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ABSTRACT

This researclhvasmainly focused on the synthesis by microwassisted method to
produce a low bandgap energy N/B@&®O nanocomposite photocatalyst used to remove
organic micropollutantfOMP9 under different irradiation sourcdsitially, the influence of
temperature and reaction time in the microwave (MW) oven on the final properties o N/TiO
was investigatedAlso, the effect of nitrogen doping was researched using urea as a nitrogen
source. It also explored the effect of reduced graphene oxide (rGO) and its synergy with
nitrogen doping. All synthesized materials were characterized -bgyXiffraction (XRD),
Raman spectroscopy (RS), infrared spectroscopy (FTIR), diffuse reflectance spectroscopy
(DRS), electron microscopy (SEEDS), nitrogen adsorption/desorption isotherms (BET),
while the most photoactive materials were additionally characterized by photoelectr
spectroscopy (XPS). The synthesized materials were tested in the degradation of ciprofloxacin
(CIP), while the most photoactive material (N/B@O) was further evaluated in the
degradation of diclofenac (DCF) and salicylic acid (SA) under different irradiation sources.
Immobilization of the photocatalyst on a suitable support is crucial for practical application in
the watettreatment proces3herefore the most photoactive N/TUDGO nanocomposite was
immobilized over a alumina (AbOs) ceramicfoam to evaluate the photocatalyst stability and
reusability.

Results revealed that it is possible to obtain crystallif@ (anatasephasé by the
microwaveassisted methooh a short period (up to 10 minutes) with@utbsequent thermal
treatmen It was found that the reaction temperature is the most critical parameter in
comparison to the reaction time. On the other hand, although nitrogen content does not affect
morphological propertiesf the photocatalystit influences the photocatalytic performance,
especially under visible irradiation sources. Additionalg rGO incorporation increased the
specific surface area of the photocatalyst and improved the photocatalytic activity, specifically
under solar irradiation, due to hindering the recombination phenomenon. The photocatalytic
evaluation showed that CIP aB& removal were achieved by a synergistic effect of adsorption
and photocatalysis, while DCF removal was done solely by photocatdResimrding the
irradiation source, the results suggested that the photocatalytic mechanism and kinetic model
rely mainlyon the type of pollutant rather than the irradiation sodteeas found that although
the irradiation source does not influence either the photocatalytic mechanism or the kinetic
model, it impacts the degradation rate. The immobilized photocatalyst showed that the material
is stable after 19 consecutive photobata cycles without losing photoactivity.



Key words: Microwave-assisted synthesis photocatalysis; N/TiO/rGO; irradiation

sources;organic micropollutants; transformation products; water treatment.
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Voda je jedan od bitnhtHOHPHQDWD 4LYRWD MHU VH QD QMRM \
DNWLYQRVWL D 2SuD VNXS3é2010Q@ DpristvpH@IL gpodlasia Lljkdsird U R G D
SUDYRP OH i XoUIDR/ VE ¥ Ve Dglpiiam QZatljenje doveli su do globalne vodne
NUL]JH 8 QHGDYQLP LVWUDALYDQMLPD SURFMHQMXMH VH G
RIELOMQRP QHVWDALFRP YRGH EDUHP MHGDQ PMHVHF JRGL
SRGUXpMLPDP LUILMRQALPQR YLVRNLP UL]JLNRP RG QHVWDAI
QHGRVWDWNRP YRGH VWDOQL UD]YRM QRYLK NHPLMVNLK
QMLKRYR LVSXawDQMH X YRGQH WRNRYH EH] RGJRYDUDMX
LIDJRY NRML SRMDpDYD NUL]X V YRGR PpoRrmd& Usthrena @ M L K
na takozvanaRUJDQVND PLNUR]D,JibtgdrisaBa@avn@d a farmaceutske
proizvode, proizvode za osobnu njegu, dezinfekcijske nusprodukte, endokriludatore sve
njihove nusprodukte transformacija zbogQMLKRYD PRJXUHJ QHJDWLYQRJ XV
IHNROLNR MH VWXGLMD SRND]DOR-ov Dnije Rakd PuklgnitiQ MHQLF
NRQYHQFLRQDOQLP SRVWURMHQMLPD ]D SURpLAUDYDQMH R
X RNROL&X L PRJX V tetre djRIDjUNAa Rod@el sudbaveli m@g ugroziti zdravlje
OMXGL 6 REJLURP QD QHVWDALFX YRGH L NRQWLQXLUDQL
GLOMHP VYLMHWD SRQRYQD XSRUDED YRGH SRVWDMH QDN
YRGRP OHWOWRPEL VH |DMDPpPLOR S RWaS sigumost faddv@eM D QMH
XSRWUHEH YRGH PRUDMX VH LPSOHPHQWLUDWL QRYH WHK
XUHYyDMLPD ]D SURpLAUDYDQMH RWSDGQLK YRGD

