO, is renowned for its chemical
stability (photostability), superhydrophilicity, non-toxic, and for its low-cost production.
However, TiO, suffers from fast e /h* pair recombination and large band gap (Eq= 3.0-3.2
eV), which can only be excited under UV light irradiation [5]. The strategy for improving
these issues includes band gap engineering by doping with non-metals and/or transition
metals, or coupling with graphene oxide or other conducting materials. Among them,
semiconductor-coupling presents a viable structure-properties engineering solution for the
enhancement of TiO, photocatalytic activity due to the simultaneously

reduced e /h* recombination rate and enhanced visible light absorption [54].
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Anatase Rutile Brookite

Figure 5. Representations of the TiO, anatase, rutile, and brookite forms [55]

16



2.5  Heterojunction Structures

Three main types of heterojunction architectures are reported for TiO,/semiconductor
composites [56] (Figure 6). In Type | heterojunction, the conduction band (CB) of TiO, is
higher in energy (more negative potential) when compared to the CB of semiconductor 2 and
the valence band (VB) of TiO, is lower in energy (more positive potential) as compared to
the VB of semiconductor 2 [57,58]. This leads to the accumulation of photogenerated h* and
e in semiconductor 2. In Type Il heterojunction (where TiO, can be semiconductor 1 or 2),
the CB of semiconductor 2 is higher than the CB position of semiconductor 1 leading to
facile transfer of photogenerated e from CB of semiconductor 2 to CB of semiconductor 1
[59]. Meanwhile, photogenerated h* in VB of semiconductor 1 can travel to the VB of
semiconductor 2, which facilitates efficient charge separation. Type Ill heterojunction (also
known as broken gap situations) [60] shares the same charge transfer mechanism, like Type
Il heterojunction. In this case, the CB and VB of semiconductor 2 are higher than CB and VB
of TiO, [61,62].

B

Semiconductor 1 Semiconductor 2 Semiconductor 1 Semiconductor 2 Semicond ; i tor 2
(1io,) (Tio,) (1i0)

Typel Type Il Type 111

Figure 6. Type I, I, and 111 band alignment of TiO,-based heterojunctions [5]

2.5.1 Coupling of TiO, with Metal Oxides
2.5.1.1 TiO2/WQO3

Tungsten oxide (WQOj3), which is a visible light active photocatalyst with band gap of
2.4-2.8 eV, is a promising candidate for photocatalytic applications, due to its oxidative
properties, nontoxicity, low cost, and stability in acidic solutions. In addition, WOj3 directly
matches the band positions of TiO, to form a heterojunction (Type Il Heterojunction) [63—
66]. Several authors studied the application of TiO,/WO3 composites for the degradation of
various CECs; either pesticides or pharmaceuticals (Table 4). Hence, Macias et al. [58]

studied the photocatalytic degradation of herbicide 2,4-dichlorophenoxyacetic acid (2,4-D)
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while using TiO,/WO3; composites under natural sunlight. They reported the rather high
effectiveness of the studied system: 94.6% degradation of 2,4-D and 88.6% mineralization of
overall organic content under two and four hours of natural sunlight irradiation, respectively.
Besides, they studied the mechanisms that are responsible for forming reactive species within
the system and, based on their findings, proposed that, upon forming e /h* pairs under solar
irradiation, photogenerated e from CB of TiO, are transferred to CB of WO3. Consequently,
W®* was first reduced to W®* on WOj5 surface, while the W** ions are then oxidized to W®*
by adsorbed O, producing superoxide anion radical (O,*"). The photogenerated h* in VB of
WO; are transferred to VB of TiO, where they reacted with water (or hydroxyl ions, HO)
forming hydroxyl radicals (HOe) (Figure 7). The generated reactive oxygen species (ROS)
promoted the degradation of 2,4-D and its intermediates, eventually yielding rather high
mineralization extents, while their occurrence in the system was confirmed through tests with
common scavenging agents (e.g., tert-butanol (TB) for HOe, formic acid (FA) for h*, and p-
benzoquinone (BQ) for O,*") [58].

0,
OZJ
2~
Organic -
Degradation Pollutan f i
- E,=3.2eV
g e

O]

\ OHse,

H,0 or OH
B& Organic Degradation
OHe Pollutan F——

Figure 7. Photocatalytic degradation mechanism over TiO,/WQO3 composite [5]

H,0 or OH'

TiO, wo,

The same composite type was used in the degradation of pharmaceuticals. Hence,
Mugunthan et al. [64] treated diclofenac (DCF) while using TiO,/WQO3; composites under 4
hrs of visible light irradiation and reported a maximum of 92% mineralization of overall
organic content. They also elucidated the DCF degradation pathway by LC-MS
measurements, which included C-N cleavage in the DCF molecule forming benzene-ring
based intermediates at the first stage, and open-ring intermediates at the later stage, which
were eventually mineralized. Such findings were quite similar to other studies employing
HOe based processes in the degradation of DCF [67,68], thus implying the important role of

formed ROS, primarily HOs, in the case of TiO,/WOj solar driven photocatalysis as well.
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Arce-Sarria et al. [69] studied the performance of TiO,/WQO3; composite for the degradation of
another pharmaceutical, amoxicillin (AMX), in a pilot scale reactor, where they achieved
64.4% degradation.

Besides “pure” TiO,/WO3 composite, several authors studied the performance of its
enriched analogues (Table 4). Hence, Cordero-Garcia et al. [66] studied DCF degradation by
WO3/C-doped TiO, and reported 100% DCF degradation and 82.4% mineralization of the
overall organic content under 250 kJ-m?and 400 kJ-m?of solar-accumulated energy,
respectively. They also stated that the WO3/C-doped TiO, composite showed superior
photocatalytic activity for the complete degradation and mineralization of DCF when
compared to the pristine TiO,, used as benchmark material. Based on the findings on
elucidated mechanisms within the studied composite and DCF degradation pathway
provided, the authors concluded that the incorporation of elemental carbon to TiO, crystal
structure promoted the formation of a C 2p-hybridized valence band that lowered the band
gap of TiO, by mixing with O 2p orbitals. As a result, upon visible light irradiation,
TiO, generates e /h* pairs, where the photogenerated e are promoted to the Ti 3d states
(VB), thus reducing Ti** to Ti**. Ti** can be easily oxidized by WOj3 due to the differences in
the reduction potential between TiO, (-0.70V vs NHE) and WOj3(—0.03V vs NHE).
Subsequently, W®* traps photogenerated e to form its reduced state W°*, while the redox
reaction occurs further by returning to its original oxidation state in reaction with adsorbed
0O, on the composite catalyst surface (similarly as discussed above in the case of “pure”
TiO,/WO3), thus leading to improved charge separation and the formation of ROS, which
contributed in DCF degradation and mineralization of formed intermediates.

Table 4. Photocatalytic degradation of CECs over TiO,/WQO3; composites

Initial concentration/

Target ; Experimental Reaction Removal
Catalyst working volume o ° € Reference
pollutant (mg-L) /mL) conditions time extent (%0)
: 2,4- Light Source: natural
TiO, - WO, . ' 50 . - 94.6
. dichlorophenoxy . sunlight 11AM-4PM,; 120 min _ [58]
. 1 -_—
(0.5g-L7) acetic acid (in 250 mL) pH= 4 (TOC= 88.6)
; Light Source: 400 W
TiO, - WO, . 25 ‘ _ . B
0.6g-LY Diclofenac (in 100 mL) Metal EaHh:dg Lamp; 240 min TOC=91 [64]
; CPC Reactor with
TiO,- WO -
E) 12 L s Amoxicillin (in 251(%)0 L) accumulated energy NA 64.4 (@ 550 kJ-m?)  [70]
(01g-L7) : 550,000 J/m?
Light Source: 1500 .2
(WO4/TiO,-C) Diclofenac 10 W Xenon Lamp with NA 10?.'_(0@2:35:;(2 g ) [66]
(1.0g-LY (in 300 mL) filter(A > 290 nm) ; o
- 400 kJ-m™)
pH=7
Light Source: 1500 -2
. . 100 (@ 250 kJ-m™)
(WOs/TiO,-N) . W Xenon Lamp with _
(1.0g-LY Diclofenac 10 ID65 solar filter: NA (TOC=100 @ [65]

-2
pH= 6.5 400 kJ-m )
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The same authors studied the degradation of DCF with another enhanced
WO3/TiO, composite (N-doped TiO,), and again reported high degradation and
mineralization rates; 100% according to both indicators under 250 kJ-m™and 400 kJ-m™ of
solar-accumulated energy, respectively [65]. They stressed that the same mechanism that was
responsible for the enhancement of photocatalytic activity in C-doped WO3/TiO, composite
[66] also improved the performance of N-doped WO3/TiO; [66].

2.5.1.2 TiOy/Fe,03

Iron oxide (0-Fe,03) is a promising candidate for photocatalytic applications, due to
its abundance, nontoxicity, low cost, stability in aqueous solutions (pH > 3), and narrow band
gap (2.0-2.2 eV), which directly matches the band positions of TiO, to form heterojunction
(Type | Heterojunction) [57,71]. Several authors report the photocatalytic degradation of
CECs using TiO./Fe,O3 composites (Table 5). Hence, Mirmasoomi et al. [72] used
TiO,/Fe,O3 as a catalyst for photocatalytic degradation of diazinon (DZ). The authors
reported an optimized system with maximum degradation of DZ equal to 95.07% within 45
min under visible light irradiation. In another study by Moniz et al. [57], photocatalytic
degradation of 2,4-D while using TiO,/Fe,O3; composites was investigated, reporting 100%
2,4-D degradation and 100% mineralization of overall organic content within 2 h and 3 h,
respectively, using irradiation from a 300 W Xenon Lamp. The authors found out that, when
compared to the benchmark TiO, (P25), the TiO,/Fe,O3 composite shows superior
photocatalytic activity. Based on photoluminescence and photocurrent studies, the
TiO,/Fe,O3 composite exhibits enhanced separation of e /n* pairs due to the formed
heterojunction. The proposed mechanism was supported with DFT studies, which firstly
involved the transfer of photogenerated e from TiO,CB to Fe,O3; CB. In addition,
Fe,O3 binds strongly with (dissolved) oxygen, thus aiding the photoelectron transfer. This in-
situ second stage mechanism facilitates the facile migration of h* from the VB of TiO, [57].
Macias et al. [58] studied the same system, TiO,/Fe,O3; composites for photocatalytic
degradation of 2,4-D, but while using natural sunlight. The authors reported 96.8% 2,4-D
degradation and 90.0% mineralization of overall organic content less than two hours and four
hours, respectively. Contrary to the presented mechanism of Moniz et al. [57], Macias et al.
[58] proposed that the incorporation of Fe,O3 causes the photogenerated e in CB of TiO; to
be transferred to CB of Fe,Os, promoting the reduction of Fe** to Fe?*. Photogenerated h* in

VB of TiO, is transferred to VB of Fe,0s, which leads to the regeneration of Fe** and avoids
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the recombination of e /h™* pairs at TiO, surface. In addition, Fe,O3 (Eq = 2.0-2.2 eV) can be
excited by visible light irradiation producing photogenerated e /h* pairs. Photogenerated e in
CB of FeOszcan be transferred to O,dissolved in water to form O,*, while
photogenerated h* in VB of Fe,Os can facilitate generation of HO« eventually contributing to
the degradation of present organics [58] (Figure 8). The formation of mentioned ROS and
their involvement in degradation of targeted pollutant was confirmed through common

scavenging tests using TB, FA, and BQ.
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Figure 8. Photocatalytic degradation mechanism over TiO,/Fe,O3 composite [5]

The photocatalytic degradation of the pharmaceutical tetracycline (TC) and its
derivatives, such as oxytetracycline (OTC), using TiO,/Fe,O3; materials has also been
reported. Hence, it was found out that, under visible light irradiation (A = 400-750 nm), a-
Fe,Os; was activated and generated e /h* pairs, and then photogenerated e from CB of a-
Fe,Os; moved to TiO; trapping sites for atmospheric O, to form O,*", which was proven to
largely contribute to the degradation of OTC. On the other hand, the photogenerated h* from
VB of a-Fe,O3 primarily reacted with OH , resulting in the generation of HOe, which also
contributed to the degradation of OTC. When compared to TiO, reference material, the
TiO,/Fe,03 composite exhibited an enhanced photocatalytic activity under visible light due to
efficient e /h* separation, as stated above [73].

The same authors [73,74] also studied the degradation mechanism of OTC while
using LC-MS-TOF analysis and, based on the formed intermediates, established the OTC
degradation pathway, and concluded that HO+ mainly mediated degradation. Besides, “pure”
TiO,/Fe,03, enriched analogue with carbon nanotubes (CNTs) was also studied (Table 5).

Hence, TiO,/Fe,O3/CNTs was used as the catalyst for photocatalytic degradation of

21



TC, under visible light illumination [75]. It was found that the effectiveness of photocatalytic
degradation of TC within 90 min treatment using TiO./Fe,O3/CNTs was almost twice higher
when compared to that achieved by benchmark TiO,; 89.41% and 47.64%, respectively. The
authors attributed the improved photocatalytic efficiency to the presence of the CNT, which
acted as a photogenerated e acceptor, thereby suppressing e /h* recombination [75]. In
another study, the core-shell structured a-Fe,O3 (with TiO, shell of around 15 nm) exhibited
100% TC removal in 90 min [76]. The degradation improvement was ascribed to the addition
of H,O, in the system, which generated more ROS than by the common photocatalytic
mechanisms described above [76]. Hence, the contribution of H,O, in such a system can be

described through restraining e /h* recombination and increasing HOe generation in the

system, as in Equation (1) [77]:

H,0, +e~+H* > H,0 + HO» Q)
Table 5. Photocatalytic degradation of CEC’s over TiO,/Fe,O3 composites
Target Initial concentration/ Experimental Reaction Removal
ki |
Catalyst pollutant V\(/E)nr]gl.nLgl\)/(;muBe conditions time extent (%0) Reference
; Light Source: 60 W
TiO,/Fe,0
N ez_l N Diazinon . 10 Philips Visible lamp; 45 min 95.07 [72]
(01g-L7) (in 300 mL)
49 pH= natural
TiO,/Fe,0 2.4- Light Source: 300 W 100
27 =223 dichlorophenoxy 50 e 120 min _ . [57]
(10 mg) acetic acid (in 100 mL) Xengn Lamp; (TOC= 100 @ 150 min)
pH= natural
TiO,/Fe,03 2,4- 50 Light Source: natural . 96.8
120 min [58]
(05g-L?) dichlorophenoxy (in 250 mL) sunlight 11AM-4PM; (TOC=90 @ 240 min)
acetic acid pH= 4
. Light Source: 300 W
Ti0/Fe;0, Oxytetracycline 60 lodine Tungsten Lamp; 300 min 75.6 [73]
(70 mg) (in 70 mL)
Hydrochloride pH=5.5
; Light Source: 300 W
TiO,/Fe,0
Il 5 .ei,ls Oxytetracycline 60 lodine Tungsten Lamp; 300 min ~80 [74]
(1.0g-L7) pH=5.5
. Light Source: 300 W
TiO/Fe;,05/CNT Tetracycline 20 Xenon Lamp; 90 min 89.41 [75]
(100mg) (in 100mL) _
pH= natural
Light Source: 300 W
N ) Xenon Lamp (4 > 420
o coroshey Tetracycline 50 nm) ; 90 min 100 [76]
2 (fOOm ) Hydrochloride (in 200 mL) pH= 5. 45
9 Oxidant= 120 pL (30%
H,0,)

2.5.1.3 TiO/Spinel Ferrite

Spinel ferrites (MFe,0,) are metal oxides, where M is a divalent ion (i.e., Mg®*, Ca**,

Sr?*, Ni**, Zn®", etc.), serving as promising candidates for photocatalytic applications due to
their narrow band gap range (1.3-2.2 eV) and magnetic properties [78,79]. Spinel ferrites
band positions match TiO,, thus possessing compatibility to form a heterojunction (Type Il

22



Heterojunction) [80-83].

The literature provides applications of MFe,O4/TiO, materials as photocatalysts in
treatment of CECs, as in the case of previously discussed TiO,-based composites. However,
it should be noted that authors within such composites used modified TiO, (Table 6). Hence,
Chen et al. [80] studied photocatalytic degradation of TC and its derivatives using N-doped
TiO,/CaFe,O4/diatomite, and reported 91.7% removal of TC within 150 min under visible
light irradiation. The authors studied the composite stability and reusability; the results
obtained after five cycles indicate that employed composite is rather stable, enabling 89.2%
removal of TC. They also proposed the photocatalytic mechanism occurring within the
composite; the excitation of both N-TiO, and CaFe,O, by visible light leads to the formation
of e /h* pairs (Figure 9). The photogenerated e in CB of N-TiO,can directly react to
adsorbed O, generating O,*", while photogenerated h* in VB of N-TiO, directly react with
H,O and OH producing HOe. Simultaneously, photogenerated e in CB of CaFe,O,4 can
undergo the same mechanism (i.e., reaction with O, to produce O,*"). In addition, the formed
heterojunction helps the migration of e from CB of CaFe,O4 to CB of N-TiO,, and h* from
VB of N-TiO, to VB of CaFe,O, (Figure 9). Such a transfer of charge carriers between the
two semiconductors hinders the recombination process and enhances the photocatalytic
activity of the composite, thus leading to more efficient generation of ROS (O,* and HOe);
the existence of formed ROS was confirmed through scavenging tests while using isopropyl
alcohol (IPA), ammonium oxalate (AO), and BQ for HO., h* and O,°", respectively [80].

Such behavior is confirmed by studying the degradation pathway of TC; it was found
that the TC intermediates match those that formed through radical driven reactions
undergoing in the first step demethylation and hydroxylation. The second step considered the
removal of functional groups (amino, hydroxyl, and methyl) and further ring opening
reactions that are mainly mediated by photogenerated h*, yielding small fragments that were
eventually mineralized [80]. Such a pathway confirmed the dual role of photogenerated h*, as
a promoter HO+ generation and as sites for the direct oxidation of adsorbed organics.

There are several other studies investigating the application of different
MFe,O4/TiO, materials (N-doped-TiO,/SrFe,O, diatomite [82]; Ce/N-co-doped
TiO,/NiFe,04/ diatomite and ZnFe,O4/TiO, [83]) for the photocatalytic degradation of CECs,
such as TC, OTC, and bisphenol A (BPA). Interestingly, the same mechanisms responsible
for charge transfer and consequent generation of ROS were reported, regardless of the
different M type within the spinel ferrite part of composite and/or TiO, (non-doped or doped

with metal and/or non-metal ions).
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Figure 9. Proposed mechanism for the TC photodegradation process using N-doped
Ti0,/CaFe,04/diatomite [80]
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Table 6. Photocatalytic degradation of CEC’s over TiO,/MFe,0,4composites

Initial concentration/

Target : Experimental Reaction Removal
Catalyst working volume L - o Reference
pollutant (mg- L) /mL) conditions time extent (%0)
N-TiO,/ .
Light Source: 150 W
CaFe,04 . 10 . . 91.7
/diatomite Tetracycline (in 200 mL) Xenon Lamp with UV 150 min (TOC =80 @ 2h) [80]
) light filter
(20g-L7)
N-TiO,/ -
SrFe|2C§4 10 Light Source: 150 W 92
/diatomite Tetracycline (in 200 mL) Xenon_Lamp with UV 150 min (TOC= ~80 @ 2h) [81]
1 light filter
(20g-L7)
Ce/N co-doped Light Source: 150 W
TiO2/ NIF&:0s oy veli 20 Xenon Lamp with UV 180 mi 98.2 82
diatomite etracycline (in 200 mL) enonIi ﬁ?f?lrg: min (TOC= ~95) [82]
(05g:LY) ’
- Light Source: 300 W
ZnFe, 0, / TiO, . 10 i
(10g-LY Bisphenol A (in 200 mL) Xer;)okr::L?mp 30 min 100 [83]
2.5.1.4 TiO,/Cu,O

Cu,0, a p-type semiconductor (E4 = 2.0-2.2 eV), is also a good candidate for making

heterojunctions with TiO, (Type Il Heterojunction). Hence, the photocatalytic degradation of
various CECs (TC [84], and tetrabromodiphenyl ethers [85]) using TiO/Cu,O composite

materials was reported under solar light irradiation (Table 7). Based on the findings in the
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mentioned studies, the photocatalytic mechanism of TiO2/Cu,O under solar light illumination
involves the activation of both Cu,O and TiO,to generate e /h* pairs (Figure 10).
Photogenerated e in CB of Cu,O then can migrate to CB of TiO;and, along with
photogeneratede in CB of TiO,, react with O,to form O,°. Simultaneously,
photogenerated h* in VB of Cu,O can be directly involved in the oxidation of adsorbed
organics, while photogenerated h* in VB of TiO; can directly oxidize adsorbed organics or
react with H,O (i.e., OH") and generate HO-. Besides, these h* can also directly migrate to
the VB of Cu,O, thus leading to effective charge separation that improves the overall

photocatalytic activity of the composite [84].
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Organic

o e B Pollutants
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Figure 10. Photocatalytic degradation mechanism over TiO,/Cu,0 composite [5]

Table 7. Photocatalytic degradation of CEC’s over TiO,/Cu,O composites

Initial concentration/

Target ; Experimental Reaction Removal
orking volume
Catalyst pollutant worxd g_l’ . conditions time Extent (%) Reference
((mg- L™) /mL)
Cu,0-TiO, . ]
supported Tetracycline 30 Light SOLI.;I;?](-Z‘.- 500 e 240 min 88.81 [84]
palygorskite Hydrochloride (in 50mL.) H= 5’7 '
(LOg-LY e
Light Source: 300 W
. Xenon Lamp; pH=
Ti0,-Cu,0 film Te”abrétmhgf;phe”y' n 1050 ) natural 150 min 90 [85]
solvent CH;OH:H,0
(50:50 v/v)