Napredni oksidacijski procesi (engldvanced oxidation processég)P) smatraju se
zanimljivim alternativama za uklanjane OMRYD L] RWSDGQH YRGH V YLVRNR
RNVLGDFLMH L EH] VHNXQGDUQRJ Rif# pdtérigdr@ foDkatdlizag X U D]C
NRULAWH@WMWPLYRR VH SURXpPpDYD JERJ L]YDQUHGQH IRWRNTEL
LIYUVQH NHPLMVNH VWDELQ RaktWra svjet@shovinRaxéfdgijpr® RojawW L 7 L
proizvodi reaktivne kisikove vrste (RKV), koje potom mogu nddelao oksidirati OMZove.
OHyXWLP JERJ AaLURNRJ HQHUJLMVNRJ S URivNHS Bamo H9
XOWUDOMXELpDVWLP 89 VYMHWORP VPDQMXMXiL QMHJR)

89 YLGOMLYR 'RGDWQR XpLQDN EU]JH UHNRPELQ
HOHNWUR®MEXSIRMLQHURL]YRGH 5.9 PRAH XPDQMLWL IRWRN
Stoga, kako bi se prevladala ova dva glavna nedostatka, dopiranjejed@a je od
QDMLVWUDALYDQLMLK VW Wb iakidntinddie I3 W/FSALN HHECOMHD QRMA R SIUDF



aktivnostiTio X YLGOMLYRP GLMHOX JUDpHQMD NDNR EL VH SRYH
6XQpHYR JUDpPHQMH

'RSLUDQMH PHWDOLPD NDR aWRitjatxoje Ga SR\E RPXM aXQ )|
IRWRN DREVDINOLIWIQORNYVW X YLGOMLYRP SRGUXDRIOXdiddhgegX WLP Y
PHWDOD JERJ QLVNH WRSOLQVNH VWDELOQRVWL PRJX EL
SULPMHQMLYRVW 6WRJD MH GRSLUDQMH QHPHWDOLPD NDI
]D SREROMADQMH IRWRDNWLYQRVWL 6X0Q LNYWWPD W DHH @M H
VOLPQRVWL QMHJRYD DWRPVNR2Z dipiias IGKAVYNRY BSRWIDNBRKL
IRWRNDWDOLWLPNX DNWLYQRVW GMHORYDQMHP YLGOMLYR.
HQHUJHWVNLK UD]JLQD NRMH VPDQMXMX HQHUJLMVNL SURF
pogoduje formiranju anatas AAD]H NRMD LPD QDMYHUX IRWRNDWDOLWL
ostale TIQ SROLPRUIH 6 GUXJH VWUDQH UHGXFLUDQL JUDIHQR
pozornost kao materijal za pripravu kompozita na bazi,TT&@& RJ VYRMH YHOLNH VS
SRYUALQH L GREUNWUIRQYINHVNRGOMDHRVWL NRML EL PRJ
fotoaktivnosti TiQ. Nedavne studije pokazale su da spajanje rtGO 3s RARASIREROMADW L
IRWRNDWDOLWLPpNX DNWLYQRVW MHU U*2 GMHOXMH NDR SR
L VPDQMXMXuUL XpLQDN UHNRPELQDFLMH 6WiRagR HEL LQWH.
]DQLPOMLY SULVWXS |D UMHADYDQMH GYDR JODYQD SULMH

Uz dopiranje, metoda sinteze HALPD YDaQX XORJX ]JERJ XWMHFDM
PRUIROR&AND L RSWLPpND VYRMVWYD NRMD HREUNHYyXMXLKNMSEQ
konvencionalne metode sinteze su-9dHO PHWRGD NHPLMVNR WDORAHC
hidrotermalna sinteza, itd. Glavni nedostatak ovih metoda je stagmje VLQWH]H OHyYyXWL
mikrovalno potpomognuta metoda pojavila se kao nekonvencionalna metoda zagrijavanja i
nedavno je postala atraktivna alternativa konvenciomalmetodama VLQWH]H ]J]ERJ NUD
trajanaVLQWH]H L PDQMH SRWURaAQMH HQHUJLMH 2YH SUHGAQ
uglavnom su posljedica izravnog ("u jezgri") zagrijavargakcijske smjese mikrovalnim
JUDpHQMHP &aWR MH SRVOMHGLFD EU]JH SUHWYRUEH HOHN!
VPDQMXMXuL JUDGLMHQW WHPSHUDWXUH XQXWDU UHDNFLN

s homogenijim svojstvima.