2.5.1.5 TiO2/Bi,03

Bi,O3, a semiconductor with band gap range in the visible region (2.5-2.8 eV), is also
a good candidate for making heterojunctions with TiO, (Type Il Heterojunction). Studies
including its application in photocatalytic degradation of CECs (quinalphos [86] and
ofloxacin [87]) under solar light irradiation (Table 8) revealed the occurring photocatalytic
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mechanism. Both of the composite phases can be activated under solar irradiation
generating e /h* pairs (Figure 11). Accordingly, photogenerated h*in VB of TiO, are
involved in the production of HOe (through reactions with H,0, i.e., OH") as of e /h” pairs.
In addition, h* in VB of Bi,O3 can be transferred to VB of TiO; that contributes to the direct

oxidation of adsorbed organics or the generation of HOe [87].
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Figure 11. Photocatalytic degradation mechanism over TiO,/Bi,O3; composite [5]

Table 8. Photocatalytic degradation of CEC’s over TiO,/Bi,O3 composites

Initial concentration/

Target ; Experimental Reaction Removal
Catalyst working volume L ; o Reference
pollutant ((mg- L) /mL) conditions time extent (%0)
Light Source: Visible
Bi,05-TiO, . 25 light with .
(50 mg) Quinalphos (in50 mL) 1.56 umol-m2-s™: 100 min 92 [86]
pH=8
; ; Light Source: 70.3 K
Bi,0;-TiO
128 I_l g Ofloxacin 25 lux; 120 min 92 [87]
(0.5g-L7) pH=7

2.5.2 Coupling of TiO, with Metal Sulfides

Cadmium sulfide (CdS), a metal sulfide semiconductor with a visible light range band
gap (Eq = 2.1-2.4 eV), has been proven to be compatible with TiO,, due to its higher position
of CB than that of TiO, (Type Il Heterojunction) (Figure 12) [59,88]. However, one should
be aware that its application can lead to adverse effects due to its instability, resulting in the
leaching of toxic Cd** during treatment [89]. Although its CB and VB positions are
thermodynamically favorable for photocatalytic application, CdS as a photocatalytic material
faces serious problems. Next to the above-mentioned promotion of toxic effects, issues, like
poor stability due to photocorrosion and limited separation efficiency of photogenerated
charge carriers, do not speak in favor of CdS application [90,91]. Photocorrosion is not only

related to the photogenerated h* in semiconductor itself that oxidizes S and release Cd** to
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the solution, but also with newly formed O,, where higher solubility in water leads to more
dramatic levels of photocorrosion of CdS [90,92]. However, CdS was widely investigated in
photocatalytic purposes, even in recent studies that focused on the degradation of CECs
(ofloxacin, ciprofloxacin, tetracycline, and 17a-ethynylestradiol), where it was used in
various forms (nano-rods, nano-belts) [59,88,93,94] (Table 9). Generally, upon visible light
illumination, CdS is excited and generates the e /n* pair, where photogenerated ™ in CB of

CdS migrates to CB of TiO,and is consumed in reactions with O,to produce O,°,

while h* remain in the VB of CdS.
020,
o,
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Figure 12. General photocatalytic degradation mechanism over TiO,/MS (M=Cd or Cu) or
MS; (M=Mo and Sn) composite [5]

Copper sulfide (CuS), which is another metal sulfide semiconductor with narrow band

TiO, MS,

gap of 2.0 eV, has also been reported to be coupled with TiO, (Type Il Heterojunction)
[95,96]. Jiang et al. [95] reported a 85.5% degradation of enrofloxacin and 27.7%
mineralization of overall organic content using immobilized CuS/TiO; nanobelts (Table 9).
They elucidated the mechanisms occurring in the composite upon excitation by solar
irradiation. Hence, such broad wavelengths excited both composite phases (CuS and TiO,)
and resulted in e /n* pairs, while the transfer of charges was analogous, as in the case of the
CdS/TiO, composite. Photogenerated e in CB (—0.33 eV) of CuS underwent transfer to CB
(=0.19 eV) of TiOand were consumed in reactions with O,forming O,*.
Photogenerated h* in VB of CuS remained there and present potential active sites for direct
degradation of organics that were adsorbed at the CusS surface, since they cannot be involved
in generation of HOe due to too high energy band positioning. On the other hand,
photogenerated h* in VB of TiO, can directly react with adsorbed organics and

OH generating HOs-.
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Chen et.al [96], incorporated Au nanoparticles to CuS/TiO, nanobelts structure to
enhance the photocatalytic degradation ability of the composite by capturinge and,
consequently, suppressing the recombination of photogenerated charges. As a result, they
obtained 96% degradation of OTC and 68% mineralization of the overall organic content
within one hour under artificial sunlight illumination. Accordingly, the mechanism of such
enriched CuS/TiO, composite involves, besides the above discussed mechanism, the path
considering the transfer ofe to Au, which leads to enhanced charge separation, thus
delaying recombination. In such a case scenario, photogenerated h* would have higher
probability to react either with adsorbed organics or with HO in order to generate HOs
(exclusively those in VB of TiO,), thus contributing to the overall system efficiency. The
involvement of formed ROS into reaction mechanisms for OTC degradation was confirmed
by scavenging tests using TB, AO, and BQ.

Molybdenum disulfide (MoS,), a two-dimensional (2D) layered metal chalcogenide
with an indirect band gap of 1.1 eV and 1.9 eV direct band gap in monolayered form, with
unique structure, low-cost, high thermal stability, and electrostatic integrity, is also a suitable
candidate for forming heterojunction with TiO, (Type 1l Heterojunction) [97-99]. Hence,
Kumar et al. [100] reported its application in the photocatalytic degradation of paracetamol.
Furthermore, Irandost et al. [97] applied the modified MoS,/TiO, composite (they used N,S-
co-doped TiOy) in the photocatalytic degradation of DCF under visible LED lamp irradiation
(Table 9). Hence, the synergistic effect of dopants in TiO, promoted its visible light activity,
yielding the formation of e /h* pairs in both composite phases. The mechanism of charge
formation and consequent transfer was similar, as described above for CuS/TiO,, which was
excited by solar irradiation. Hence, photogenerated e in CB of N,S-co doped TiO, and CB
of MoS;were able to undergo reactions with O, forming O,°*, whileh”in VB of
TiO, promoted HOe formation in reactions with HO™ and provide the direct oxidation of
adsorbed organics, while, again, h* in MoS, were able to do only the latter. The importance
of HO» and h* in DCF degradation was confirmed by trapping agents used in scavenging
tests: TB and potassium iodide (KI), respectively.

Tin sulfide (SnS,), which is a metal sulfide semiconductor with band gap of 2.2 eV
[101], has also been reported to be coupled with TiO, (Type Il Heterojunction) [102,103].
Hence, Kovaci¢ et al. [102] reported improved the degradation of 17p-estradiol (E2), for
51%, using SnS,/TiO, when compared to the benchmark material (P25) TiO, under solar
irradiation. A similar improvement was obtained by comparing performances of the same

materials in the case of DCF degradation [103] (Table 9). The reason for such improvement
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relies on the potential of photogeneratede in CB of SnS,to migrate to CB of TiO,,

while h* remained at the VB of SnS,. In such case, the efficient separation of charges is

achieved, thus facilitating the improved redox reactions, enabling effective degradation of

adsorbed organics directly on the surface by h, in spite of the limited ability of such a

composite to generate *OH. Accordingly, the adsorption has been shown as an important step

in the effectiveness of the SnS,/TiO, composite. Kovaci¢ et al. [103] utilized DFT

calculations to study the surface interaction of polar compound (DCF) and non-polar

compound (memantine) at SnS,/TiO, composite and found that DCF was more efficiently

degraded due to much higher adsorption ability in comparison to memantine, which is one of

its structure feature limitations (amine functionality).

Table 9. Photocatalytic degradation of CEC’s over TiO,/Metal sulfide composites

Initial concentration/

Target ; Experimental Reaction Removal
Catalyst working volume o 0 € Reference
pollutant ((mg- L) /mL) conditions time extent (%0)
Light Source: 500 W
CdS -TiO, Tetracycline 50 Xenon Lamp with filter .
(50 mg) Hydrochloride (in 50mL) (2>400 nm); pH= 480 min 87.0 [94]
natural
AU-CdSITIO, Average solar light
nanowire Ciprofloxacin 20 - 9 - g 60 min 99 [93]
intensity=100, 000
(20 mg)
Light Source: 85 W
CdS/TiO, . 10 Oreva bulb with 4150 .
(450 mg) Ofloxacin (in 100mL) lumens (A= 450-650 180 min 8 [88]
nm); pH= natural
CdS nano- Light Source: 500 W
rod/TiO, nano- 17a- 3 Xenon Lamp with filter .
belt ethynylestradiol (in 10 mL) (#>420 nm); pH= 120 min 92 [59]
(050 g-L™ natural
. Light Source: 35 W
CuS/TiO, . 5 e . 85.5
nanobelts Enrofloxacin (in 35 mL) Xenonmli_tzlijr:]a;?, pH= 120 min (TOC= 27.7) [95]
. Light Source: 35 W
Au-CuS-TiO, . 5 o . 96
nanobelts Oxytetracycline (in35mL) Xenonn;irpaﬁ), pH= 60 min (TOC= 68) [96]
MoS,/TiO, . Light Source: Sunlight; .
(25 mg-LY) Acetaminophen 302 pH= natural 25 min 40 [100]
N,S co-doped .
. . 0.15 Light Source: 60 W -
TiO,@MoS; Diclofenac . At 150 min 98 [97]
(0,98 g-LY) (in 100 mL) LED lamp; pH=5.5
. . . 1.36 Light Source: 450 W .
TiO,/SnS, films  17B-estradiol (in 90 mL) Xenon Arc Lamp 90 min 51.0 [102]
318 Light Source: 450 W
TiO,/SnS, films Diclofenac (in QdmL) Xenon Arc Lamp; pH= 60 min 76.21 [103]

4

2.5.3 Coupling of TiO, with Silver-Based Semiconductors

Silver phosphate (AgsPO4), a promising semiconductor with narrow band gap (Eq>

2.4 eV), showed good photocatalytic performance in the degradation of organic pollutants
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under visible light irradiation [104,105]. Namely, AgsPO, exhibits a quantum efficiency of
up to 90% [104] and it can absorb wavelengths that are shorter than ~530 nm [105]. Despite
the qualities of AgsPO, as a potential photocatalyst, it still suffers from limitations, such as
photocorrosion, small but not negligible solubility in water (Ks, = 1.6 x 107'%), and particle
agglomeration upon synthesis [106]. To overcome these limitations, constructing a
heterojunction between AgsPO,4 and a compatible semiconductor has attracted attention due
to the increase in charge separation and production of more ROS [107]. The positions of VB
and CB in TiO; directly match the AgsPO,4 band positions, thus providing the compatibility
to form a heterojunction. Hence, Wang et al. [108] investigated the performance of
TiO, nanotubes/AgsPO,4 quantum dots for the degradation of TC under visible light
illumination, and reported a high removal rate within a short treatment period; 90% TC
removal within 8 min (Table 10).

The conventional heterojunction transfer mechanism (Figure 13A) explains that the
photogenerated h* in the composite would be promoted from the VB of AgsPO4to VB of
Ti**-doped TiO, nanotubes, where can react with H,O or HO™ forming HOs. Simultaneously,
photogenerated e~ from the Ti**-doped TiO, nanotubes CB can react with O, forming O,*~ or
may transfer to the CB of AgsPO4. However, O,°" are not formed in AgsPOy4, due to the fact
that the position of its CB is lower than the standard reduction potential of O,*/O,. Wang et
al. [108] concluded that TC was primarily degraded by O,* and photogenerated h* based on
the results of the conducted electron trapping experiments. Accordingly, they have extended
the study by proposing a Z-scheme heterojunction transfer mechanism (Figure 13B). Under
this mechanism, Ag(0) acts as recombination center, “collecting” photogenerated e from CB
of AgsPO,4, where they undergo recombination with the photogenerated h* from VB of Ti**-
doped TiO, nanotubes. In such case, photogenerated h* on VB of AgsPO, might participate
in the direct oxidation reactions with adsorbed organics, while the photogenerated e in the
CB of Ti**-doped TiO, nanotubes can be involved in forming desired ROS, O,*", thus
contributing to the enhanced performance of composite photocatalyst. Du et al. [109] applied
an analogue TiO,/AgsPO,4 composite employing TiO, nanotube arrays for the degradation of
ciprofloxacin (CIP) under solar irradiation and reported 85.3% removal of CIP within 60
min. was facilitated through the above-mentioned mechanisms. Furthermore, Liu et al. [110]
reported 95% degradation of BPA in 16 min using TiO,-x/AgsPO4 under visible light
irradiation (Table 10). They reported that both composite phases, TiO,-x and AgsPO4, were
excited and generated e /h* pairs. Hence, photogenerated h* in VB of TiO,-x are promoted to

VB of AgsPO4and contribute to the direct oxidation of adsorbed organics, similarly as
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reported in the study by Wang et al. [108]. Photogenerated e from the CB of AgsPO, are
transferred to oxygen vacancies (V,) of TiO,and contributed in reactions with adsorbed
O, generating O,°" (Figure 14). They also investigated the role of these species in the
degradation of BPA and found, based on monitoring BPA degradation pathway by LC-MS
analysis, that intermediates are formed through two pathways: 1) hydroxylation, through
reactions with O,° yielding BPA-o-catechol; and, 2) direct oxidation by h"* forming
isopropenylphenol and phenol, which was further oxidized by h* yielding hydroquinone and

its dehydrated form benzoquinone.

Ti¥* -TNTs AsPO, A Ti* -TNTs Ag,PO, B

Conventional mechanism Z-scheme mechanism
Figure 13. Photocatalytic mechanism Ti**-TNT/AgsPO. (A) conventional heterojunction,
(B) Z-scheme heterojunction [5]

Organic

Pollutants *
(oxidized) WB

Organic
Pollutants
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Figure 14. Photocatalytic reaction mechanism of TiO, /AgsPO, under visible light

irradiation [5]

Silver oxide (Ag.0), a visible light active photocatalyst with a band gap of 1.2 eV, is
another silver-based compound with semiconducting properties. Based on the band positions
(VB and CB), it represents a promising matching candidate to form heterojunctions with
TiO, (Type Il Heterojunction). Hence, photocatalytic degradation of levofloxacin (LEV)
using Ag,O/TiO, quantum dots is reported with the maximum of 81% LEV degradation
within 90 min of visible light irradiation [61]. Based on the proposed mechanism under

visible light illumination (Figure 15), upon excitation of Ag,O, e /h* pairs are formed,
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whereas TiO; is not activated due to its wide band gap. Photogenerated e in the CB of Ag,O
were transferred to CB of TiO, and involved in reactions with adsorbed O, forming O,°" that
participated in LEV degradation. In addition, photogenerated h* in VB of Ag,0 yielded the
formation of HOe, through reactions with OH, and participated in LEV degradation as well.
The authors employed LC-MS analysis to elucidate the LEV degradation pathway and, as
such, establish the role of formed ROS. Hence, parent compound LEV underwent
decarboxylation of the acetyl group; hydroxylation resulting in the formation of quinolone
moieties; demethylation and the subsequent addition of hydrogen atom generating
modifications at piperazine ring; while successive HOe attack resulted in multi-hydroxylated

intermediates. Such findings confirmed the dominant role of HO« in LEV degradation.

2
'Organic Degradation
Pollutants —_—

TiO, Ag,0
Figure 15. Photocatalytic degradation mechanism over TiO,/Ag,O composite [5]

Table 10. Photocatalytic degradation of CEC’s over TiO,/Ag-based composite

Initial concentration/

Target ; Experimental Reaction Removal
Catalyst working volume L ; o Reference
pollutant ((mg- L) /mL) conditions time extent (%0)
Ti*"-doped TiO,
nanotubes/ 10 Light Source: 400 W
AgsPO, Tetracycline NA Xenon Lamp; 8 min 90 [108]
quantum dots (NA) pH= natural
05g-L%
TiO, nanotube/
AgsPO, - . 10 Light Source: 300 W -
nanoparticles Ciprofloxacin (in 40 mL) Xenon Lamp 60 min 853 [109]
(40 mg)
Light Source: 500 W
T'O(i'aéprfs)Po“ Bisphenol A (in 1(1)3 mL) Xenor(litzgwg rmt)h filter 16 min 95 [110]
pH= natural
) Light Source: 85 W
Ag,0/ TiO, 10 Oreva CFL (4150
quantum dots Levofloxacin (in 100 mL) lumens) 90 min 81 [61]
(0.25g-L") (l=380l:|7(110 nm)
p =
Ag,0 /TiO; - . .
. . 5 Light Source: 35 W . 98.7
éeoo::]tge) Norfloxacin (in 100 mL) Xenon Lamp 60 min (TOC=83.1) [62]
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In another study, Gou et al. [62] investigated the application of Ag,O/TiO,/zeolite composite
for solar-driven degradation of norfloxacin (NOR) (Table 10). Besides high effectiveness
(98.7% NOR degradation and 83.1% mineralization of organic content within 60 min.
treatment), they elucidated the NOR degradation pathway, involving in the initial stage
decarboxylation, defluorination or hydroxylation of parent compound (NOR), which
confirmed the involvement of both formed ROS (O,°* and HOs).

2.5.4 Coupling of TiO, with Graphene and Graphene-Like Materials
2.5.4.1 TiO; / Graphene Composites

Graphene is a zero bandgap semiconductor with a sheet-like structure (i.e., it is
considered as a 2D monolayer material) consisting of sp® hybridized carbon atoms with
excellent thermal conductivity, optical transmittance, high mechanical strength, large surface
area (2600 m?-g™%), and appreciable charge carrier transport [111]. Under light illumination, it
can achieve a reverse saturation state with high density ¢ 10™* cm?) of hot electrons above the
Fermi level, which can be used as a powerful agent in redox reactions [112]. It was also
found that the incorporation of graphene-based materials (i.e., graphene oxide and its reduced
form; GO and rGO, respectively) with TiO, might suppress e /h* pairs recombination. As
such, TiO/graphene-based composites were employed in the photocatalytic degradation of
CECs (Table 11).

2.5.4.2 TiO; /Semiconductor/ Graphene Composites

As described in above sections, the coupling of TiO, with other semiconductors
promotes efficient charge transfer, eventually yielding improved photocatalytic activity.
However, in most cases, the recombination is still an existing issue that needs to be
suppressed. Such a double effect can be obtained by combining a composite concept
involving two semiconductors (even “pure” TiO,, which cannot be active under visible light)
with graphene-based materials. For instance, Hao et al. [113] reported 93.2% degradation of
BPA in seven hours of sunlight irradiation while using the TiO,/WQO3/GO composite. The
mechanism occurring in such a combined composite involved the excitation of both TiO, and
WOz under solar light irradiation (TiO, utilized UV-A fraction), vyielding the
generation e /h* in both semiconductors. Hence, photogeneratede in CB of TiO, can
directly react with absorbed O,, producing O,°", or it can be transferred to CB of WOs3, and
then further migrate to GO enhancing charge separation. Since the amount of adsorbed O is

quite limited, the tendency of e to recombine with h*is rather favored; ~90% of pairs
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recombine rapidly after excitation [3]. Hence, the charge separation represents an important

factor in the evaluation of photocatalyst performance. Accordingly, in the case of effective

separation and recombination suppression, as in the case with GO, photogenerated h* in VB

of activated composite components, e.g., of TiO, and WOs in the case of TiO,/WO3/GO, can

be involved in a larger amount, either directly or indirectly (through formation of HOs) in the

degradation of present organics. It should be noted that, in composites with two

semiconductors, GO could also act as a redox site, attracting photogenerated e and h*, thus

promoting improved surface migration of charges [113]. Table 11 summarizes several works

regarding TiO,/semiconductor/GO composites employed for the degradation of CECs with

analogous mechanisms, as mentioned above.

Table 11. Photocatalytic degradation of CEC’s over TiO,/Semiconductor/graphene

composites
Target Initial concentration/ Experimental Reaction Removal
Catalyst working volume - ; o Reference
pollutant ((mg-L™) /mL) conditions time extent (%0)
TiO,/WO3/GO . 20 Light Source: sunlight
2 mg) Bisphenol A (in’50 mL) OH= 7 7h 93.2 [113]
Graphene-WO; . . .
. Dimethyl 10 Light Source: .
Ti0, nanotube Phthalate (in 40 mL) 150W Xe lamps 120 min 59 [114]
(photoelectrodes)
Light Source: 18 UV~ 120 min
; lamps (41=365 nm) (Uv) 99.7 (UV)
TiO,/Zn0O/GO
! O " s Bisphenol A n 5100mL) Visible metal halide [115]
05917 lamps(i= 400-800 nm) 180 min 94.9 (Vis)
pH= 6 (Vis)
Light Source: 18 UV 120 min
; lamps (41=365 nm) (Uv) 98.5 (UV)
TiO,/Zn0O/GO
! 025 n. L Ibuprofen (in 5100mL) ;Visible metal halide [115]
05917 lamps(i= 400-800 nm) 180 min 79.6 (Vis)
pH= 6 (Vis)
Light Source: 18 UV~ 120 min
. lamps (41=365 nm) (Uv) 98.1(UV)
TiO,/Zn0O/GO . - :
! 025 n. L Flurbiprofen (in 51(())mL) ;Visible metal halide [115]
05917 lamps (/= 400-800 nm) 180 min 82.2 (Vis)
pH= 6 (Vis)
. Light Source: 300 W
Z”FEZ%‘/{G)O’ M0 Eyivic Acid n 52()OmL) (0=420 nm); Vol jp0; 180 min 95.4% [116]
49 =0.8 mL, pH=7
TiO, /M0S,/rGO . 10 Light Source: .
(05g-L7 Bisphenol A (in 50 mL) 20 W (4=254 nm): 300 min 62.4 [117]
10 ug-Lt Light Source: 1000 W
TiOy/BiVO,/rGO Tetracycline Hg Xe Lamp (A=420 nm) 120 min 96.2 [118]
(NA) with filter
10 ug- L™ Light Source: 1000 W
TiO,/BiVO,/rtGO Chlorotetracycline HY Xe Lamp (=420 nm) 120 min 97.5 [118]
(NA) with filter
10 ug- Lt Light Source: 1000 W
TiOy/BiVO,/rGO Oxytetracycline Hg Xe Lamp (4=420 nm) 120 min 98.7 [118]
(NA) with filter
10 ug- L™ Light Source: 1000 W
TiO,/BiVO,/rtGO  Doxycycline Hg Xe Lamp (=420 nm) 120 min 99.6 [118]
(NA) with filter
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2.5.4.3 TiO2/g-C3N4

Graphitic carbon nitride (g-C3Ng4) is a two-dimensional, metal-free polymeric =-
conjugated semiconductor material, which has attracted a lot of attention [119-127] since the
pioneering work of Wang et al. [128] in 2009, due to its high stability, visible light response
with the bandgap of 2.7 eV and non-toxicity [129]. It can be easily synthesized through the
direct pyrolysis of nitrogen-rich precursors, such as melamine, cyanamide, dicyandiamide,
and urea, but its practical application and principle drawback is low specific surface area and
high rate of electron-hole recombination [119,130,131]. Therefore, g-C3N4 modification to
address shortcomings are needed, e.g., as an excellent candidate to form heterojunction with
TiO, (Type Il Heterojunction), due to their matched band positions (VB and CB). Hence,
several studies employing g-C3N4/TiO, were focused on photocatalytic degradation of CECs
(Table 12). For instance, Yang et al. [132] reported 88.1% degradation of CIP within 180
min. under visible light irradiation. The authors ascribed the improved photocatalytic activity
to multiple effects: (i) an increase in the surface area of the composite; (ii) good dispersity of
TiO, in g-C3N4 enabling the intimately coupling of composite phases; and, (iii) extension of
light absorption of the composite due to low band gap of g-C3N4. Trapping experiments that
were conducted revealed that photogenerated h* were the major reactive site involved in CIP
degradation.

In another study, Li et al. [133] reported the 100% degradation of acyclovir in 90 min
using g-CsN4/TiO, under visible light irradiation. However, after seven hours of continuous
irradiation, any TOC removal was not noticed, implying the formation of rather recalcitrant
intermediates with high resistance to degradation by ROS that were formed within the
studied system. Trapping experiments for formed reactive species elucidated that g-
C3N4/TiO, under visible light irradiation only produced h*and O,*", and not the most
reactive HOe, explaining limited oxidation capability and no TOC removal in the case of
acyclovir degradation. This significant contribution proves that the use of g-C3N4/TiO, under
visible light irradiation must undergo careful laboratory tests regarding the susceptibility of
targeted organics and their intermediates to degradation by h* and O,* prior to considering
real scale application [133].

Several studies also showed that the tailoring of composite morphology promotes
improved photocatalytic efficiency. For instance, Yu et al. [134] prepared a mesoporous g-
C3N4/TiO, that was applied to polysulfone ultrafiltration membranes for sulfamethoxazole
(SMX) removal. It was found that mpg-C3N4/TiO, exhibit 69% SMX degradation within 30
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hours of sunlight irradiation. On the other hand, TiO, nanosheets with exposed facets (001)
(core)-g-C3N, (shell) composite exhibit a higher degradation rate of 2.2 mg-min™, which is
36% faster when compared to TiO, and g-C3N,4 physically-mixed composite. The improved
effect is ascribed to the close interaction of TiO, and g-C3N, core-shell structure, whereas, in
physically mixed composite the formed heterojunction is random and non-uniform [135].

The use of support materials, such as clays [136] and polymers [137] has been also
utilized for improved adsorption capacity and the stability of g-CsN4/TiO, composites. For
instance, Chen et al. [137] used g-CsNs-shielding polyester fiber (PET)/TiO, for
photocatalytic degradation of sulfaquinoxaline and thiamethoxam. Interestingly, the
composite removal efficiency for sulfaquinoxaline reached 97%, after 10 consequent cycles.
Furthermore, the introduction of kaolinite with g-C3N4/TiO, improved the surface area and
adsorption capacity of the composite, leading to 92% degradation of CIP in 240 min. of
visible light irradiation [136].

An additional approach considers doping of metals and non-metals in TiO,, enhancing
its light absorption capacity from UV absorption to visible light absorption. Thus,
incorporating doped TiO, with g-C3Ny4 structures has also attracted great attention for the
degradation of CECs. For instance, S-Ag/TiO,@g-C3N,4[138] was employed for the
degradation of triclosan (TS) and yielded 92.3% degradation of TS within 60 min. under
visible light irradiation. Song et al. [139] fabricated a nanofibrous Co-TiO, coated with g-
CsN4, which was applied to TC removal; the authors reported a consistent stability of
composite photocatalyst during five consecutive cycles.

Besides doping, sensitization with dyes [140] and carbon dots [141] was also found to
enhance the light absorption capacity of g-C3N4/TiO, composite. For example, D35 organic
dye was applied next to g-C3N4/TiO, and it was found that the light absorption range was
enhanced up to 675 nm [140]. On the other hand, Su et al. [141] studied the application of C
dots decorated/g-C3sN4/TiO, for the degradation of enrofloxacin under visible light and
assigned the observed enhancement to the upconversion photoluminescence properties of C
dots, which convert near-infrared light wavelength into visible light wavelength [142]. As
effective solutions for improving g-C3N4/TiO, performance, the incorporation of graphene
quantum dots [143] and another semiconductor (i.e., MoS; [144], WO;[145]) is also
reported; such systems resulted in enhanced separation of charges and the suppression of
their recombination, thus leading to improved photocatalytic activity in the degradation of
CECs.
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Table 12.

Photocatalytic degradation of CEC’s over TiO,/g-C3N, composites

Initial concentration/

Target ; Experimental Reaction Removal
orking volume
Catalyst pollutant \/(\/(ng El\; /rLrj1L) conditions time extent (%0) Reference
Light Source: 300 W
gc(:é’gl ?7/1 1g-')02 Ciprofloxacin (in 8100mL) xe L(jr:fogv r']tr?])mter 180 min 88.1 [132]
pH= natural
Light Source: 300 W
-C3N,/TiO - 10 Xe Lamp with filter -
g (3?0 ?ng) 2 Acyclovir (in 100 mL) (/1>£20 nm) 90 min 100 [133]
pH= natural
Light Source: 300 W
Xe Lamp
m?r%-e(r:r?t’)\lr‘gr-lré;)z Sulfamethoxazole (in 5100mL) Flowegggfligurrr?ll_/min 1800 min 69 [134]
Membrane flux=918 L
/m*h
Light Source: Xenon
T'OZ@g('l%ngr‘;] ;;)re-shel Tetracycline (in 1(2)8 mL) Lar;ppe‘\:/:;hhmfull 9 min (2.2 mg- min) [135]
pH=natural
g-C3N, —shielding 5 1 ; .
; ; : 2x10™ mol-L Light Source: .
polyester/ TiO, sulfaquinoxaline i i} _ 90 min 97 [137]
(130 mg) (30 mL) Q-Sun Xe-1 test, pH=7
g-CsN,4 —shielding 5 1 - .
; : 2x10™ mol-L Light Source: . N
Pol;zelsggr:n 1;)02 thiamethoxam (30 mL) Q-Sun Xe-1 test, pH= 7 180 min 95 [137]
Light Source: Ave.
i . - light intensity =90
g CaN‘E/ZE(?rZT/]k;m“mte Ciprofloxacin (in 1(1)8 mL) mW/cm?; Xe Lamp 240 min 92 [136]
9 with filter (2>400 nm),
pH= natural
: Light Source: 250 W 92.3
S-Ag/ TiO -C3N
g 0 I202 @'?_% s Triclosan (in 138 mL) Xe Lamp with filter 60 min (Detoxification [138]
(0209-L7) (4>420 nm), pH= 7.8 Efficiency= 64.3+ 3.9)
Co-TiO, @g-C3N, . Light Source: 300 W
(5mg;2x2cm? H-l;/edtizzﬁf(l)lrrilge (in 1200mL) Xe Lamp with filter 60 min 90.8 [139]
membranes) (4>420 nm), pH=7
Light Source: 300 W
D35-TiO,/g-C3N . 10 Metal Halide . 100
05gLY  Bisphenol A (in 100 mL) pH=7, Oxidant=2mm ~ => " (TOC= 50) [140]
Persulfate
C dotsdecorted . Xe Lam wit fler
-C3N4/TiO i i
g 1% 4. 1 2 Enrofloxacin (in’50 mL) (> 420 nm) 60 min 91.6 [141]
(10g-L7) pH= natural
raphene quantum dots Light Source: 300 W
gM?l-N-Ticé) /g-C3N Ciprofloxacin 10 Xe Lamp 120 min 89 [143]
2 34 (in 80 mL) (320<A<780 nm), pH=
(45 mg) 7
Light Source: 300 W
gﬁiﬁhﬁni.“o“ a?gtucr:n r(\lets Diethyl Phthalate 10 Xe Lamp 120 min 70.4 [143]
2 19734 (in 80mL) (320<1<780 nm), pH= '
(45 mg) 7
MoS, supported TiO,/g 10 Light Source: 500 W
C3N, Atrazine (in 100 mL) Xe Lamp 300 min 86.5 [144]
(30 mg) (4>420 nm), pH=7
10 Light Source: 500 W
WO5-TiO, @g-C3N, Acetylsalicylate (in 100 mL) Metal Halide 90 min 98 [145]
pH=natural
Light Source: 500 W
. Methyl- 10 ; .
WOs-TiO, @9-CaNy o e (in 100 mL) I\Sztiln ;Elijlrlgle 90 min 97 [145]
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2.6 Analytical methods for CEC identification and quantification

2.6.1 High Performance Liquid Chromatography

High performance liquid chromatography (HPLC) is a suitable technique for
separating and identifying polar organic compounds in an aqueous mixture. The main
components of an HPLC system include a solvent reservoir, pump, column, and detector
[146].

In liquid chromatography (Figure 16), the mobile phase is the liquid that is used to
separate and identify the compounds. This can be a single solvent, a combination of solvents,
or a changing mixture of solvents over time, known as a gradient. The sample is dissolved in
a mobile phase. This mobile phase is then forced through an immiscible stationary phase,
which is fixed in place in a column. The two phases are chosen so that components of the
sample distribute themselves between the mobile and stationary phases to varying degrees.
Those components strongly retained by the stationary phase move only slowly with the flow
of the mobile phase. In contrast, components that are weakly held by stationary phase travel
rapidly. Reversed-phase chromatography (RPC) is the most commonly used form of HPLC,
where the stationary phase is typically a nonpolar hydrophobic material, while the mobile
phase is a polar solvent or a mixture of polar solvents and an organic modifier. This creates a
hydrophobic environment in the stationary phase, which can interact with analytes based on
their hydrophobicity and polarity. In RPC, more polar analytes will have a stronger attraction
to the polar mobile phase and will elute faster, while less polar analytes will have a stronger
interaction with the nonpolar stationary phase (i.e., C1g or Cg alkyl chains bounded to silica
particles) and will elute more slowly. Meanwhile, the use of high pressure technology for
HPLC applications led to the creation of ulra-high performance liquid chromatography
(UHPLC) which are commonly used nowadays due to its faster separation times and
increased resolution [147].

The pump in an HPLC system provides a consistent and reproducible supply of
mobile phase to the column. The mobile phase is mixed in a mixer to ensure consistent
separation and elution from the column, especially when more than one solvent is used. The
mixed mobile phase is then passed through a valve, where the sample is loaded into a loop.
The valve opens, allowing the mobile phase to carry the sample into the column [146].

The analyte elutes from the column and passes through a detector, depending on the

mobile phase and the analyte. The column is specifically designed to retain the analyte, and
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compounds mainly elute based on their polarity. The elution time and intensity at the detector
determine the analyte's identity and concentration. The solution may then pass through
another detector or be discarded. A column oven is used to maintain a controlled temperature
during the separation process and improves resolution, peak shape and elution time [146].
The detector is chosen based on the method and what characteristics of the analytes
are being measured. The most commonly used detectors for environmental analysis are UV
absorbance, fluorescence, and mass spectrometry. A UV detector can be used to measure
organic compounds with aromatic or at least pi-conjugation systems, as it measures any
compound that absorbs light at a selected wavelength [146]. The main disadvantage of
HPLC-UV system is that it is restricted to limited analysis of compounds (i.e., not suitable for
multi-residue analysis). Nevertheless, the combination of HPLC with mass spectrometry
(MS), is a technique of choice nowadays since it provides better selectivity and sensitivity.
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Figure 16. Diagram showing components of a typical apparatus for HPLC. Adapted from
[147]

2.6.2 High Performance Liquid Chromatography-Mass Spectrometry (LC-MS)

In HPLC-MS (Figure 17), the HPLC and MS are connected through an interface. As
the eluent flows into the interface, the solvent is evaporated and the analyte molecules are
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vaporized and ionized, which is necessary as the mass spectrometer can only detect and
measure gas phase ions [148].

The process of generating analyte ions at atmospheric pressure in the interface is
known as atmospheric pressure ionization (API) and the interface is referred as the API
source. The most common sources used in LC-MS analysis are electrospray ionization (ESI)
and atmospheric pressure chemical ionization (APCI) [148]. ESI involves the formation of
ions through the application of a high voltage to a solution containing the analyte. The
solution is typically a mixture of the analyte and a volatile solvent (i.e., methanol or
acetonitrile). The high voltage causes the solvent to evaporate, leaving behind a highly
charged droplet of the analyte. This droplet then undergoes a series of desolvation and
ionization events, resulting in the formation of gas-phase ions that can be detected by the
mass spectrometer. APCI, on the other hand, involves the ionization of analytes in the
presence of a corona discharge. The corona discharge creates a stream of charged particles
that react with the analyte molecules to form ions. Unlike ESI, which requires a volatile
solvent, APCI can ionize analytes in a wider range of solvents and matrices, including
nonpolar solvents (i.e., hexane). One key difference between ESI and APCI is the type of
analytes they can ionize. ESI is typically better suited for the ionization of polar and charged
analytes, while APCI is better suited for the ionization of nonpolar and neutral analytes [147].

Once the analyte ions are generated, they are drawn into the mass spectrometer where
they are subjected to electric and/or magnetic fields, which alter their flight paths and
separates them based on their mass-to-charge ratio (m/z). These separated ions can then be
detected by a variety of mass detectors, of which the most common is the electron-multiplier.
When the ions hit the surface of the electron-multiplier, secondary electrons are released.
These secondary electrons are amplified by cascading them through a series of dynodes,
generating a measurable current that corresponds to the ion concentrations in the mass
spectrometer [148]. In HPLC-MS, compounds are mostly analyzed by selected ion

monitoring (SIM) mode.
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Figure 17. Diagram showing components of a typical apparatus for HPLC-MS [148]

In general, HPLC can be coupled to a single mass spectrometer or to tandem mass
spectrometry (Figure 18). The main difference between LC-MS and LC-MS/MS is the
addition of a collision cell and second mass analyzer [149]. Usually, a single mass
spectrometer may not provide accurate or thorough information when it is difficult to
separate compounds using both chromatography and m/z (such as with isomers). This is
especially true when analyzing complex samples with trace amounts of target compounds
[149].

To address these limitations, tandem mass spectrometry MS/MS is used, using triple
quadrupole or hybrid instruments (i.e., quadrupole-linear ion trap or quadrupole-time of flight
instruments). Triple quadrupole instruments involve two quardupole mass analyzers of the
same type) or hybrid mass spectrometry (mass analyzers of different types) MS/MS is often
used. This method involves two mass analyzers connected in sequence, with a fragmentation
cell in between. The ions are first selected in the first mass analyzer (MS1), then enter the
fragmentation cell and break apart into smaller ions called product ions, which are then
separated and detected in the second mass analyzer (MS2). MS/MS is a more versatile and
powerful tool for many applications, such as drug discovery and development, structural
analysis of polysaccharides and proteins, and metabolomics research. It provides detailed
mass information, reduces matrix interferences and background, resulting in superior

selectivity and sensitivity [149].
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Figure 18. Basic instrumentation of LC-MS/MS. Adapted from [149]

CID, or collision-induced dissociation, is the go-to technique for breaking apart ions
in a collision cell. This process generates specific information about the fragment ions
through fragmentation of the precursor ions. As shown in Figure 19, the collision cell is
where this fragmentation takes place [149].

Collision Cell

Percursor lon =  (Collision-induced Dissociation ™ Product ions == M52
Figure 19. CID illustration in the collision cell of MS/MS system [149]

Precursor ions of a specific mass-to-charge ratio (m/z) selected by MS1, are
introduced into a collision cell filled with a chemically inert gas, such as helium, argon,
xenon or nitrogen. The precursor ions then collide with the inert gas particles by applying an
oscillatory field, this process is also known as "shaking". These collisions convert Kinetic
energy into molecular excitation, which leads to the breaking of chemical bonds and the
formation of product ions. The degree of fragmentation and the specific product ions that are
formed depend on the amount of energy supplied, as some bonds require more energy to
break than others. As shown in Figure 20, at a collision energy of 0 volts, the molecular ion
of oseltamivir (m/z = 313) is the most abundant and no product ions are formed. As the
collision energy increases, the abundance of the molecular ion decreases and fragmentation

occurs, resulting in a variety of product ions. At even higher collision energies, the degree of

42



fragmentation becomes more extensive, resulting in the mass spectrum showing no molecular
ion and higher abundances of product ions of lower m/z. While CID is the most common
method of fragmentation, there are other alternatives such as electron capture/transfer

dissociation, surface-induced dissociation, and photodissociation [149].
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Figure 20. CID of oseltamivir at various collision energies [149]

MS/MS systems can operate either under scan or SIM (fixed) mode whereas MS/MS
methods use selected reaction monitoring (SRM) or multiple reaction monitoring (MRM)
mode. Before MRM, a product ion scan is typically done to find the most abundant product
ion. Overall, MS/MS can selectively target certain ions for more specific and sensitive
analysis by removing noise and interference [149].

As such, in MS/MS techniques, four different operational modes can be used as follows:
(Figures 21-24)

Product lon Scan
MS1 is set at a specific m/z while the MS2 scans for all product ions resulting from
the fragmentation of a selected precursor ion. The mass spectrum shows the intensity and m/z

of all the captured product ions [149].
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Figure 21. Product ion scan scheme [149].

Precursor lon Scan

MS1 scans for ions while the MS2 is set to a specific m/z product ion formed by CID
(collision-induced dissociation) in the collision cell. This mode is helpful for identifying the
precursor ions that produce fragment ions of a specific m/z [149].

Collision Cell

— .ss' ®e NN

Scan Fixed

Figure 22. Precursor ion scan scheme [149].

Neutral Loss Scan

Both MS1 and MS2 are in scan mode and set to look for a specific m/z difference.
This scan helps identify precursor ions that lose a specific neutral molecule, such as a
hydroxyl group or phosphate group, during fragmentation [149].

Collision Cell
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Figure 23. Neutral loss scan scheme [149]
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Selected Reaction Monitoring (SRM)/Multiple Reaction Monitoring (MRM)

The process of observing the transition from a chosen precursor ion to a specific
product ion is monitored while MS1 and MS2 are fixed at their respective specific m/z values
[149]. As such, due to enhance selectivity and sensitivity, SRM is the most widely used target

analysis and multiresidue methods.

Collision Call

I\ \/\* " N\ \/\/*

Fixed Fixed

Figure 24. SRM/MRM scheme[149].

2.6.3 High Performance Liquid Chromatography-High Resolution-Mass Spectrometry
(LC-MS-Orbitrap)

Orbitrap is a high-resolution mass analyzer, which can operate as a single detector or
in combination with a quadrupole mass analyzer [150]. The Q Exactive hybrid quadrupole-
Orbitrap mass spectrometer (an example of Orbitrap system, Figure 25) consists of several
components. It mainly includes an ion source, a stacked-ring ion guide (S-lens), a quadrupole
mass filter, a curved linear trap (C-trap), a Higher Energy Collisional Dissociation (HCD)
cell, and an Orbitrap mass analyzer. Samples can be introduced into the ion source through
various methods, and the injection flatapole transfers ions from the source to the quadrupole.
The quadrupole rod assembly acts as an ion transmission device that can filter transmitted
ions based on their mass-to-charge ratios. The ions are then transferred into the C-Trap and
injected into the Orbitrap mass analyzer to obtain mass spectra. Additionally, ions can be
passed through the C-Trap into the HCD cell to conduct MS/MS experiments in combination
with the quadrupole mass filters [150]. As of today, it is the most advanced HPLC-MS

system, capable of generating up to five decimal places in terms of m/z.
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2.7  Ecotoxicity

Ecotoxicity refers to the ability of a chemical or physical agent to cause harm to both
the environment and living organisms, such as fish, insects, microorganisms, wildlife, and
plants [151]. Assessing the toxicity of environmental samples is a crucial aspect of
monitoring pollution and assessing risks, as well as to evaluate the feasibility of water
treatments applied. Traditional chemical testing methods are accurate and sensitive for
specific molecules being analyzed, but do not provide information about the biological
effects on the ecosystem. These methods also fail to account for the synergistic effects of
multiple compounds and may underestimate the toxic potential of a sample. Using rapid,
simple, and cost-effective methods to evaluate biological effects can provide information
about the overall effects of a sample and include these important toxicity parameters in
regulatory frameworks [152].

A bioluminescence inhibition assay is an important method for evaluating toxicity
quickly and cost-effectively. This method uses a marine gram-negative bacterium called
Aliivibrio fischeri (previously known as Vibrio fischeri) as the test species. Bioluminescence
produced by the bacterial population is directly proportional to its metabolic activity and any
inhibition of enzymatic activity due to toxicity or cell death results in a corresponding
decrease in light production by the colony. Test samples are exposed to rehydrated bacteria
for a pre-determined period, and the degree of light inhibition is compared to a negative
control. In this way, the assay provides a measure of sub-lethal response as well as lethality
through the degree of inhibition. The Vibrio fischeri test is a fast and easy way to obtain
results, the test organisms are available in freeze-dried and liquid-dried form and can easily
be reconstituted for use, and the test has been validated and widely used for wastewater and
environmental monitoring. These factors make assays that use Aliivibrio fischeri a good
choice for continuous remote initial screening [152—-154].

Another commonly used test species is Daphnia magna (D. magna), which is an
aquatic invertebrate that belongs to the crustacean group. D. magna is widely used in
ecotoxicological studies on manufactured nanomaterials (MNs), degradation products, and
pollutants [155,156].

Toxicity against Vibrio fischeri and Daphnia magna is usually measured as the half
maximal effective concentration (ECsp), which is a measure of the concentration of a
substance that produces a response halfway between the baseline and maximum after a

specific exposure time. In a dose-response curve, the ECsy represents the concentration at
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which 50% of the maximal effect is observed. It is also the point of inflection on the

sigmoidal curve [157].

Dose Response Curve
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Figure 26. Determination of the ECso from a dose response curve [157]

One of the challenges faced by advanced oxidation processes is the formation of
undesired (more toxic) degradation products than the corresponding parent compound. For
instance, Li et al. [133] reported the 100% degradation of acyclovir in 90 min using g-
C3N4/TiO, under visible light irradiation. However, after seven hours of continuous
irradiation, no TOC removal was observed anymore, implying the formation of rather
recalcitrant intermediates with high resistance to degradation by ROS that were formed
within the studied system. As such, P3 becomes much more toxic than its parent compound
acyclovir (Figure 27 A and B). Based on *“ecological structure-activity relationship” program
(ECOSAR), the aquatic toxicity of the third intermediate P3, guanine, was more than double
that of acyclovir, although most toxicity values still fell in the same toxic class except for the
chromic impact on daphnia (i.e., acyclovir is harmful, and the guanine intermediate is toxic)
(Figure 27B).
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Figure 27A. Proposed visible-light driven photocatalytic degradation pathway of acyclovir in
water using g-C3N4/TiO [133]
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Figure 27B. (ECOSAR)-Theoretical calculated data of aquatic toxicity of acyclovir and its

degradation intermediates [133]
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2.8 Current challenges and opportunities of TiO,-based/semiconductor composites

Ti0,-based/semiconductor composites for water treatment generated a vast literature,
with its efficacy in degrading CECs as demonstrated in subsection 2.5. However, several
knowledge gaps were needed to be addressed regarding TiO,-based/semiconductor
composites application in real environmental conditions, including the following:

(i) Unequal distribution of solar energy around Earth’s surface. Most applications of
Ti0,-based/semiconductor composites for CEC removal are reported under solar irradiation
[8]. In fact, solar light is composed of 3% UV light, 44% visible light, and 53% infrared light
[11,12]. The UV light portion within solar irradiation plays an important role for the
activation of the overall photocatalytic composite (i.e., TiO,-based/semiconductor
composites), and its absence may result in different mechanisms [13]. It must also be noted
that UV distribution at the Earth’s surface is unequal and influenced by several factors [14].
As such, focusing on the utilization of visible light is favorable for such environmental
applications.

(i) Toxicity assessment. Transformation and/or degradation byproducts of CECs after
photocatalytic processes (i.e., TiO,-based/semiconductor composites) are scarcely reported.
Clearly, the formation of more toxic byproducts has already been reported using different
TiO,-based/semiconductor composites, as described in section 2.7 [15]. Accordingly, such
potential treatment drawbacks must receive well-deserved attention since they can impose
additional risk to the environment.

(iii) Photocatalyst recovery. Immobilization in various supports is scarcely reported
and is usually applied in powder form, thus requiring secondary treatment to remove fine
nano-sized composite particles. Immobilization of photocatalysts provides a potential
decrease in operating costs for the water treatment process by avoiding in-treatment
agglomeration and post-treatment separation issues [1,3,9,16,17].

Despite the success of different TiO,-based/semiconductor composites as presented in
subsection 2.5, Fe,O3 was chosen as the main partner of TiO; in this dissertation due to the
following reasons [71]:

(i) Abundance and low-cost. Iron oxide is one of the most abundant minerals on Earth
and is readily available, making it a low-cost option for photocatalytic applications.

(ii) Stability. Iron oxide is highly stable under both acidic and basic conditions and
can withstand high temperatures, making it a durable and long-lasting photocatalyst.
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(iii) Photoactivity. Iron oxide has a wide bandgap, which allows it to absorb visible
light and UV radiation, and its valence band (VB) and conduction band (CB) are aligned with
Ti0O; to make a suitable heterojunction.

To fill up the knowledge gaps as mentioned above and to take advantage of Fe,Os
properties, immobilized Fe,O3/TiO, composite was employed for the removal of amoxicillin

under solar and visible irradiation, while evaluating the toxicity of the formed byproducts.
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3. EXPERIMENTAL PART
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3.1 Materials and Methods

The list of chemicals used in the preparation of this work is presented in Table 13.

Table 13. List of chemicals used for the present work.

CAS

Substance number Purity Supplied by
Target CEC
Amoxicillin 26787-78-0 >96% Acros Chemicals
Photocatalyst preparation
Aeroxide P25- TiO, 12188-41-9 / Evonik (Degussa)
Iron(I11) nitrate nonahydrate 7782-61-8 >98% Fluka
Titanium (1V) butoxide 5593-70-4 >97% Acros Organics
Iron(l11) oxide nanopowder, <50 1309-37-1 / Sigma-Aldrich
Acetic Acid 64-19-7 p.a Fluka
Photocatalyst immobilization
Titanium (1V) isopropoxide 546-68-9 >97% Acros Organics
Tetraethyl orthosilicate 78-10-4 99% Sigma-Aldrich
Hydrochloric acid 7647-01-0 >98% Kemika
Perchloric acid 7601-90-3 60%,p.a Kemika
Ethanol 64-17-5 96%,p.a Carlo Erba Reagent
Levasil 200/30 / / Obermeier
Isopropanol 67-63-0 HPLC Fisher Scientific
Nafion 117 31175-20-9 5% Sigma-Aldrich
Chromatographic Analysis
Acetonitrile 75-05-08 HPLC J. T. Baker
Formic acid 64-18-6 HPLC Sigma-Aldrich
Ammonium acetate 631-61-8 HPLC J. T. Baker
Water matrix compounds
Sodium chloride 7647-14-5 p.a. Kemika
Sodium nitrate 7631-99-4 p.a. Kemika
Sodium carbonate 497-19-8 p.a. Kemika
Disodium hydrogen phosphate 10028-24-7 p.a. Kemika
o Suwannee river,
Humic acids / / International Humic
Substance Society
Scavengers
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CAS

Substance number Purity Supplied by
Methanol 67-56-1 HPLC J.T. Baker
Formic Acid 64-18-6 98% Fluka
Tert-butanol 75-65-0 99% Lach-Ner
1,4-benzoquinone 106-51- 98% Fluka
Others
Sodium persulfate 7775-27-1 >99% Sigma-Aldrich
Hydrogen peroxide 7722-84-1 30% Kemika
Sodium hydroxide 1310-73-2 p.a. Kemika
Sulfuric acid 7664-93-9 p.a Kemika
Potassium lodide 7681-11-0 p.a Kemika
Iron(I1) sulfate heptahydrate 7782-63-0 >99% Fluka
1,10-phenanthroline 5144-89-8 p.a Kemika
Sodium acetate 127-09-03 p.a Kemika
Potassium thiocyanate 333-20-0 p.a Gram-mol

3.1.1 Preparation of Layered Photocatalysts

Commercial photocatalyst nanopowders were immobilized on round glass substrates
(r = 37.5 mm) using a low-temperature method [16]. The procedure involved the preparation
of a titania sol and silica sol. The titania-sol was prepared by HCIO, catalyzed hydrolysis of
TTIP in EtOH under reflux for 48 h. The silica sol was prepared by hydrolysis of TEOS in
water catalyzed by HCI, conducted under constant stirring until a clear sol was obtained.
Thereafter, the obtained titania sol, silica sol, Levasil 200/30, and EtOH were mixed to form
a binder sol. Approximately, 1.0 g of commercial photocatalyst (TiO,-P25 or a-Fe,O3) was
added to binder sol and the mixture was homogenized in an ultrasonic bath for 10 min prior
to the coating. The photocatalyst-binder sol mixture was deposited on round glass substrates
by spin coating at 1500 rpm for 30 s using a KW-4A spin coater (Chemat Technology, USA).
The single-layer immobilized photocatalysts were heat-treated in an oven at 200°C for 2 h.
The same procedure was repeated for preparing 2 catalyst layers, while between a coatings of
layers, the heating cycles (200°C for 2 h) were applied. Configurations of the layered films
were as follows: pure TiO, (double layer), pure a-Fe,O3 (double layer), TiO, layer over a-
Fe, O3 (i.e., TiIO,@a-Fe,03), a-Fe,03 layer over TiO, (i.e., a-Fe,03@TiOy), and physically
mixed 50% (w/w) of TiO,/Fe,O3 composite (double layer).
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3.1.2 Preparation of Fe,O3/ TiO, nanocomposites

The appropriate amount of TiO,—P25 (0.300 g) was dispersed in 80 mL of EtOH
under sonication (Bandelin Sonorex RK 510 H, Berlin, Germany) for 5 min. Then, the
appropriate amount of Fe(NO3)3x9H,0 dissolved in 20 mL of EtOH was slowly added
dropwise to the TiO, P25 suspension whilst under sonication. After the sonication process
was carried out for 30 minutes, a mixture that was brownish-white in color was observed.
The suspension was then continuously stirred for 6 h at room temperature, before drying at 60
°C for 12h. The collected powder was calcined at 350 °C for 2 h in air using a muffle furnace
(LP-08, Instrumentaria, Zagreb, Croatia) to obtain the final product. Different contents of
Fe(NO3)3x9H,0 were added to form final Fe,O3/TiO, nanocomposites with a theoretical
content (w/w) of 1%, 3%, 5%, 10%, and 20% (Fe,O3; to TiO, P25). Pure a-Fe,O3 was
obtained by performing the same procedure without the presence of TiO, P25. Images of the

prepared nanocomposites are shown in Figure S1, Appendix
3.1.3 Immobilization of Fe,O3/ TiO, nanocomposites
Immobilization procedure was similar to subsection 3.1.1 except that three layers

were prepared instead of sandwich (i.e., two) layers. The same procedure was repeated for
heating cycles (200°C for 2 h) between coating layers.
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3.2 Characterization

X-ray diffractograms (XRD) of the prepared nanocomposites were recorded using an
X-ray diffractometer MiniFlex 600 (Rigaku, Tokyo, Japan), using Cu K, (1 = 1.54059A)
radiation from 3° to 70° with a step width of 0.02° and scan speed of 2.00°-min™.

Raman spectra of the samples were measured using an Alpha300 (Oxford
Instruments-Witec, Ulm, Germany) equipped with a microscope and attached atomic force
microscope (AFM). The excitation source wavelength was set to 532 nm, while the
integration time was set to 5 s with an average of 20 scans taken.

Scanning electron microscopy (SEM) images were obtained using an Ultra Plus SEM
(Zeiss, Jena, Germany). Energy-dispersive spectroscopy spectra (EDS) were recorded with an
X-max silicon drift detector (Oxford Instruments, Abingdon, UK).

X-ray photoelectron spectroscopy (XPS) measurements were performed using a PHI
VersaProbe Il (Version AD) (PHI, Chanhassen, USA) equipped with a hemispherical
analyzer and a monochromatic Al Ka X-ray source. Survey spectra were measured using a
pass energy of 224 eV and step of 0.8 eV, while Fe 2p core-level spectra were measured at a
pass energy of 27 eV and step of 0.1 eV. The data were acquired using ESCApe 1.4 software.
Fitting of Fe and Ti 2p core-level spectra were performed using CasaXPS software.

Diffuse reflectance spectra (DRS) of the prepared nanocomposites were measured
using a UV-2600i UV/Vis spectrophotometer (Shimadzu, Kyoto, Japan), equipped with an
integrating sphere. The obtained reflectance versus wavelength spectra of pure components
and nanocomposites were transformed into the Kubelka—Munk function (KM) versus photon
energy (4v) in order to calculate bandgap (Ey) values. The bandgap (Eg) values of studied
photocatalytic materials were calculated from the onsets of the absorption edge using the
formula presented in Equation (2) [158].

1240
Ag =—— ()

Eg

where 4q is the bandgap wavelength.

Photoluminescence (PL) spectra were recorded at room temperature using a Varian
Cary Eclipse fluorescence spectrophotometer (Agilent, Sta.Clara, CA, USA) with an
excitation wavelength of 325 nm.

The Brunauer-Emmett-Teller (BET) single-point and multipoint surface area
wasdetermined from N, adsorption/desorption isotherms using Gemini 2380 instrument
(Micrometrics, Norcross, GA, USA). The nanocomposites were characterized in powdered
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form in all above-stated characterization techniques.

Photoelectrochemical (PEC) measurements

Prepared nanocomposites were immobilized on 1 cm? area of fluorine-doped tin oxide
(FTO, Sigma-Aldrich, St. Louis, MO, USA) glass (2.2 mm thick; resistivity of 7 Q sq;
overall dimension: 2 cm x 1 cm) using the method described by Elbakkay et al. [159]. Prior
to the coating, FTO glass slides were sonicated for 10 min sequentially in EtOH, acetone, and
ultrapure water and then dried at room temperature. Thereafter, 2 mg of prepared
nanocomposite was dispersed in 400 pL of 2-propanol and 10 puL of Nafion (Sigma- Aldrich,
5% (w/w)) under sonication for 30 min. Finally, 30 pL of catalyst suspension was
immediately drop-casted on 1 cm? area of clean FTO glass and then dried in an oven at 80 °C
for 30 min to form a working electrode.

Transient photocurrent responses and electrochemical impedance spectra (EIS) were
obtained using a potentiostat/galvanostat PalmSens4 (PalmSensBV, Houten, Netherlands)
equipped with a standard three-electrode system and an LED light source (spectrum shown in
Figure S2, Appendix). Ag/AgCl electrode, Pt wire, as prepared nanocomposite-coated FTO
glass (1 cm?), and 0.1 M Na,SO, solution were used as the reference electrode, counter

electrode, working electrode, and electrolyte solution, respectively.
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3.3  Photocatalytic Activity Evaluation

3.3.1 Layered Photocatalysts

Photocatalytic treatment experiments with 0.050 mM AMX water solution (Table S1,
Appendix) were carried out in a water-jacketed (V = 0.09 L, T = 25.0 £ 0.2 °C) batch photo-
reactor illuminated by a solar simulator (Oriel Arc source, Newport; 450 W Xe lamp,
Osram), equipped with a collimator and air mass filter (AM 1.5G) [17]. The immobilized
photocatalytic material was placed at the bottom of the reactor in contact with the AMX
solution under constant mixing (90 rpm) by an orbital shaker DOS-20 (NeoLab, Germany).
The solution was continuously mixed for 30 min in the dark in order to achieve adsorption-
desorption equilibrium, denoted as (-30), and thereafter was exposed to the simulated solar
illumination. The onset of illumination was denoted as (0). During the experiments, 700 pL
aliquots of samples were collected at designated time intervals and filtered through a 0.45 um
Chromafil XTRA RC (Macherey-Nagel) syringe filter and were immediately quenched with
100 pL of methanol prior to HPLC analysis as described in subsection 3.4. Preliminary
experiments were carried out at AMX solution natural pH (5.5) for an illumination period of
30 min. Further study on the effect of initial pH and PS concentration was based on a full
factorial experimental (FFD) plan as described in Table 14A and Table S2.1, Appendix,
where coded parameters X; and X, represent pH (ranging from 4 to 8) and concentration of
PS (ranging from 0.05 to 0.5 mM), respectively. The chosen minimum and maximum
concentrations of PS correspond to a AMX:PS molar ratios of 1:1 to 1:10 respectively. The
obtained optimal conditions for degradation of AMX based on FFD experiments and
response surface modeling (RSM) performed were utilized for the investigation of
environmental parameters (i.e., mineralization, biodegradability, and toxicity), degradation
by-products, scavenging studies, and the influence of water matrix parameters. Identification
of reactive oxidizing species (ROS) was carried out using t-BuOH (5 mM), FA (5 mM), BQ
(5 mM), and MeOH (5 mM) which were used as scavengers for HOs, h*, O,e—, and both HO»
and sulfate radical (SO,*"), respectively. Studies on the influence of water matrix parameters
were carried out by spiking AMX solution with an exact concentration of the following:
»Cl-) = 100 mg-L?, »(COs*) =100 mg-L?, »(NO3) = 2 mg-L?, y(PO,*) = 2 mg-L?, and
»(HA) = 5 mg-L™%. In order to test the stability of Fe,03/TiO, layered composite films, the
glass plates with immobilized catalysts showing the best performance were air-dried after the

treatment and reused in four consecutive runs, employing the conditions found as optimal
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within the investigated range. All experiments were conducted in triplicates and average

values were reported; the reproducibility of experiments was >96.5%.

Table 14A. Experimental range and levels of process/variables

Model variables level / range
Process parameters
/ coded values i
1 0 1
pH X1 4 6 8
[8:05°] (mM) X; 0050 0275 0500

3.3.2 As-prepared Photocatalysts

Photocatalytic treatment experiments with 0.050 mM AMX water solution were
carried out in a water-jacketed (V =0.09 L, T = 25.0 £ 0.2 °C) batch photoreactor illuminated
by a simulated solar irradiation produced by Oriel Arc source (Newport; 450 W Xe lamp,
Osram, Irvine, CA, USA), which was equipped with a collimator and air mass filter (AM 1.5
G), as well as an additional UV cutoff filter (1 > 400 nm) to provide only visible-light
illumination [17]. In preliminary experiments a slurry system was used; 0.045 g of
photocatalyst powder was dispersed with AMX solution (natural pH = 5.5) under constant
stirring (300 rpm). The solution was continuously mixed for 30 min in the dark in order to
achieve adsorption/desorption, denoted as (—30), and thereafter exposed to visible-light
illumination. The onset of illumination is denoted as (0). During the experiments, 700 pL
aliquots of samples were collected at designated time intervals (15, 30, 45, 60, 75, and 90
min), filtered through a 0.45 um Chromafil XTRA RC (Macherey-Nagel, Duren, Germany)
syringe filter, and immediately quenched with 100 uL of MeOH prior to HPLC analysis, as
described in Section 3.4. The photocatalyst powder which possessed the highest
photocatalytic activity was selected for immobilization onto glass plates as described in
Section 3.1.3. The glass plates with immobilized photocatalytic material were placed at the
bottom of the reactor in contact with AMX solution under constant mixing (90 rpm) by an
orbital shaker DOS-20 (NeoLab, Heidelberg, Germany) and were subjected to a similar
treatment procedure as described above for the slurry system, except for the illumination time
intervals (15, 30, 45, 60, 75, 90, 120, and 150 min). A full factorial design (FFD) was utilized
to study the effect of initial pH and PS concentration on AMX degradation (Tables 14B and
Table S2.2, Appendix). The coded parameters X; and X, represent pH (ranging from 4 to 8)
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and concentration of PS (ranging from 0.500 mM to 3.0 mM), respectively. The chosen
minimum and maximum concentrations of PS corresponded to AMX:PS molar ratios of 1:10
to 1:60, respectively. The obtained optimal conditions for the degradation of AMX based on
FFD experiments and response surface modeling were utilized as the basis for H,0;
conditions, which were later used and compared for the investigation of toxicity,
transformation byproducts, and scavenging studies. ldentification of reactive oxidizing
species (ROS) was carried out using t-BuOH (5 mM), FA (5 mM), BQ (0.5 mM), and MeOH
(5 mM) as scavengers for HOs, h*, O,»—, and both HOe and sulfate radical (SO4*),
respectively. The experiments were conducted in triplicate, and average values are reported,;

the reproducibility of experiments was >95.5%.

Table 14B. Experimental range and levels of process/variables

Model variables level / range
Process parameters
/ coded values i
1 0 1
pH X1 4 6 8
[5:05°] (mM) X2 0500 1750  3.000
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3.4  Analytical Methods

Measurements of pH were performed using a Handylab pH/LF portable pH-meter
(Schott Instruments GmbH, Mainz, Germany). AMX concentration was monitored using an
HPLC, Series 10, (Shimadzu, Kyoto, Japan) equipped with a UV-DAD detector (SPD
M10AVP, Shimadzu) and a reversed-phase (RP) C18 column (250 mm X 4.6 mm, 5 pm,
Macherey-Nagel Nucleosil, Duren, Germany). Isocratic elution was carried out with a
mobile phase consisting of 90% aqueous 50 mM FA and 10% acetonitrile at an overall flow
of 1 mL-min™, whereas AMX was monitored at 272 nm. AMX degradation by-products (for
by-products formed using layered composites-solar activated) were analyzed using
ultrahigh-performance chromatography, tandem with triple quadrupole mass spectrometry
on an LCMS-8045 (Shimadzu, Japan). The samples were diluted fivefold with HPLC-grade
water prior to the injection. Chromatographic separation of AMX and its degradation
intermediates were achieved on an RP C18 column (150 mm x2.1 mm Shim-pack GIST
column 3 um, Shimadzu, Japan). Gradient elution of 15 mM formic acid (A phase) and 15
mM formic acid in acetonitrile (B phase) was utilized, under the following gradient
program: 0—-3 min 5% B, 3-13 min 95% B, then maintained 95% B for 3 min (13-16 min)
and 8 min post-run time back to the initial mobile composition (95%A/5%B). Total organic
carbon (TOC) was measured using a TOC-VCPN analyzer (Shimadzu, Japan). Meanwhile,
AMX transformation products (TPs) formed using synthesized nanocomposite-visible light
activated were analyzed using an ultrahigh-performance chromatograph (Thermo Scientific
Vanquish system) in tandem with a high-resolution mass spectrometer (Orbitrap
ExplorisTM 120, Thermo Scientific, Waltham, MA, USA), in positive and negative
ionization mode. The samples were diluted fivefold with HPLC-grade water prior to the
injection. Chromatographic separation of AMX and its transformation products was
achieved on an RP C18 column (50 mm x 2.1 mm Hypersil GOLDTM, pore size 1.9 um,
Thermo Scientific, Vilnius, Lithuania). Gradient elution of water with 0.1% FA (A phase)
and acetonitrile (B phase) was utilized, at a flow rate of 0.400 mL-min™ under the following
gradient program: 0-0.200 min, 2% B; 0.200-4.750 min, 98% B; 98% B maintained for
1.250 min (4.750-6.000 min); back to the initial mobile phase composition 3 min post run
time (98% A/2% B). Ammonium acetate was used for negative mode instead of FA. The
conditions for high-resolution mass spectrometry with an electrospray ionization source
were the following: capillary, 3500 V; ion transfer tube temperature, 325 °C; vaporizer

temperature, 350 °C; sheath gas pressure (Arb), 50; auxiliary gas pressure (Arb), 10; scan
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modes, full MS (resolution 60,000) and ddMS2 (resolution 15,000); scan range, m/z 100—
1000. Raw MS data files of the control, blank matrix, and AMX samples were imported into
Compound Discoverer™ (v.3.3 SP1 Thermo Scientific, Waltham, MA, USA) software for
transformation product identification. Fragment ion search (FISh) coverage function in
Compound Discoverer™ was utilized for structure elucidation and chemical transformations
involved for each chromatographic peak. Expected compounds were measured within £2
ppm of mass error; with maximum area >10° and FISh coverage score >43.50. Total organic
carbon (TOC) was measured using a TOC-VCPN analyzer (Shimadzu, Japan). A Lambda
EZ 201 UV/VIS spectrophotometer (Perkin Elmer, USA) was used for spectrophotometric
monitoring of PS [160], ferrous (Fe**), and ferric (Fe*") ions concentrations [161]. Chemical
oxygen demand (COD) and biochemical oxygen demand (BODs) in the samples were
determined by colorimetric methods using a HACH DR2800 spectrophotometer (Hach-
Lange, USA) and commercially available reagent kits, that is, LCK1414 and LCK554
(Hach-Lange) respectively. Biodegradability was expressed as BODs/COD ratio. Aquatic
toxicity of treated samples was evaluated with commercial bioassays, based on Daphnia
magna (DM) immobilization according to 1ISO 6341:2012 standard (Daphtoxkit F magna,
Microbiotests, Belgium) and based on inhibition of the luminescence emitted by Vibrio
fischeri (VF) according to ISO 11348-3:2007 measured on a BiofixLumi-10 luminometer
(Macherey-Nagel, Germany). The results were expressed as effective concentrations causing
a 50% reduction in bioluminescence (ECsp) and converted into toxicity units (TU =
100/ECsy).
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35 Calculations

Response surface methodology (RSM) was utilized to determine the effectiveness of
solar light and visible-light-driven photocatalytic treatment of AMX dependent on initial pH
and PS concentration. The values of process parameters are represented by independent
variables: X; and X , (Table 14A and 14B). Experimental space was described using a 32 full
factorial design (FFD) for the solar-TiO,@Fe,03/PS and vis-(5% (w/w) Fe,O3/TiOy)/PS
system. The AMX conversion rate constants were chosen as process responses. The
combined influence of studied parameters on process performance was described by a
quadratic polynomial equation representing the RSM model, which was evaluated using a
standard statistical test, i.e., analysis of variance (ANOVA), considering the following
statistical parameters: Fisher F-test value (F), its probability value (p), regression coefficients
(pure: R? : adjusted: Radjz), and t-test value. Moreover, graphical-based analysis was
conducted on the so-called “residual diagnostic” (RD) using a normal probability test,
Levene’s test, and a constant variance test. The calculations were performed using the
Statistica 13.5 (Tibco, Palo Alto, CA, USA) and Design-Expert 10.0 (StatEase, Minneapolis,
MN, USA) software packages. The calculation of PS anion highest occupied molecular
orbital (HOMO) and lowest occupied molecular orbital (LUMO) molecular orbital energy
levels, with included effects of water as the solvent by the self-consistent reaction field
(SCRF) method, was done using the DFT method implemented in Gaussian 16 rev.C01
[162].

Ab initio density functional theory (DFT) method implemented in Gaussian 16 rev.
CO01 electronic structure software was used to optimize the structure of PS anion and to
calculate the energies of the HOMO and LUMO molecular orbitals of PS [162]. The
calculations were performed using the hybrid density functional B3LYP [163,164] with the
augmented triple-C basis set (aug-CC-pVTZ) developed by Dunning and coworkers [165].
The polarizable continuum model (PCM) within the self-consistent reaction field (SCRF)

method implemented in Gaussian 16 was used in order to simulate the effects of water on PS.

63



4.

RESULTS AND DISCUSSION
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4.1 Layered Photocatalysts

4.1.1 Characterization

SEM images showing the thickness of the layers within the sandwich composites
(Figure 28), deposited layers are rather thin (1.06 + 0.20 pm), allowing the transmission of
emitted light through the upper layer Figure 28. UV-DRS of pure components and layered
composites are shown in Figure 29A whereas KM transformed spectra for the calculation of
bandgap values are shown in Figure 29B. As shown in Table 15, calculated bandgap values
of commercial TiO, and Fe,O3 powders were in agreement with the literature [166,167]. For
composites TiO,@a-Fe,03 and a-Fe,0;@TiO, the top layer contributes mostly to the total
bandgap value of the composite. Moreover, the reflectance-identity of each layer can be
noted in the layered, sandwich composites, that is, the distinct steep linear regions
corresponding to individual semiconductor components can be identified. The semi-
transparence of the top layer in both cases enables simultaneous photo-activation of top and
bottom layers. The physically mixed 50% (w/w) of TiO./a-Fe,O3 exhibited almost the same
reflectance identity and bandgap value as that of pure a-Fe,O3; (Table 15), indicating the
formation of an in situ heterojunction between TiO; and a-Fe,O3, promoted by the binding

action of the immobilization.

Figure 28. SEM image of TiO,@Fe,03
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Figure 29. (A) Diffuse reflectance spectra of coated plates; and (B) corresponding plots of

transformed Kubelka-Munk function versus the energy of light (eV)

Table 15. Photocatalyst bandgap values estimated using Kubelka-Munk function.

TiO, . i ] i . TiO,(50%)/a-
Photocatalyst (P25) TiO,@a-Fe,03  o-Fey03  a-Fe,O;@TiO, Fe,05 (50%)
Band Gap (eV) 3.27 3.30 1.75 1.80 1.78
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4.1.2 Photocatalytic Degradation Experiments

Preliminary investigations of the stability of AMX towards hydrolysis, photolysis,
and direct PS oxidation have shown no effect on AMX concentration (Figure 30). The initial
evaluation of photocatalytic effectiveness of the pure components and sandwich-type
composites towards AMX degradation was carried out at the natural pH of AMX solution
(pH 5.5), for an illumination period of 30 min after the initial dark period of 30 min, allowing
the achievement of the adsorption/desorption equilibrium at the photocatalyst surface. In all
cases the initial adsorption extents achieved during the dark period were miniscule (<3%),
hence all observed removal extents of AMX were approximated as the equivalent to the
direct degradation extents. The obtained results were normalized to the degradation extent
achieved by TiO,-P25, considered herein as the benchmark photocatalysts (Figure 30).
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Figure 30. Photocatalytic degradation of AMX (0.050 mM) using different configurations of
TiO,—Fe,0O3 layered composite under solar irradiation with and without PS compared
relatively to benchmark TiO,-P25 (experimental conditions: initial pH=natural pH, 5.5;

treatment time under solar irradiation, t=30 min)
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The highest degradation extent without the addition of PS was achieved by TiO,@a-
Fe,0s, that is, 1.39-fold relative to that of TiO,-P25 (i.e., 8% AMX total degradation for
Ti0,-P25 and 11.12% AMX total degradation for TiO,@Fe;03). Such marked improvement
of photocatalytic activity indicates beneficial inhibition of photogenerated e/h*
recombination within TiO, by allowing inter-sandwich layer e migration towards Fe,Os.
Such a hypothesis is further supported by the ineffectiveness of sole a-Fe,O3; towards AMX
degradation without the presence of PS. Fe,Os is innately unable to react directly with
H,O/OH’, due to inadequate band edge positions of the valence and conduction bands [5],
thereby preventing the formation of HOe or other less reactive ROS, such as superoxide
radical (O,*—). According to the low adsorption extents achieved during the initial dark
period, the observed degradation extents can be primarily ascribed to the reaction of ROS
with AMX within the photocatalyst/solution boundary layer. Therefore, a potentially
misleading synergistic effect due to the total achieved AMX degradation caused by the sum
of individual contributions of TiO, and a- Fe,Os3 is effectively ruled out, strongly supporting
the notion of effective charge separation by TiO,@a-Fe,O3 composite, yielding the
improvement comparing to the benchmark TiO,-P25 (Figure 30).

On the other hand, a-Fe,O;@TiO, sandwich composite has demonstrated inferior
effectiveness in comparison to the benchmark TiO,-P25, however, it is seemingly an
improvement over sole o-Fe,Os. However, the observed AMX degradation can be
contributed to that achieved by TiO,, which can potentially form HO- radicals, through AMX
solution interface contact achieved by surface imperfections in the top a-Fe,O3 layer, as can
be observed on SEM micrographs (Figure 28). Physically admixed 50% (w/w) TiO,/Fe,O3
has achieved an improvement considering the effectiveness of Fe,O;@TiO,. However, the
AMX degradation after 30 min treatment was only 41%-relative (i.e., AMX total degradation
is 3.28%) of that achieved by TiO,-P25. Despite showing promising optical properties, in the
context of filling electron states within the bandgap of TiO,, a-Fe,O3 hinders total
effectiveness as it does not contribute to the formation of radicals directly, thereby effectively
diluting the surface concentration of ROS formation sites. A similar effect was reported by
Monfort et al., [168] showing that TiO, (top)-BiVO, (bottom) photocatalyst layers exhibited
superior activity for solar photodegradation of Rhodamine B compared to the pure TiOg,
BiVO,, and BiVO, (top)-TiO, (bottom) layers. They concluded that such enhanced effect
observed can be assigned to the formation of both O,*—and HOe as main oxidative species
over TiO, (top) surface when irradiated with sunlight compared to BiVO, (top) which is

limited to holes (h*) only, having ability to form only HOe. The addition of PS has proven to
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be highly beneficial for TiO,@a-Fe,O3 composite, as a fivefold increase in AMX
degradation (i.e., ~40%, AMX total degradation for solar-TiO,@Fe,O3/PS system vs 8%
AMX total degradation for solar-TiO,/no PS system (benchmark)) was noted. The LUMO of
PS is able to accept the photogenerated e” from TiO,, which then leads to the generation of
SO4+— and may lead to the formation of additional HOe [161]. However, such a charge
transfer from a-Fe,O3 to PS is either thermodynamically or kinetically unfavorable, as can be
observed by negligible improvement in photocatalytic activity of a-Fe,O3 with the addition of
PS (Figure 30). The molecular orbital configuration of PS anion obtained by DFT
calculation, along with included solvation (SCRF) effects, indicates that the LUMO energy
level of PS anion in the ground state is equal to —0.49 ¢V (Table 16). Since the calculated
LUMO of PS is significantly more negative than that of a-Fe,O3 [5], such a result supports
the notion that photogenerated electron transfer from pristine a-Fe,O3 to PS is
thermodynamically unfavorable. Therefore, as photocatalytic activation of PS by
immobilized a-Fe,O3 and direct degradation of AMX are not observed, it can be concluded
that a-Fe,O3 serves solely as a sink for h™ and e photogenerated within TiO, thereby

enhancing its activity.

Table 16. HOMO and LUMO orbital level of the PS anion calculated using B3LYP/aug-CC-
pVTZ level theory and SCRF method

Molecular
orbital E, eV AEnomo-Lumo, eV
HOMO -0.494
0,24
LUMO -0.734

Ismail et al. [169] suggested that there is a competition between the present
pollutant, PS, and dissolved O, towards the reaction with photogenerated e in the CB of
TiO,. Similarly, Wang et al. [170] observed that the addition of PS in the UV/TIO, system
showed a non-synergistic effect for 2-chlorobiphenyl degradation. Hence, in order to
elucidate the effects of operating conditions, that is, pH and PS concentration, an
experimental design and RSM approach was utilized to elucidate the performance of
TiO,@a-Fe,03 in combination with PS for AMX degradation kinetics. As can be seen from
the kinetic profiles of AMX degradation obtained by solar-TiO,@Fe,O3/PS system
(experiment performed at conditions set by 32 FFD, Table 14A and Table S2.1, Appendix),
the degradation during the period under solar irradiation obey zero-order kinetics and can be
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displayed with Equation (3), representing the functional dependence of AMX degradation
versus treatment time, implying a surface reaction mechanism for the activation of PS [171—
173], where c = variable concentration, co = initial concentration, ko»s= rate constant and ¢=
time.
C—Co=—kops Xt 3)
By applying RSM modeling, misleading information obtained from conventional
“one-parameter-at-the-time” approach would be avoided [1] FFD matrix is summarized in
Table S2.1, Appendix, along with the obtained AMX degradation rate constants after 50 min
of exposure to simulated solar irradiation (kons), Which were used as system responses. It
should be noted that photocatalytic experiments were run including 30 min dark period to
establish adsorption equilibrium (Figure S3). However, the adsorbed amount of AMX during
the dark period was negligible in all cases (<0.9%). Such results can be assigned to point zero
surface charge of TiO,-P25 (pHp,c =6.5-6.7) [174-176] and pK, values of AMX (pKa: = 2.4;
PKa = 7.4; pKas = 9.6) [177]. Hence, in our applied pH range (from 4 to 8) AMX exists in
two speciation forms. For pH 4 and 6, AMX is present mostly in neutral form pKa (2.4) <
pH < pKa (7.4) [177], while TiO, net surface charge is positive, thus leading to less
attraction between two moieties. Furthermore, at pH 8, the net charge of TiO, and AMX are
both negative implying repulsion between two moieties and leads to poor adsorption. Such a
low adsorption in all cases allowed us to use zero-order kqps as treatment responses. Hence,
the multiple regression analysis was applied on FFD matrix and ks (AMX) values
calculated for the treatment period under simulated solar irradiation (Table S2.1, Appendix),

yielding a polynomial equation, that is, and RSM model Equation (4):
Y=5.13-2.06%X;+0.10xX;%+0.88%X,-1.61x X,?+0.037% X1 x X, 4)

The obtained model is characterized by ANOVA (Table S3, Appendix) and RD tools
(Figure S4, Appendix). Basically, a model was found to be significant (p = 0.0089), and
accurate (R® = 0.981 and Rad,-2 = 0.949), while RD revealed that (i) there are no violations in
the assumptions that errors are normally distributed and independent of each other, (ii) the
error variances are homogeneous, and (iii) residuals are independent. Accordingly, such a
model can be used hereinafter as a tool to enlighten the influence of studied parameters
(initial pH and PS concentration) on AMX degradation.

The ANOVA analysis also revealed that model terms corresponding to both studied

process parameters are significant,that is, possess p < 0.05 (Table S3, Appendix); thus, the

70



changes in both initial pH and PS concentration significantly contributes to the effectiveness
of solar-TiO,@Fe,03/PS system to AMX degradation. Such behavior can be clearly seen
from the 3D surface and contour representation of the influence of initial pH and PS
concentration on AMX degradation rate (Kops), provided in Figure 31. Acidic pH values are
favorable for AMX degradation, thus it can be ascribed to the high concentration of SO,°*
(Eo = 2.5-3.1 V vs NHE) [178] which has higher oxidation potential than HOe (Eo = 1.89-

2.72 V vs NHE) [178]. AMX degradation rate strongly decreases with the increase of initial
pH, regardless of the PS concentration in the system.

-
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Figure 31. 3D surface and contour plots presenting mutual interactions of initial pH and
[PS] on AMX degradation by solar-TiO,@Fe,O3/PS

Such behavior can be also assigned to the predominant species existing in the system,
which is also a pH depending effect. For instance, at acidic pH (pH 4 and 6) sulfate radicals

are dominant as described by Equations (5) and (6) [179,180]. On the other hand, at basic
pH, SO,* is converted to HOe as described by Equation (7) [181].

S,04 2~ + H* > HS,05 (5)
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HS,05~ = 50, + HS0,® (6)

S0,*” +OH™ = HO « +50,2~ @)

On the other hand, PS concentration effect is two fold; by an increase of PS

concentration, process effectiveness (i.e., AMX degradation) increases up to the certain point

where further increase has a negative influence. The increase of PS concentration can be

beneficial for the decrease of recombination rate and generation of sulfate radicals in the

system. However, at too high concentration of PS, its scavenging nature toward present
radical species comes forth (Equations (8) and (9)) [161]:

S,04 % +50,°" = S,04°" +50,% (8)

S,04% +HOes — HSO,~ + S0,*~ + 0.50, (9)

Besides, too high concentration of radical species may promote their termination, as

presented by Equations (10) and (11) [161]:

S0,°" + S0, = S,042" (10)

S0, +HOe+ - HSO,” +0.50, (11)

Accordingly, as can be seen in Figure 31, the most beneficial conditions for AMX

degradation are pH 4 and PS concentration of approx. 0.330 mM, which was accurately

calculated to be 0.334 mM by maximizing the polynomial Equation (4), thus predicting

AMX degradation at the zero-order rate of 7.4 x 10”7 M-min™. Such conditions were further

utilized during the investigation of AMX degradation mechanism, pathway, and related

changes in biodegradability and toxicity, as well as the influence of common water matrix

constituents.
4.1.3 Degradation Mechanism

In order to study the degradation mechanism of AMX by solar-TiO,@Fe,03/PS
system, the experiments were performed at previously established optimal conditions within
the investigated range of studied process parameters and in the presence of common ROS
scavengers. Hence, the quantification of the levels of oxidation by ROS was performed using
the following scavengers: MeOH and t-BuOH to differentiate the contributions of SO,* and
HOs. Namely, MeOH reacts with both SO,*~ and HOe (k = 1.1 x 10’ M™* s and k = 9.7 x 10°
M™ s, respectively). Meanwhile, t-BuOH reacts with HOe at a much higher rate, even three
orders of magnitude (k = (3.8-7.6) x 10° M s™') compared to that for SO,*~ (k = (4.0-9.1) x
10° M s, thus exhibiting effective scavenging effect for HO» [182]. BQ reacts with O,*" (k
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= (0.9-1.0) x 10° M s™) and with HOs (k = 6.6 x 10° M s%) [183], while FA was used for
photogenerated h* scavenging. Figure 32 shows AMX degradation and kinetic profiles
achieved by solar-TiO,@Fe,O3/PS in the presence and absence of ROS scavengers. It can be
observed that the highest inhibition of AMX degradation occurred in the presence of FA.
AMX degradation was reduced from 70% (no scavengers) to only 12% (with FA). This
indicates that photogenerated h™ plays the main role in AMX degradation, despite the fact
that AMX adsorption is minor, thus direct AMX oxidation by h* can be neglected.
Accordingly, such results can be assigned to the suppression of recombination of charges by
the presence of PS as well as the generation of ROS at h*, both contributing to the overall
AMX degradation. Meanwhile, it was observed that AMX degradation was reduced from
70% (no scavengers) to 39 and 54% in presence of MeOH and t-BuOH, respectively. Such
results indicate that SO4° plays a more significant role than HOe in the overall AMX
degradation. The presence of BQ reduced AMX degradation to 64% from 70%, suggesting
that O,*" had a minor role in overall AMX degradation. Thus, the arrangement of ROS in
decreasing order of its role for AMX degradation by solar-TiO,@Fe,O3/PS process is the
following: h™> SO,* > HOe« > O,*". Similar ordering was observed by Sabri et al. [184] for
another TiO-iron-PS system (vis-TiO,/FeOCI/S,08%).
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Figure 32. (A) Photocatalytic degradation of AMX under solar irradiation in the presence of
scavengers; and (B) corresponding zero-order rate constants (Kops). (experimental conditions:
[AMX] = 0.050 mM; initial pH=4; [PS]=0.334 mM; [MeOH]=5 mM; [t-BuOH]=5 mM;
[FA]=5 mM; [BQ]=5 mM; treatment time, t=50 min)
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4.1.4 AMX Degradation Pathway and Environmental Aspects

In order to study the degradation pathway and the influence of formed by-products on
the environmental aspects, that is, changes in biodegradability and toxicity, the experiments
were performed for a longer period (480 min) at conditions established as optimal within the
range of studied process parameters (initial pH 4 and [PS] = 0.334 mM). As can be seen from
Figure 33, after 75 min >90% of AMX was degraded, while total AMX degradation was
achieved within 180 min of treatment. The mineralization of organic content occurred at a
much lower rate; after 75 min treatment, only 5% was mineralized, while at the treatment
point where AMX was completely degraded, =25% of overall organic content was
mineralized. It should be noted that total mineralization extent achieved after 480 min
amounts to 52.2% (Figure 33A). Accordingly, the most part of the overall organic content
during AMX treatment pertained to formed intermediates (e.g., after 30 min of treatment,
where >50% of AMX was degraded, overall organic content is almost unchanged).
Degradation of AMX is accompanied by the changes in pH (Figure 33A), which can be
associated with the transformation of aromatics into aliphatic acids [185,186]. However, the
decrease in pH from an initial value of 4 was only moderate due to the low strength of

formed organic acids.
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Figure 33. (A) AMX degradation and total organic content mineralization kinetics, and
changes of pH; and (B) concentration of PS and iron species (ferrous/ferric ions), during
AMX treatment by solar-TiO,@Fe,Os/PS (experimental conditions: initial pH=4 and
[PS]=0.334 mM)

Nevertheless, recorded pH changes (Figure 33A) display a typical pattern for
degradation of organics, whereas initial decrease of pH values, associated with the formation
of aliphatic acids, is followed by the slight increase as the transformation of the intermediates
progresses towards final mineralization products [187]. AMX degradation and PS
consumption followed similar treatment time profiles, as can be seen from Figure 33A and

B. It is worth noting that PS was completely consumed up to 240 min of treatment while the

75



mineralization continued to proceed with a similar rate. The consumption of PS may be
associated with the increased concentration of iron species in the system, due to the fact that
its presence most likely suppressed the recombination of photogenerated charges as well as
hematite photocorrosion. The increased concentration of iron species may lead to the
generation of HOe in the bulk through Equation (12) [161]:

Fe'"'(OH)** " Fe** + HO » (12)
which additional quantity empowers the oxidative ability of the solar-TiO,@Fe,Os/PS
system over HOs mechanism. The fact that iron leaches from hematite in a form of ferric
ions, and recorded profiles of ferric and ferrous ions, presented in Figure 33B, support such
an assumption.

The degradation pathway of AMX by solar-TiO,@Fe,O3/PS was proposed in Figure
34; it indicates three possible degradation pathways via hydroxylation of aromatic structures
and/or heteroatom(s) (N or S) involving moieties within the AMX molecule. Three
intermediates were detected by LC-MS/MS with molecular ion peak of (m/z = 382) and base
peak (m/z = 365). All of the detected intermediates are ascribed to monohydroxylation of
AMX [188,189]. Accordingly, DP1 was formed via attack of SO,*~ and/or HOe to the sulfur
atom of thioether moiety by electron transfer mechanism and was confirmed by molecular
orbital calculations [188]. Thereafter, DP1 can proceed with further hydroxylation in the
aromatic ring moiety yielding intermediate with m/z = 398 [188]. Meanwhile, DP2 was
formed via attack of HOe to the aromatic ring of AMX. Subsequently, DP2 would undergo
further hydroxylation and deamination to yield intermediate with m/z = 383, and further
degradation leads to smaller by-products such as m/z = 176. DP3 was formed by
hydroxylation of secondary amine moiety of AMX, and was further hydroxylated to form m/z
= 412 then subsequently degraded to form m/z = 176. However, ion chromatography results
revealed that there are no free N-containing ions (i.e., NOs, NO, , NH,4") during the entire
treatment time of 480 min, suggesting that degradation products contain N-functionality.
Accordingly, it seems that DP2 underwent hydroxylation step, but not an elimination of
amino moiety. As compared to the literature, solar photo-Fenton and UV/PS treatment of
AMX degradation proceeds via hydroxylation, hydrolysis, and decarboxylation. However, it
must be noted that three monohydroxylated by-products were not detected simultaneously by
the previous studies. For instance, Trovo et al. [189] only detected DP2 and DP3, while
Zhang et al. [188] only detected DP1 and DP2.
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Figure 34. Proposed degradation pathway of AMX by solar-TiO,@Fe,03/PS system based
on identified AMX intermediates and literature data (experimental conditions: initial pH=4;
[PS] = 0.334 mM; (m/z) were expressed as [M+H]" and results are obtained from LC-
MS/MS)

The evolution and degradation profiles of DP1, DP2, and DP3 are presented in Figure
35A and were correlated with the changes in biodegradability (Figure 35B) and toxicity
(Figure 35C). As it can be seen, all three identified AMX by-products followed a similar
evolution/degradation pattern. Hence, their concentrations increased continuously up to 45"
(for DP2 and DP3) and 60" (DP1) minute or treatment, while after those periods, their
degradation rates prevailed over evolution rates, thus their concentration started to decrease
during further treatment period, and eventually completely disappeared from the system after
480 min treatment (Figure 35A). Despite that, TOC value amounted after 480 min treatment
to 47.8% of the initial value (Figure 33A, indicating that other unidentified AMX organic by-
products were still present to a large extent. As can be seen from the proposed pathway,
identified DP1, DP2 and DP3 are consequences of hydroxylation of AMX molecule (either at
benzene moiety or present heteroatoms, Figure 34), while their further degradation

undergoes a similar pattern, that is, via hydroxylation at benzene moiety. Accordingly, after
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the cleavage of Cy,-Cy1 bond (Table S1), such (poly)-hydroxylated benzene ring would then
undergo degradation as phenolic-like compounds over ring-open products and would be
eventually mineralized [190]. This is supported by the fact that no free N-containing ions
were detected with the progress of mineralization.

As it can be seen from Figure 35B, the initial AMX solution can be characterized as
non-biodegradable; BODs/COD = 0.017. As it is known from the literature [191],
wastewater with BODs/COD < 0.3 are characterized as non-biodegradable, while those with
0.3 < BODs/COD < 0.4 are partially biodegradable; and those with BODs/COD > 0.4 can be
characterized as biodegradable. Treatment of AMX solution by solar-TiO,@Fe,O3/PS
resulted in an increase in BODs/COD ratio. Comparing BODs/COD and mineralization
profiles presented in Figure 35B and Figure 35A respectively, one may conclude that
improved biodegradability is a consequence of mineralization, that is, decreases in organic
content. However, that is not quite correct. Although TOC, COD, and BODs are used as the
main sum parameters to quantify the organic load, they possess different biases. Namely,
TOC and COD encompass the entire organic content regardless of their structural
characteristics as they measure the amount of carbon bound to organic compound and the
amount of organic compound which is chemically oxidized to CO,. On the other hand,
susceptibility of organics to biochemical transformation encompassed in BOD is influenced
by its chemical structures. Hence, COD and TOC can only decrease during applied
photocatalytic treatment, while BODs values can either decrease or increase depending on the
nature (i.e., structure) of the degradation byproducts formed. The decrease can be associated
with either the formation of less biodegradable compounds or the decrease in overall organic
content, while the increase in BODs value can be only due to the formation of compounds,
degradation intermediates, which are more biodegradable than the parent compound [191].
Although these profiles are similar, biodegradability increase is not the only consequence of
decreased organic content. Namely, the partially biodegradable values were reached at
treatment period (180 min) aligned with the complete AMX degradation and disappearance
of the majority of DP1, DP2, and DP3 from the system (they were present at <10% of their
maximum detected concentration detected). Considering the proposed pathway and
assumption that the majority of mineralization underwent over (poly)-hydroxylated benzene
moiety, which are known to be non-biodegradable [190], the improvement of
biodegradability can be associated with the degradation of such hydroxylated structures.
More clear correlation between formed DP1, DP2, and DP3 can be observed from toxicity

changes, presented in Figure 35C.
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Figure 35. (A) Evolution and degradation of identified AMX by-products; (B) changes in

biodegradability; and (C) toxicity toward VB and DM, during AMX treatment by solar-

TiO,@Fe,05/PS (experimental conditions: initial pH=4 and [PS]=0.334 mM)

It should be noted that according to the toxicity categories established by the

guidelines [192], the initial AMX solution can be classified as “harmful to aquatic
microorganisms”; ECso(VB) =17.79 mg-L™ and ECso(DM) = 33.83 mg-L™. Such results are
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generally in accordance with the literature data, which are, rather scarce; only several sources
were found referring to AMX toxicity toward VB and/or DM [189]. However, these studies
did not present toxicity over common parameters such as ECsp or TU (presentation was done
over single inhibition numbers), thus it is hard to compare the results from this study and
available literature. The toxicity changes recorded toward both bioassays follow more or less
the same trend; during the treatment period where AMX and its initial by-products DP1, DP2,
and DP3 prevail in the reaction mixture (i.e., up to 180™ minute of treatment), toxicity
underwent sinusoidal increases and decreases, reaching the maximums aligned with the
maximal recorded concentrations of identified by-products (i.e., at 45" and 60™ min). After
that period toxicity value mostly decreased, the exception is a slight increase recorded in
240" minute of treatment by both bioassays, which can be associated with the appearance of
characteristic by-products toxic for both VB and DM. However, after that treatment period
toxicity decreased <1 (in TU) and to O in the cases of VB and DM bioassays, respectively
(Figure 35C). The obtained results indicate the strong correlation between the evolution and

degradation of hydroxylated aromatic structures and the observed changes in toxicity profiles.
4.1.5 Influence of Water Matrix

In order to get an insight into the efficiency of solar-TiO,@Fe,O3/PS system for the
degradation of AMX in the presence of common water matrix constituents such as:
carbonates, chlorides, phosphates, nitrates, and NOM in a form of HA, experiments were
performed to investigate their individual and mutually combined effects.

As shown in Figure 36A, AMX degradation was inhibited in all cases. The obtained
results can be plausibly explained with the fact that added substances may react with the
formed SO,*” and HOe, forming specific radicals which seem to be less reactive toward
AMX than SO,*" and HOe, thus, consequently inhibiting AMX degradation through such
competitive reactions. The inhibitory effect strongly depends on the reaction rates and
concentrations of added substances with SO,*” and HOe. According to the
literature[193,194], AMX reaction rate constants with SO4— and HOe are k(SO,*" ) =2.79 x
10° Mt st and k(HOe) = 6.64 + 1.40 x 10° M s™. The highest inhibitory effect toward
AMX degradation was observed in the case of carbonates; kq,s decreased by 86.0% compared
to the case-referent case without water matrix constituents presence (1.04 x 107 M-min™<<
7.40 x 107 M-min™) (Figure 36B). Taking into account that both COs* and HCOs™ reacts
rather rapidly with SO,*~ k (SO4* /HCO3) =1.6 x 10° M™* s and k (SO,* /CO5* )= 6.1 x
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10° Ms ) [195] and HOe k (HO*/HCO5 ) = 8.5 x 10° M's™ and k (HO+/CO5* )= 3.9 x
10® M™s™) [183], as well as the fact that carbonates concentration was 33.3 times higher than
that of AMX, the inhibitory effect was not surprising. Similar is valid for chlorides as well,
where Kqps has also been diminished significantly (for 61.4%) (Figure 36B). Besides
reactions with formed radical species k(HO+/CI') = 4.3 x 10° M™s™ and k(SO,* /CI) = 3.1 x
10® M™s™) [183,196] chlorides adsorption on the surface of TiO, layer may hinder the
adsorption and consequently reactive sites for PS activation [197]. Namely, in solar-
TiO,@Fe,03/PS process, persulfate activation occurs at the surface of the photocatalyst, thus
the adsorption step is essential for the overall AMX degradation. The observed inhibitory
effects in the case of nitrates and phosphates can be assigned to combined adsorption and
competitive reactions, as in the case of chlorides [197]. However, as can be seen from Figure
36B, inhibitory effects were much lower than in the case of chlorides; ko,s diminished 14.5%
(with nitrates) and 31.4% (with phosphates). The plausible explanation can be found in the
concentrations of added nitrates and phosphates that were 80 and 130 times lower,
respectively, compared to chlorides. Their concentrations definitely affected the competitive
reactions with AMX as well; nitrates and phosphates were present in 1.5 and 2.4 times lower
concentrations, respectively, than AMX. The presence of NOM, represented by HA, inhibited
AMX degradation rather significantly; keps diminished for 44.6% (4.1 x 107 M-min™ < 7.4 x
10”7 M-min™ (Figure 36B). It should be noted that HA, besides reacting with present radical
species in the system, is susceptible to photodegradation under solar irradiation, thus
introducing additional radical species that are capable of reacting with targeted organics.
Accordingly, HA may also provide synergistic or inhibitory effects on the removal rate of
targeted compounds by photo-AOPs [198-200]. As can be concluded from the obtained
results in our study, the inner filter effect of HA (which promotes the reduction of incident
irradiation flux activation of photocatalytic material) occurred, thus lowering AMX
degradation rate. Moreover, HA is rich in electrons and could also scavenge HOe and SO,*~
rapidly [201,202], thus contributing to the observed inhibitory effect (Figure 36B). In
addition, HA promotes the increase in a negative charge in the surface of TiO, [203], thus
leading to the inhibition of PS activation, consequently lowering the overall AMX
degradation rate (Figure 36B). Hence, it seems that in our case multiple negative effects of
HA presence prevailed over the above-stated synergistic effect related to the formation of
additional NOM-based radical species. Finally, we have also studied combined effects of all

substances investigated separately and found out that inhibitory effect is quite significant (Kobs
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diminished for 81.2%, (Figure 36B), most likely as a consequence

separate effects.
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Figure 36. (A) Photocatalytic degradation of AMX under solar irradiation in the presence of

water matrix constituents;

and (B) corresponding zero-order rate
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(experimental conditions: [AMX]=0.050 mM; pH=4; [PS]=0.334 mM; [CI"]=100 mg-L ",
[CO5*1=100mg-L ", [NOs]=2mg-L"", [PO ]=2mg-L !, and [HA]=5mg-L, treatment
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4.1.6 Stability Test
In order to confirm the stability of immobilized photocatalyst, TiO,@Fe;03

composites were utilized for four consecutive degradation experiments employing optimal

conditions within the studied range of parameters obtained in subsection 4.1.2.

Figure 37.

% Degradation

1st 2nd 3rd 4th

Cycles

AMX removal by solar-TiO,@Fe,O3/PS at multiple regeneration cycles.
(experimental conditions: initial pH=4, [PS]=0.334 mM and irradiation time=120 min)
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As shown in Figure 37, AMX removal of >96% was achieved in each cycle. Gravimetric
analysis revealed negligible weight loss (<0.008%), confirming excellent stability and
potential to be reused. In addition, no significant changes in appearance between fresh
(Figure 38A) and reused (Figure 38B) TiO,@Fe,O3 immobilized composites were observed
in Figure 38.

Figure 38. TiO,@Fe,03 plates fresh (A) and after four cycles of use (B)

4.1.7 Visible-light Experiments (Layered Composites)

The layered composites were subjected to photocatalytic degradation experiments
using visible light irradiation instead solar irradiation (Figure 39). The results revealed that
the prepared layered composites performed well under solar irradiation. Under visible light,
TiO,@Fe,03 (TiO,(top) and Fe,Os(bottom)), TiO, cannot be excited (formation of
photogenerated e/h™) due to its band gap restriction. On the other hand, it must be noted that
Fe,O3 (bottom) can still be excited by visible light. Nevertheless, the results are all inferior
against the performance of TiO, and TiO,@Fe,O3. Monfort et al. [168] suggests that the top
layer of sandwich composites (i.e., TiO, based composites) plays the superior role in
determining photocatalytic efficiency.
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4.2  Fe,0O3/TiO, nanocomposite

4.2.1 Characterization

The X-ray diffractograms of the as-prepared Fe,O3/TiO, nanocomposite materials are

shown in Figure 40.
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Figure 40. (A) XRD pattern of prepared Fe,O3/TiO, nanocomposites, (B) partial
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plane of anatase
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The crystalline structure of the as-prepared photocatalytic materials were investigated
by XRD. In Figure 40A, the peaks observed in the diffractograms at 26 = 25.30°, 37.00°,
37.84°, 38.72°, 48.02°, 53.94°, 54.94°, 62.72° and 68.92° were indexed into lattices (101),
(103), (004), (112), (200), (105), (211), (204) and (116) which is in good agreement with
anatase (ICDD PDF card 21-1272), while 26 = 27.44°, 36.14° and 41.22° were indexed into
lattices (110), (101) and (111) which corresponds to rutile (ICDD PDF card 21-1276)
[57,204]. Meanwhile, preparation using only pure iron precursor yielded diffractogram peaks
at 20 = 23.72°, 32.74°, 35.20°, 40.40°, 49.06°, 53.02°, 57.10°, 62.08° and 63.62° were
indexed into lattices (012), (104), (110), (113), (024), (116), (018), (214) and (300) which
corresponds to pure hematite (ICDD PDF card 33-0664) [205,206]. Partial magnification
around (104) plane (Figure 40B) of hematite revealed that only 20% (w/w) Fe,Os/ TiO,
provides noticeable additional peak confirming the successful inclusion of a-Fe;O3, while no
traces of hematite are detected to all of the remaining nanocomposites due to XRD detection
limit [204]. In Figure 40C, partial magnification around 25.30°((101)-anatase plane),
revealed peak shift to lower angle upon increasing addition of Fe,O3 which is attributed to
lattice distortion on the TiO, surface [204].

Raman spectra of the prepared nanocomposites and pure a-Fe;O3 are shown in Figure
41. All of the prepared nanocomposites showed distinct phonon modes of TiO; such as Eg
(143, 196 and 641 cm™), A4 (516 cm™), and By (396 cm™) [207,208]. Meanwhile, a-Fe,O3
showed two A;g phonon modes (227 and 496 cm™) and four E4 phonon modes (245, 294, 410
and 613 cm™) [205,209-212]. No vibrational modes of other iron related species (i.e.,
maghemite or magnetite) were detected, which indicates high purity of the obtained a-Fe;0s.
It must be noted that only 10% and 20% (w/w) Fe,Os/TiO, provide noticeable a-Fe;Os3
vibrational modes (A4 (227 cm™), Eq (294 cm™)), confirming the successful inclusion of a-
Fe,O3 in the composite, as it is also in agreement with XRD results.

Scanning electron microscopy (SEM) images and EDX spectra of prepared
nanocomposite photocatalysts are shown in Figure 42. The formation of agglomerated TiO,—
P25 (Aeroxide) particles is a consequence of the impregnation-calcination method. It must be
noted that Fe,O3; content loading is low and did not cause any distortion on the overall
appearance of the nanocomposite. As such, it can be denoted that small Fe,O3 particles are
formed around TiO,-P25 to promote heterojunction between the semiconductor (i.e., TiO;
and Fe,03), which may improve charge transfer mobility in the overall nanocomposite [204].

EDX spectra revealed the presence of small Fe amount among the prepared nanocomposites,
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which later proved the incorporation of Fe,Oz. These results are in agreement with the

obtained XRD and Raman results, as discussed above.
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Figure 41. Raman spectra of Fe,03/TiO, nanocomposites and pure o-Fe,03

87



! % Fe.0,TiO,

Coumt
-

Diameter (nm)

I 20% Fo,04TiO,

E4
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distribution (4) of (A) 1% (w/w) Fe,0s/TiO; (B) 3% (w/w) Fe,03/TiOy; (C) 5% (w/w)
Fe,05/TiOy; (D) 10% (w/w) Fe,03/TiO, and (E) 20% (w/w) Fe,03/TiO, nanocomposite

X-ray Photoelectron Spectroscopy (XPS) was further used to determine the surface
chemical composition and oxidation states of 5% (w/w) Fe,O3/TiO, nanocomposites. XPS
full survey spectrum (Figure 43A) showed distinct signal of Fe 2p, Ti 2p and O 1s,
confirming the successful inclusion of a-Fe,O3 on the surface of TiO; [213], while C 1s peak
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is attributed to adventitious carbon contamination originating from air exposure of samples
[214].
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Figure 43. (A) XPS survey analysis of 5% (w/w) Fe,O3/TiO,, (B) Fe 2p core level spectrum

of 5% (w/w) Fe,O3/TiO,, and (C) Ti 2p core level spectrum of 5% (w/w) Fe,O3/TiO,
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In Figure 43B, the core level XPS spectrum of Fe 2p showed two peaks at binding
energy (B.E) values of 723.50 and 709.85 eV, corresponding to Fe 2pi, and Fe 2psp,
respectively and a satellite signal at around 715 eV that are all characteristic of Fe** in Fe,03
[204,213,215] . Moreover, the difference in core energy level of Fe 2p, A(B.E)= (2p1/2-2p312)=
13.65 eV, also proved the presence of a-Fe,O3 [213,215]. Figure 43C, core level XPS
spectrum of Ti 2p showed Ti** characteristic peaks at B.E values of 464.33 and 458.53 eV,
corresponding to Ti 2py;, and Ti 2psp, respectively [204,213]. Similarly, Ti 2p, A(B.E)=
(2p12-2ps2)= 5.8 eV, indicates normal state of Ti** in TiO,—anatase, which is nearly similar
to the results reported in literature [213,216,217].

UV-diffuse reflectance spectra of pure components and prepared nanocomposites are
shown in Figure 44A, whereas Kubelka-Munk transformed spectra for the calculation of
band gap values are presented in Figure 44B. As shown in Table 17, calculated band gap
values of TiO,-P25 and a-Fe,O3 powders are in agreement with the values provided in the
literature [166,167]. An increasing visible light absorption (Figure 44A) and overall decrease
in band gap values (Table 17) of the Fe,O3/TiO, nanocomposites were observed upon

increasing Fe,O3 content.
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Figure 44. (A) UV-visible DRS spectrum of Fe,O3/ TiO, nanocomposites, and (B) Kubelka-
Munk functions [F(R)E]*? versus photon energy (eV)

Table 17. Photocatalyst bandgap values estimated using Kubelka-Munk function

Photocatalyst  TiO,(P25) 1%Fe,O4/TiO, 3%Fe,03/TiO, 5%Fe,05/TiO, 10%Fe,04/TiO, 20%Fe,05/TiO, o-Fe,O3

Band Gap (V) 3.31 3.29 3.08 2.94 1.92 1.89 1.87

Photoluminescence (PL) spectroscopy was used to study the separation of
photogenerated e/h* pairs in the as-prepared nanocomposites. As can be seen in Figure 45,

all Fe,O3/TiO, nanocomposites showed a specific emission peak at around 444 nm as
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similarly reported by Sayed et al. [218]; however, with different intensities. Materials
containing 1% and 3% (w/w) Fe,O3 exhibited higher PL intensity compared to pristine TiOs.
Such low Fe;03 loading (i.e. 1 and 3% (w/w)) may suppress the defects concentration and
thus promote the increase in e/h* recombination rate [219,220]. Similarly, further increase of
Fe,O3 loading (i.e., 20% (w/w)) exhibited the highest PL intensity among all the prepared
nanocomposites and moreover, higher than pristine TiO,. As such, an optimal level of 5%
Fe,O3 loading exhibited the lowest PL intensity, suggesting strongly suppressed e/h*
recombination rate [221] and it would be considered with the highest photocatalytic activity

among all of the prepared nanocomposites.
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Figure 45. Photoluminescence (PL) spectra of pristine TiO; and Fe,O3/TiO, nanocomposites

To further explore the photogenerated charge carrier separation efficiency of the
prepared nanocomposite, photoelectrochemical studies (i.e. transient photocurrent responses
and EIS) were conducted. Photocurrent density responses of photocatalyst are directly related
to its photocatalytic activity [222,223]. Transient photocurrent responses of TiO,, a-Fe;O3
and 5% (w/w) Fe,O3/TiO, are shown in Figure 46A. 5% (w/w) Fe,O3/TiO, exhibited the
highest response (0.55 pA cm?) compared to individual parts of the composite (i.e. TiO, and

Fe,03). The improved separation efficiency was attributed to successful heterojunction
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formation. It must be noted that photocurrent density of 5% (w/w) Fe,O3/TiO, was reduced in
the second cycle (light on-light off) to 0.45 pA cm? which may be attributed to the leaching
of Fe,O3 [223]. Electron impedance spectroscopy (EIS) was used to study the interfacial
charge transfer mechanism in the prepared samples [224]. In Figure 46B, EIS Nyquist plots
of pure TiO, and 5% (w/w) Fe,O3/TiO, were measured in dark and light irradiation. In EIS,
the radius of the semi-circle corresponds to the overall charge transfer resistance
[175,223,224]. Under visible light irradiation, all samples showed less charge transfer
resistance than in dark, while 5% (w/w) Fe,Os/TiO, has smaller radius than pure TiO;
indicating efficient charge transfer mechanism between Fe,O3; and TiO, due to successful

heterojunction formation.
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Figure 46. (A) Transient photocurrent responses of TiO,-P25, a-Fe;Os, and 5% (w/w)
Fe,O3/TiO, nanocomposites, and (B) EIS Nyquist plots of TiO,-P25 and 5% (w/w)
Fe,O3/TiO; in dark and light conditions

4.2.2 Photocatalytic Activity Tests

Preliminary experiments revealed negligible effect of hydrolysis and photolysis on
AMX concentration within 90 min period of visible light (Figure 47A). Initial adsorption
extents of AMX onto the prepared photocatalysts during the dark period (-30 to 0 min) were
found to be infinitesimally small (< 1.5%), thus observed removal extents of AMX during
photocatalytic treatment were mainly approximated to the conversion extents. Such results
were ascribed to pK, of values of AMX (pKa; = 2.4; pKa2 = 7.4; and pKy3 = 9.6) [177] and
point of zero charge of TiO»-P25 (pHp;c = 6.5-6.7) [174,176,225], a-Fe;O3(pHpzc = 6.2) [226],
and Fe,O3/TiO, (pHpzc=5.8-6.8) [218,227,228]. Hence, at pH 5.5, AMX is mostly present in
its neutral form/zwitterionic form (pKa = 2.4) < pH < pKy = 7.4 [177] and all prepared

92



photocatalysts net surface charged are positive, thus leading to less interaction between two
moieties. Single and multi-point B.E.T surface areas of the prepared photocatalysts are
presented in Table 18. Incorporation of a-Fe,Os; with TiO,-P25 generally decreases the
surface area of the prepared nanocomposites. However, such changes in surface area did not
affect the adsorption behavior of the prepared photocatalysts since electrostatic interaction

(i.e. pK, and pHp,c) plays a major role in this scenario.
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Figure 47. Photocatalytic removal of AMX using prepared photocatalysts under visible light
irradiation without oxidant (A) and (B) with [PS] = 0.3 mM. (Conditions: [catalyst dosage] =
0.5 g/L; [AMX] = 0.050 mM; initial pH = natural pH (5.5); catalyst used in powdered form)

Table 18. Single point and multipoint B.E.T surface area of samples

Photocatalyst Single Point B.E.T (m*g™) Multi Point B.E.T (m*g™)
Ti0,-P25 46.6112 47.3512 £ 0.1206
a-Fex03 25.2897 25.4548 + 0.2408
1% (wiw) Fe,04/TiO; 49.7926 51.2769 + 0.4552
3% (w/w) Fe,03/TiO, 39.3548 39.6042 + 0.3677
5% (W/w) Fe,05/TiO, 40.4217 40.985 + 0.2412
10% (w/w) Fe,O3/TiO; 42.5486 43.4856 £ 0.1723
20% (w/w) Fe,O3/TiO, 34.4068 34.7489 + 0.3532

The highest photocatalytic activity was achieved by 5% (w/w) Fe,O3/TiO,, exhibiting
16.3% AMX conversion within 90 min period, which is significantly higher than any of the

nanocomposites and pure components (i.e., TiO,-P25 and o-Fe,O3) (Figure 47A). Such
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improvement of photocatalytic activity were ascribed to the suppression of recombination of
photogenerated e/h* within the composite, which is also proved and supported by PL
spectroscopy (Figure 45) and photoelectrochemical experiments (Figure 46). Accordingly,
5% (w/w) Fe,O3/TiO, was selected as the photocatalyst to be immobilized onto glass support
due to its superior photocatalytic activity compared to other prepared nanocomposites.

Parallel photocatalytic studies have been conducted using the same of prepared
composites under solar irradiation (Figure S5.1). Results revealed that increasing % (w/w)
Fe,O3 on the overall composite leads to decrease in overall photocatalytic activity. As such,
the results implied an opposite trend compared to visible-light assisted experiments. Lee et al.
[229] reported the same phenomenon when using Fe,O3/TiO, composite for photocatalytic
degradation of 2,4-dichlorophenoxyacetic acid. In addition, Li.et al. [230] showed that TiO,
have superior photocatalytic activity over prepared Fe,O3/TiO, when photodegrading
oxytetracycline under UV light. Nevertheless, it must be noted that most of the reported
literature for Fe,O3/TiO, suggest that incorporation of Fe,Os; into TiO, promotes solar
activity [231]. As such, it is critically implied that synthetic technique on the prepared
Fe,O3/TiO, composite plays a crucial role in the overall activity. For this dissertation, a
special focus on visible light —activation of photocatalysts have been employed due to limited
studies. As such, studies under visible light have been continued with the addition of PS to
improve AMX removal.

In Figure 47B, the presence of [PS] = 0.3 mM with 5% (w/w) Fe,O3/TiO,, showed
significant increase in AMX conversion (35%). Such results are ascribed to additional SO~
(and potentially HO") produced from PS, which serves as an electron acceptor and suppressor
for e/h" recombination [9]. Determination of excess [PS] was shown in Figure S5.2,
Appendix. For further optimization, 5% (w/w) Fe,O3/TiO, was immobilized on glass support
(Figure S6) and RSM modeling was applied to avoid misleading information obtained from
conventional “one-parameter-at-time” approach [1]. As can be seen from Figure S7, kinetic
profiles of AMX conversions for vis-(5% (w/w) Fe,O3/TiO,)/PS system operated at
conditions set by 3% FFD (Table 14B and Table S2.2, Appendix), the obtained results obey
zero-order kinetics. Accordingly, AMX conversion rate constants (Kons) for period of
treatment under visible irradiation were calculated using Equation (3), representing
functional dependence of AMX conversion versus treatment time, implying surface reaction
mechanism for activation of PS [171-173]. Such calculated Kk.s were used as system

responses in RSM.

94



It must be noted that all photocatalytic experiments include 30 min dark period to
ensure adsorption-desorption equilibrium (Figure S7, Appendix). For pH 4 and 6, the net
surface charge of 5% (w/w) Fe,O3/TiO; is positive, while AMX mostly exists in neutral form.
As a result AMX absorbed amount is less than 1.5%, which is a consequence of less
attraction between two moieties. For pH 8, it is expected that AMX absorbed amount will be
less as well, since 5% (w/w) Fe,O3/TiO, and AMX net charge are both negative and repulsion
of negative charges is expected to be dominant. However, AMX removal was observed to be
37-40% within 30 min dark period which can be associated with base activation of persulfate
[232,233]. In this case, base catalyzed hydrolysis of persulfate yields hydroperoxide anion
and sulfate ion Equation (13). Thereafter, additional persulfate ion reacts with hydroperoxide
anion to yield sulfate radical and superoxide radical Equation (14). Lastly, sulfate radicals
can react with hydroxide ions to produce hydroxyl radicals Equation (15) [232,233]. Hence,
it must be noted that the AMX removal associated with base catalyzed persulfate is not
included in RSM modeling since its process is characterized as non-photochemical reaction.
As such, only the photocatalytic treatment (i.e., 0 to 150 min) is included and is expressed as
AMX conversion rate constant, (Kops).

OH™
S,04 2~ + 2H,0 — 250,2~ + HOO™ + 3H* (13)
S,05 2~ + HOO™ - S0, +50,> + 0, + H* (14)
SO," + OH™ > OH » +50,%~ (15)

Accordingly, multiple regression analysis was applied on FFD matrix and AMX (Kops)
values calculated for the treatment period under visible light irradiation (Table S2.2,

Appendix), yielding polynomial equation, that is RSM model, Equation (16):
Y=1.41-0.2967 % X;+0.2467xX,?+0.0433% X,-0.136 7% X,°+0.0275% X1 % X, (16)

The obtained model is characterized by ANOVA (Table S4, Appendix) and RD tools
(Figure S8, Appendix), and was found to be significant (p = 0.0010), and accurate (R’
=0.9956 and Radj2:0.9883), while RD revealed that i) there are no violations in the
assumptions that errors are normally distributed and independent of each other, ii) the error
variances are homogenous, and iii) residuals are independent. ANOVA analysis also revealed
that model terms corresponding to both process parameters (i.e. pH and [PS]) are significant,
(p = < 0.05). (Table S4, Appendix). Therefore, the model can be used as a tool to clearly

discuss the influence of studied parameters on AMX conversion. 3D surface and contour
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representation of the influence of initial pH and [PS] on AMX conversion rate (Kqps), are
shown in Figure 48.

8" 500 PS, [uM]

Figure 48. 3D surface and contour plots presenting mutual interactions of initial pH and [PS]
on photocatalytic AMX conversion by vis-(5% (w/w) Fe,O3/TiO,)/PS (catalyst used in

immobilized form)

As can be observed from Figure 48, acidic pH (pH 4 to 6) are favorable for AMX
conversion, which can be associated with high concentration of SOss— (E, = 2.5-3.1 V vs
NHE) that has higher oxidation potential than HOe (E, = 2.5-3.1 V vs NHE) [178]. In
addition, sulfate radicals are also dominant in acidic pH (pH 4 to 6) as described by
Equations (5) and (6) [179,180]. An increase in pH towards basic range decreases the AMX
conversion rate, which can be described by Equation (15) [181].
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An increase in PS concentration is directly proportional to enhancement of AMX
conversion rate up to the point where further increase promotes negative effect. Such
decrease in AMX conversion rate can be attributed to excess PS concentration that promotes
scavenging and terminating the formed radical species, as described in Equations (8-11)
[161].

Based on the results presented in Figure 48, the optimum conditions for AMX
conversion are pH 4.808 and PS concentration of approx. 1873 uM (1.873mM), which are
accurately calculated by maximizing polynomial Equation 16, thus the predicted AMX
conversion rate is 1.51 x107 M min™. Accordingly, the obtained optimum conditions were
further used as the basis for H,O, assisted photoconversion experiments, which was later
compared for the investigation of AMX conversion mechanism, transformation by-products
and toxicity studies.

As shown in Figure 49, three photocatalytic processes (i.e., photocatalysis,
photocatalysis + H,0,, photocatalysis + PS) are compared on the basis of their AMX
conversion profiles upon reaching <99%. Photocatalysis + PS has shown to be the fastest,
reaching the full %AMX conversion within 380 min. Photocatalysis + H,O, also showed
improved full AMX conversion (within 720 min) compared to the photocatalysis alone (3900
min). Photocatalysis only relies on photogenerated h*, 0,*", and HO+ as ROS for AMX
conversion (Equations 17-20). Accordingly, 5% (w/w) Fe,O3/TiO, will be excited using
visible light to yield photogenerated e/n* (Equation 17). Thereafter, photogenerated e~ will
react with O, (dissolved in water) to form O,*" (Equation 18) [13,234,235]. Photogenerated
h* accumulated in valence band (VB) of Fe,O3 may react with OH™ to form HOs (Equation
19) [234], and lastly photogenerated h* may directly react with AMX (adsorbed at the catalyst

surface) producing transformation by-products (Equation 20).

5% (w/w) Fe,05 /TiO, + hv (visible light) —» ecp + hi g (17)
ecg +0, - 0,°7 (18)
his +OH™ = HO o (19)
hig + AMX — AMX (products) (20)

The improved AMX conversion by photocatalytic processes with oxidants are ascribed the
reactions of photogenerated e with H,O, and PS to form HOe and SO4+—, respectively
(Equation 21-22) [182].

ecg + H,0, > OH™ + HO » (21)
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ecp + S,042 —>S0,2” + SO,°” (22)
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Figure 49. %AMX conversion with photocatalysis, photocatalysis + H,O, and
photocatalysis + PS (Experimental Conditions: pH = 4.808; [PS] = [H20,] = 1.873 mM;
catalyst = immobilized 5% (w/w) Fe,O3/TiO,; [AMX] = 0.050 mM)

4.2.3 Mechanism

AMX conversion mechanisms by photocatalysis, photocatalysis + H,O, and
photocatalysis + PS systems were studied in the presence of ROS scavengers (Figure 50). FA
was used for scavenging of photogenerated h*, while BQ was used to scavenge O,* (k =
(0.9-1.0) x 10° M* s) [183,236]. MeOH and t-BuOH were used to differentiate the
contributions of SO,*” and HO-. In such case, MeOH reacts with both SO,*” and HOe (k =
1.1 x 10’ M* st and k = 9.7 x 10° M™ s, respectively) [237,238]. Conversely, t-BuOH
reacts three orders of magnitude higher with HO« (k = 9.7 x 10® M s, than with SO,* k =
(4.0-9.1) x 10° M s [182]), thus making t-BuOH as an efficient scavenger for HOs.
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constants for each process. (Experimental conditions: [AMX] = 0.050 mM; initial pH =
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AMX conversion and kinetic profiles achieved by photocatalysis in the presence of
ROS scavengers are shown in Figure 50A and 50D, respectively. The highest inhibition of
AMX conversion occurred in presence of FA, resulting in only 12% of AMX degradation
(compared to 35% obtained in the absence of any scavenger). This indicated that
photogenerated h* plays the main role in AMX photocatalytic conversion. Similarly, Zhu et
al. reported that Fe,O3-TiO,/fly-ash-cenosphere composite’s main active species for
degradation of methylene blue are also photogenerated h* [239]. Besides, it was observed that
AMX conversion was reduced to 31% and 26% in the presence of BQ and t-BuOH,
respectively. Such results indicated that HOe play a more significant role than O,*". Hence,
the order of ROS in decreasing contribution under photocatalysis process is the following: h*
> HOe > 0,"".

AMX conversion and kinetic profiles achieved by photocatalysis + H,O, in the
presence of ROS scavengers are shown in Figure 50B and 50E, respectively. Highest
inhibition of AMX conversion occurred in presence of FA, resulting with 8% reduction
compared to the case without scavengers (40 and 48% of AMX degradation, respectively).
This indicates that photogenerated h* plays a major role in AMX conversion. Similarly,
Monteagudo et al. reported the dominant role of h™ in solar-TiO,/H,0, system for
degradation of aniline [182]. AMX conversion in presence of t-BuOH was reduced to 44%. It
is important to note that even h™ plays the major role, HO' contribution is nearly the same as
shown in comparison of their rate constants (Figure 50B). Lastly, the presence of BQ reduces
AMX conversion only to 46%, showing that superoxide radical has a minor role in the overall
process. Hence, the order of ROS in decreasing contribution in photocatalysis + H,O, process
is the following: h* > HO« > 0,°*".

AMX conversion and kinetic profiles achieved with photocatalysis + PS in the
presence of ROS scavengers are showed in Figure 50C and 50F, respectively. FA promotes
the greatest inhibition among all scavengers used yielding AMX conversion of only 13%
(compared to 55 % in the case with no scavenger), implying that photogenerated h* plays a
major role in AMX conversion. Similar results were obtained upon performing persulfate-
activation related processes such as solar/TiO./S,0s> [182], solar-TiO,@Fe,O3/PS [9] and
vis-TiO,/FeOCI/PS [184], which all reported that photogenerated h* is the main oxidative
species. On the other hand, AMX conversion was reduced to 20% and 45%, in presence of
MeOH and t-BuOH, respectively. Accordingly, SO,°" plays more significant role than HO",
as expected due to acidic conditions applied. Presence of BQ resulted with rather low

inhibition, up to 47.5% of AMX degraded, suggesting that O, contributes only with a minor
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role. Therefore, the overall order of ROS in decreasing contribution by photocatalysis + PS is
the following: h™ > SO4* > HOe > 0,"".

The combined mechanism depiction of the three photocatalytic systems is shown in
Figure 51. Conventionally, combination of TiO, and Fe,O3 leads to formation of Type 1
heterojunction [5], where the valence band(VB) and conduction band (CB) of Fe,Os are in
between the VB and CB of TiO,, (Figure 51, Before Contact). However, such heterojunction
formation is unfavorable for effective separation of photogenerated charges (e/h*) due to the
migration-accumulation to Fe,O3. Xia et al. [234], Liu et al. [235], and Mei et al.[223]
proposed that in order to achieve greater charge separation between Fe,O3z and TiO,, the
fermi level of each semiconductor must be equalized. Thereafter, photogenerated electrons
can now flow from CB of Fe,O3 to CB of TiO, under visible light irradiation (Figure 52,
After Contact). Additionally, photogenerated e can react to O,, H,0, and S,0¢” vielding
0", HO+ and SO,*, respectively, while photogenerated holes reacts directly to AMX and
HO™ forming HO-.

TiO, a-Fe,0, Tio, a-Fe,0,

Before Contact After Contact

Figure 51. Proposed charge transfer mechanism between Fe,O3; and TiO, heterojunction
before and after contact, under visible light irradiation

4.2.4 AMX Transformation Byproducts and Toxicity Evaluation

The transformation products (TPs) of AMX in photocatalysis, photocatalysis + H,O5,
and photocatalysis + PS systems were investigated and identified using LC-HRMS-Orbitrap
in positive and negative modes. The TPs detected and their corresponding mass spectra are

presented in Table S5 and Figures S9-S16, Appendix, respectively. Annotated Amass (error)
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between experimental mass-to-charge ratio (m/z) and theoretical values (m/z) of all proposed
chemical formula are less than = 2 ppm and with FISh coverage score > 43.50, which allows
accuracy in the assignment of elemental composition and fragment ion elucidation,
respectively. It must be noted that only results from positive modes are elucidated, since all
results from negative modes showed FISh coverage score < 40 %. As shown in Figure 52,
three TPs (TP 384 (H1), TP 384 (H2) and TP 366) were detected in all processes studied. TP
384 (H1) and TP 384 (H2) correspond to penicilloic acid (C16H2:N306S) (a.k.a. hydrolysis
by-product of AMX), which were formed by the reaction of H,O molecule to the strained
four-membered g-lactam ring of AMX [188,189]. TP 366 corresponds to amoxicillin 2°,5’-
diketopiperazine (Ci6H19N30sS), which is formed via loss of H,O and then further
condensation of TP 384 (H1) or TP 384 (H2) [240].

TP 367 was detected in both photocatalysis and photocatalysis + H,O, treatments, and
is attributed to two-step successive transformation (i.e., 1. oxidative deamination, and 2.
reduction to alcohol) of AMX (Figure S17). Oxidative deamination by-products formation of
f-lactam derivatives were ascribed to the abstraction of a-hydrogen atoms leading to the
formation of a carbonyl derivative [241]. In such a case, >CH-NH, moiety of AMX could be
transformed to imine moiety >CH=NH, and then further cleavage of carbon-nitrogen double
bond occurs, yielding C=0 moiety, TP (m/z) = 365. However, it must be noted that the
intermediate TP (m/z)=365 was not detected in any of the photocatalytic processes studied
since its carbonyl moiety was further reduced to alcohol, forming the detected derivative, TP
367. The involved reduction reaction may be attributed to photocatalytic hydrogenation of TP
365 with the assistance of AMX as “self” hydrogen donor (H") and sacrificial agent.
Similarly, Wei et al. reported simultaneous hydrogen production and degradation of AMX
using Bi spheres-g-C3Ny4 [242] and MoS,@2Zn,Cd;«S [243], supporting the assumption that
persistent organic pollutants can be used as sacrificial electron donors. Conventionally, low
C-atom alcohols (i.e. methanol, ethanol, isopropanol, triethanolamine etc.) and low C-atom
carboxylic acids (i.e. lactic acid) are used as sacrificial electron donor for photocatalytic
hydrogenation and H, production [5,244]. In this case, it can be assumed that AMX and its
by-products (i.e., low C-atom species) mimic the role of lower C-atom alcohols in
photocatalytic hydrogenation/hydrogen forming reactions.

Three oxidation TPs (TP 382 (S-O), TP 382 (E1) and TP 382 (E2)) were detected in
both photocatalysis + H,O, and photocatalysis + PS treatment processes. Accordingly, TP
382 (S-0) was formed via attack of SO,* and/or HOe to the sulfur atom of thioether moeity

by electron transfer mechanism and was confirmed by molecular orbital calculations [188].
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TP 382 (E1) and TP 382 (E2) are ascribed to monohydroxylation of AMX. AMX reaction
centers that are susceptible to HOe- attack are illustrated in Figure 52. Based on MS2 results,
hydroxylation on the methyl (Cs, and Csp) and aromatic ring (Ci1-14), are all ruled out due to
detection of fragments (m/z) 131.01610, and 107.04916, respectively (Figure S10.1).
Moreover, the fragment proposed by Trovo et al. C;H13N203S (m/z =189.0686) and other
related fragments [189], which accounts for hydroxylation in Ng position (Figure 52) are not
detected in this study. Instead, (m/z = 189.06583) fragment was detected, which accounts to
C1oHoN,O, as proposed by Compound Discoverer™ (Figure S$10.1). Both SO,*~ and HOs»
are expected to attack the sulfur atom of AMX to generate sulfur centered radical cation via
electron transfer mechanism [188]. Thereafter, this radical cation can be deprotonated to
generate a-thioether radical, which are susceptible for hydroxylation (Figure 53). As such,
TP 382 (E1) and TP 382 (E2) are proposed since hydroxylation can occur on the

positive/negative lobe of the a-thioether radical’s vacant p-orbital [245].
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Evolution and conversion profiles of TPs obtained from three different photocatalytic
processes are presented in Figure 54-56 respectively. As can be seen in Figure 54A
(photocatalysis), four by-products are detected; TP 366, TP367, and the hydrolysis by-
products TP 384 (H1) and (H2). As compared to process toxicity profile (Figure 54B), it can
observed that the sample reached the maximum 4.15 toxicity units (more toxic than initial
level) at 25% AMX conversion. This result can be ascribed to TP 366 evolution which also
reached its maximum area at the same point (i.e. 25% AMX conversion). Namely, TP 366 is
amoxicillin 2°,5’-diketopiperazine, a known by-product of AMX, which is already detected in
Israel water effluents [240] and Spain river water samples [34]. Nevertheless, it must be
noted that toxicity units dropped to 1.12 after reaching 50% AMX conversion which
coincides with the decrease in TP 366 concentration as well. Although TP 384 (H2) is the
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dominant by-product in photocatalysis process, it showed minor contribution to the overall
toxicity. TP 367 also showed minor contribution to overall toxicity, despite increasing
formation (between 50-99% AMX conversions extents). Clearly, the spike up in toxicity units

is directly linked to TP 366 formation.
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Figure 54. Evolution and conversion of identified AMX transformation by-products for
photocatalysis (A), photocatalysis and corresponding toxicity towards V. fischeri (B); catalyst
= immobilized 5% (w/w) Fe,O3/TiO;
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As shown in Figure 55A (photocatalysis+ H,0,), seven by-products are detected; TP
366, TP 367, TP 382 (E1 and E2), TP 382 (S-O) and TP 384 (H1 and H2).
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Figure 55. Evolution and conversion of identified AMX transformation by-products for

photocatalysis (A), photocatalysis + H,O, and corresponding toxicity towards V. fischeri (B);

catalyst = immobilized 5% (w/w) Fe,O3/TiO;

106



As compared to process toxicity profile (Figure 55B), it can observed that the sample
reached the maximum of 3.01 toxicity units (more toxic than initial level), at 10% AMX

conversion.
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This result can be ascribed to combined toxicity of TP 382 (S-O) with TP 366 and TP 384
(H1). It must be noted that TP 382 (S-O) also reached its maximum area at the same point
(i.e. 10% AMX conversion). As reported in literature, TP 382 (S-O) was found to be a
contributor to the overall toxicity of persulfate-treated AMX aqueous solution[9].
Accordingly, toxicity units dropped down to 1.52 upon reaching 25% AMX conversion,
which coincides with the decrease in TP 382 (S-O) concentration. The maximum of TP 366
was reached at 50% of AMX conversion, exhibiting no abrupt effect on the toxicity of the
sample. Such results may be ascribed to the “antagonistic” effect of other TPs, such as the
presence TP 384 (H1), which may eventually result in the reduced toxicity of TP 366 [246].
In Figure 56A (photocatalysis + PS), six byproducts were detected: TP 366, TP 382
(E1) and (E2), TP 382 (S-0), and TP 384 (H1 and H2). As compared to the process toxicity
profile (Figure 56B), it can be observed that the sample reached the maximum of 2.53
toxicity units (more toxic than initial level) at <99% AMX conversion. This result can be
ascribed to the increased formation of TP 382 (E1) and (E2), as well as TP 382 (S-O), which
also reached their maximum concentrations at the same point (i.e. <99% AMX conversion).
All remaining TPs (i.e. TP 366, TP 367, and TP 384 (H1 and H2)) showed no synergistic

and/or antagonistic effect on the overall toxicity.

4.2.5 Stability Test

Stability tests were performed for three consecutive cycles using the immobilized 5%
(w/w) Fe,03/TiO, photocatalyst with the optimum conditions obtained in section 4.2.2. As
shown in Figure 57, AMX conversion of <99% was achieved in three consecutive cycles of
photocatalytic experiments containing PS and H,0,. However, 95% and 85% AMX
conversions were achieved in the second and third cycles, respectively, of the sole
photocatalysis process. The loss of activity of the immobilized photocatalyst during
photocatalysis (without oxidant) in consecutive cycles was mainly due to overexposure (3900
min/cycle) compared to other processes containing PS and H,O, (380 and 720 min/cycle,

respectively).
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Figure 57. %AMX conversion by photocatalysis, photocatalysis +H,0O, and photocatalysis +
PS during three consecutive cycles. (Experimental conditions: [AMX] = 0.050 mM; initial
pH =4.808; [PS] = [H.0.] = 1.873 mM; reaction time: photocatalysis (3900 min-cycle™);
photocatalysis + H,O, (720 min-cycle™); photocatalysis + PS (380 min-cycle™);

catalyst = immobilized 5% (w/w) Fe,O3/TiO,
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4.3 Comparison of solar and visible light activated processes

The process solar-TiO,@Fe,O3/PS (as described in section 4.1) showed superior
performance in terms of AMX removal compared to the processes described in section 4.2
(i.e., vis-(5% (w/w) Fe,O3/TiO,, vis-(5% (w/w) Fe O3/TiO/H,0, and vis-(5% (w/w)
Fe,03/TiO,/PS) as shown in Table 19. This superior performance is mainly due to the ability
of TiO; to be activated during solar irradiation. Moreover, it worthy to mention that the overall
toxicity of the treated water containing AMX is less toxic compared to its original state, under solar-
TiO,@Fe;03/PS process.  Nevertheless, it must be noted that TiO,@Fe,O; exhibits poor

performance in visible light (Figure 39), which is attributed for inactivity of TiO, in visible light

irradiation.

On the other hand, 5% (w/w) Fe,O3/TiO, showed improved photocatalytic activity
compared to TiO, (Figure 47) under visible light irradiation. The improved activity is mainly
due to the exposed Fe,O; in the composite and to the heterojunction formation. Meanwhile, it is
noteworthy to mention that 5% (w/w) Fe,O3/TiO, showed less photocatalytic activity compared
to TiO, under solar light (Figure S5.1). In a similar study, Li.et al. [230] results showed that
TiO, have superior photocatalytic activity over prepared Fe,O3/TiO, when photodegrading
oxytetracycline under UV light. Nevertheless, it must be noted that most of the reported
literature for Fe,O3/TiO, suggest that incorporation of Fe,O3; into TiO, promotes solar
activity [231]. As such, it is critically implied that synthetic technique on the prepared
Fe,O3/TiO, composite plays a crucial role in the overall activity. Meanwhile, vis-(5% (w/w)
Fe,03/Ti02/H,0, and vis-(5% (w/w) Fe,O3/TiO,/PS, showed superior performance compared
to vis-(5% (w/w) Fe,Os/TiO,-without oxidant, which results account mainly to the presence
of oxidants.

Table 19. Comparison of photocatalytic processes in this dissertation

Process Co?I\s/’ltl:\f:\?I'E;,e ><l %0'7 Re mA(\JI\\//Ia>I< (%) Rem(ovgl)time
-min min
solar-TiO,@Fe,03/PS 7.40 <99 120
vis-Fe,03/TiO; 0.35 <99 3900
Vis-Fe,O3/TiO,/H,0, 1.41 <99 720
vis-Fe,03/TiO,/PS 1.51 <99 380
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5. CONCLUSIONS
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The sandwich-type composites made of commercial TiO,-P25 and a-Fe;O3 with
different layer configurations were successfully prepared by spin coating, and thereafter
tested for photocatalytic activity in the presence and absence of PS under simulated solar
irradiation using pharmaceutical AMX as targeted CECs.

SEM analysis showed that prepared layers within sandwich-type composites are
rather thin (1.06+£0.20 um), while DRS analysis revealed the semi-transparence of the top
layer enabling simultaneous photo-activation of both top and bottom layers. Such property is
shown to be beneficial particularly for the activity of TiO,@Fe,O3 composite, particularly in
the presence of PS. Namely, TiO,@Fe,O3 showed superior activity under simulated solar
irradiation and PS presence among all studied composite combinations and their pure
components. Such marked improvement of photocatalytic activity was due to the successful
suppression of the recombination of photogenerated charges (e7/h*) within TiO, by allowing
inter-sandwich layer migration of photogenerated e towards o-Fe,Os. Additionally, as
revealed by DFT calculations, LUMO of PS is able to accept photogenerated e from TiO,,
which then led to the generation of SOy4¢ , yielding the improved AMX degradation. RSM
modeling demonstrated that acidic conditions are favorable for AMX degradation by solar-
TiO,@Fe,03/PS process. The experiments using common ROS scavengers showed that
AMX degradation was mainly driven over SO4» and HOs, clearly emphasizing the important
role of photogenerated h* as a result of effective suppression of charge recombination,
yielding enhanced ROS generation at both h* and e". Biodegradability of AMX solution was
significantly improved, while the changes observed during the treatment can be correlated
mostly with mineralization kinetics, that is, decrease in overall organic content by progressed
mineralization of benzene moiety of AMX molecule via hydroxylation pathway similar to
that of phenolic compounds. Toxicity changes of AMX solution during solar-
TiO,@Fe,0O4/PS treatment are correlated with  (poly)-hydroxylated by-products
evolution/degradation; their disappearance from the system yielded a significant toxicity
decrease of treated solution.

Fe,O3/TiO, nanocomposites were successfully prepared using an
impregnation/calcination technique of TiO,-P25 and Fe(NOs3)3-:9H,0. XRD and RS analyses
revealed that the obtained iron oxide was hematite, o-Fe,Os. Moreover, XRD, RS, XPS, and
SEM/EDXS showed successful incorporation of a-Fe,Oz with TiO,. DRS results showed
improved visible-light absorption and a decrease in overall bandgap values of
Fe,O3/TiO, nanocomposites upon increasing a-Fe,O3 content. Electrochemical experiments

(EIS and photocurrent responses) revealed improved charge separation (e /h*) of the
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obtained nanocomposite compared to its individual components (i.e., TiO; and o-Fe;03).
Specifically, 5% (w/w) Fe,O3/TiO, showed the highest photocatalytic activity based on
preliminary photocatalytic experiments, as well as on the PL spectroscopy results. The results
obtained from RSM modeling showed optimum conditions of [PS] = 1.873 mM and pH
4.808. Photocatalysis + PS achieved fastest AMX conversion, possessing a higher zero-order
rate constant (k= 1.51 x 10 M-min ") compared to photocatalysis + H,O, (k= 1.41 x
10" M-min™!) and photocatalysis only (k = 0.35 x 10" M-min*). ROS scavenging showed
that photogenerated h* played the major role for AMX conversion in all processes. Toxicity
changes of AMX solution were associated with TP 366 during photocatalysis, TP 382 (S-O)
during photocatalysis + H,O,, and hydroxylated TPs (i.e., TP 382 (S-O) and TP 382 (E1 and
E2)) during photocatalysis + PS. It is important to note that these AMX TPs greatly affected
the toxicity of AMX solution during treatment in general.

Overall, removal of AMX was superior by using TiO,@Fe,O3 under solar irradiation
over the as-prepared Fe,O3/TiO, under visible light irradiation (via impregnation-
calcination). Different synthetic techniques must be focused in order to improve Fe,O3/TiO,
photocatalytic activity over solar and visible light irradiation. A careful monitoring of TPs

must be made specifically when using photocatalysis in water treatment processes.
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Table S1. The structure and characteristics of AMX and the characteristics of AMX solution

prior to the treatment (measured in this study)

CAS: 26787-78-0 Aqueous solution of AMX:

Molecular formula: Concentration: 0.05 mM
Ci16H19N305S BODs: 0.58 mg O,-L™

Molecular weight: COD: 34.1 mg O,-L™

365.4 g mol™ Biodegradability (BODs/COD): 0.017

Purity of standard: 96% TOC:9.22mg C-L™*

Toxicity:
(Vibrio fisheri): ECso(15 min) = 17.79 mg-L™, TU = 1.03
(Daphnia magna) ECso(48 h) = 33.83 mg-L™, TU = 0.54
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Table S2.1. FFD matrix for AMX degradation rate constants (kqps) by solar-TiO,@Fe,O3/PS

process after 50 min treatment

Variables _
Experimental results Response, Y
E;;p- X1 Xz
coded coded kobs(AMX), X107 M-min™
1 -1 -1 5.06 4.84
2 0 -1 2.10 2.64
3 1 -1 0.96 0.64
4 -1 0 7.23 7.29
5 0 0 5.45 5.13
6 1 0 2.90 3.16
7 -1 1 6.36 6.52
8 0 1 4.61 4.39
9 1 1 241 2.47
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Table S2.2. FFD matrix for AMX removal rate constants (Kops) by vis-(5% (w/w)
Fe,03/TiO,)/PS process after 150 min treatment

Variables
Experimental results Response, Y
EXp. X1 X2
#
coded coded Kobs(AMX), x 107 M-min™

1 -1 -1 1.29 131
2 0 -1 1.27 1.23
3 1 -1 0.65 0.66
4 -1 0 1.48 1.46
5) 0 0 1.40 141
6 1 0 0.87 0.87
7 -1 1 1.35 1.34
8 0 1 1.30 1.32
9 1 1 0.82 0.81
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Table S3. Analysis of variance (ANOVA) of RSM model predicting AMX degradation rate

constants (Kqps) by solar-TiO,@Fe,O3/PS process after 50 min treatment

Statistical analysis

Factor
(coded) SS df MSS F p
Model 35.37 5 7.07 30.50 0.0089*
X1 25.54 1 25.54 110.16 0.0018*
X2 0.02 1 0.02 0.09 0.7881
X2 4.61 1 4.61 19.89 0.0210*
X2 5.18 1 5.18 22.36 0.0179*
X1%X 0.01 1 0.01 0.02 0.8861
Residual 0.70 3 0.23
Total 36.06 8

*p<0.05 means that model or model term is significant
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Table S4. Analysis of variance (ANOVA) of RSM model predicting AMX removal rate
constants (Kops) by vis-(5% (w/w) Fe,03/TiO,)/PS process after 150 min treatment

Statistical analysis

Factor
(coded) sS df MSS F D
Model ~ 0.7014 5 0.1403 136.37  0.0010%
Xq 0.5281 1 0.5281 513.33  0.0002*
X2 01217 1 0.1217 11829  0.0017*
X; 0.0113 1 0.0113 10.95  0.0454*
X2 0.0374 1 0.0374 3631 0.0092*
X;x X,  0.0030 1 0.0030 2.94 0.1849
Residual ~ 0.0031 3 0.0010
Total  0.7045 8

*p<0.05 means that model or model term is significant
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Table S5. Accurate mass measurements found by LC-MS-Orbitrap of protonated AMX conversion products and their corresponding fragment

ions
R, m/z
Compound  Chemical Formula RDBE Annotated FISh Coverage Suggested chemical structure Photocatalysis Photocatalysis Photocatalysis Reference
(min) (Experimental)
Amass + +
(ppm) H,0, Persulfate
1.180 AMX C1sH2oN305S [M+H]" 366.11102 8.5 [189,247]
Ci6H17N,05S [M+H-(NH;)]* 349.08459 95
NH
CisH17N,0,S 321.09079 85 -1.68 64.71 2H y
CuHgNOsS 234.02155 85 HO’@/SfN 1 s _— e .
C1oH1oNO,S 208.04260 6.5 0 H\K
o] 3
CsH1oNO,S 160.04242 25 O//'-.OH
C4HNOS 114.00060 35
0.397 TP 382  CysHaoNsOS [M+H]* 382.10617 8.5 -
(ED) Ci6H17N206S [M+H-(NH3)]* 365.07965 95 Proposed
C10HeN,0, 189.06583 75 X 4 4 Structure
CoHsNO, 162.05482 6.5 -1.48 43.75 NHz |,
y HO
CsH1oNO,S 148.04237 15 HomN Y 5
CsH/0,8 131.01610 25 0 N\><
CsHs0S 113.00550 35 0
Z~OH
C:H,0 107.04916 45 0
0.532 TP 382  CyHaoNsOS [M+H]* 382.10614 85 - Proposed
(E2) Ci6H17N206S [M+H-(NH;)]* 365.07974 9.5 -1.46 56.67
Structure
C10HgN,0> 189.06616 75 NH,
H
CoHaNO, 162.05492 6.5 [\I,] H X v v
CsH1oNO,S 148.04259 15 HO S
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0.929

1.106

1.146
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1.669
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0)

TP384

(H1)

TP384

(H2)

TP367

TP366

CsH,0,S
CsHs0S
C/H/,0

Ci6H20N306S [M+H]*
CisH17N206S [M+H-(NH3)]"
C15H17N20s

CoHgN,O

Ci6H22N306S [M+H]*
CisH19N206S [M+H-(NH3)]"
C15H10N204S

C7H13N,0,S

CeH10NO,S

Ci6H22N306S [M+H]*
CisH19N206S [M+H-(NH3)]"
C15H19N204S

C7H13N,0,4S

CsH1oNO,S

Ci6H10N206S [M+H]*
CisH17N205S [M+H-(H20)]"
Cy1HgNO3S

CgH1oNO,S

C4H4NOS

Ci6H20N305S [M+H]*
C10H1uN2O;5
CsH1oNO,S

CsHgNS

131.01564
113.00517
107.04927

382.10602
365.07938
337.08368
161.07129

384.12177
367.09509
323.10626
189.06905
160.04237

384.12170
367.09537
323.10568
189.06898
160.04245

367.11459
349.08456
234.02122
160.04240
114.00066

366.11102
207.07625
160.04257
114.03694

25
35
4.5

8.5
9.5
8.5
6.5

7.5
8.5
7.5
2.5
2.5

75
8.5
7.5
25
25

7.5
8.5
8.5
25
35

8.5
6.5
2.5
25

H p O
N D

-1.44 HO ; .8
(o}

100.00
/
o7 ~OH
-1.71 72.73 NHz |, OH
N -Ciq
5wl
HO g~ TNH
-OH
HsC™ Ghy
-1.90 80.00
NHz ., OH
N 4Cs
IoRte:
HO SA/NLH
-OH
C
HC o, T
o}
-1.70 66.67
OH
i H
f.f}.' \J/ N }:{
HO SN =/ ] S
o N/
o} 3
Vi
o7 ~OH
-1.83 66.67
OH
Q H
HO
HNj2_<S &

AN

[248][249,
250]

[189]

[189]

Proposed

Structure

[189]

133



Intensity (a.u.)

TiO,-P25 1% Fe,0, /TiO, 3% Fe,0,/Ti0, 5% Fe,0,/TiO, 10% Fe,0, /TiO, 20% Fe,0;, /TiO,

Figure S1. Photo images of TiO, (P25) and TiO,/Fe,O3 nanocomposites
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Figure S2. Full Spectrum Coverage of LED used in PEC tests
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Figure S3. Kinetics of AMX degradation by solar-TiO,@Fe,03/PS, Experimental conditions

set by FFD (Table S2.1, Appendix)
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Figure S5.1. Photocatalytic removal of AMX using prepared photocatalysts under solar
irradiation (Conditions: [catalyst dosage]= 0.5 g/L ; [AMX]= 0.050 mM ; initial pH = natural
pH (5.5))
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Figure S5.2. Photocatalytic removal of AMX using prepared 5% (w/w) Fe,O3/TiO, under
visible light irradiation with different PS concentration; (A) removal profile and (B) %
removal per different PS concentration (Conditions: [catalyst dosage]= 0.5 g/L ; [AMX]=
0.050 mM ; initial pH = natural pH (5.5))
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Figure S6. Photo image of immobilized 5% (w/w) Fe,O3/TiO, nanocomposite onto glass
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Figure S7. AMX photocatalytic treatment by vis-(5% (w/w) Fe,Os/TiO,)/PS. Experimental
conditions set by FFD (Table S2.2, Appendix)
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Figure S9. MS and MS spectra of AMX
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Figure S11. MS and MS2 spectra of TP 382 (E2)
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Figure S13. MS and MS2 spectra of TP 384 (H1)
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Figure S15. MS and MS2 spectra of TP 367
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