2VLP YHOLNRJ HQHUJLMVNRJ SURFMHSD L pladWRUD UH
REOLNX VXVSHQ]JLMH SUHGVWDYOMD WHKQLpPpNH L HNRQRPV
XSRUDEX IRWRNDWDOL]DWRUD X SURpLaAauDYDQMX RWSDGQ



separacije Ti@ praha i pojednostavila daljnja ponovna uporaba fotokatalizatoraz 36O

LPRELOL]JLUD QD UD]OLpLWH VXSVWUDWH NDR aWR VX VWDI
ImobilizacijaTiO QD NHUDPLPNX SMHQX NDR VXSVWUDW DNWLYQR
RYDM VXSVWUDW SUXaD L]JYUVQX NHPLMVNX LQHUWQRVW
VWDELOQRVW L YHOLNX VSHFLILPQX NRQWDNWQX SRYUal

imobhilizaciju fotokatalizatora.

6WRJD VH RYR LVWUDALYDQMH XJODYQRP XVUHGRWRD.
TiOV QLVNLP HQHUJLMVNLP SURFMHSRP NRULAWHQMHP QHNI
potpomognutesinteze Razvijeni fotokatalizator mogao bi se koristiti za uklanjanje GdWA
L] YRGH X] XpPLQNRYLWR N R URrdo)eHdMetjefiaX ojgdd térbpelatude) H Q M D
vremenarajanjaUHDNFLMH L VDGUADMD GXALND QD VWUXNWXUQD
TiO, GRSLUDQRJ G X 3 lz&l &Rnjabje7dipPofloksacQD &,3 X] 89% 6XQpHY
YLGOMLYR JUDpHQMH O5H]XOWDWL VX SRND]DOL GD VH YHUI
SUL YLARM WHPSHUDWXUL f& GRN YULMHPH UHDNFLMH
XpPpLQDN QD PRUIRORA&NRMVIWWR NODVWDLYHWIROPMB D MH WHPSF

u mikrovalno potpomognutoj sintezi T:O

6 GUXJH VWUDQH SURPMHQH NROLPLQH GX&ALND SRND]L
1 7L LPDMX |DQHPDULY XWMHFDM QD PRUIRORAND L RSWLpPN
SURPMHQH NROLPLQH GX&ALND LPDOH VX ]QDpsobMd @ XWMHF
YLGOMLYH L]YRUH JUDpHQMD 2YDM SR]JLWLYQL XpLQDN X.
QRYLP HQHUJHWVNLP UD]JLQDPD D QH VPDQMHQMX HQHUJHYV
IRWRQD X YLGOMLYRP VSHNWUXd Y¥YDY:IDEQ M HP RODLWPQ MAH (RHPQVRH
SREROMADQD IRWRNDWDOLWLpPND DNW L-YDQ R\ W B]WDLL XINVOHD @ Iy
JUDpHQMD OHYyXWLP QDNRQ SRYHUDQMD NRQFHQWUDFLMH
QD EU]JLQX UD]JUD G (ibHjdibtaty kdolLceGtat dekhNmibriacije koji pogoduje

rekombinaciji naboja.

IDNRQ aWR VX XVSRVWDYOMHQL UDGQL SDUDPHWUL X U
NROLpLQD GRSLUDQRJD GXALND SURFLMBHB @tM% (BD) MaH XORJ
PRUIRORAND VYRMVWYD L |R WFGOMhaMEk@TpWeitappd XazBrabwilirk Q R V W
UD]OLpLWDFABURIORNVDFLQ &,3 GLNORIHQDN '&) L VDOL
LIYRUH JUDpHQMD 89% 6XQpHYR L YLGOMLYR JUDpHQMH 8V
materijala koji je modifician dodatkom rGO, gdje e@HUJHWVNL SURFMHS VPDQWN



NROLpPLQH U*2 QLMH LPDOR SRJLWLYDQ XpLQDN QD IRWRNDMW
L]YRULPD JUDPHQMD SRYHUDQD NROLpPLQD U*2 VSUMHpPDYD
NDR UHNRPELQDFLMVNL FHQWDU NRMIO,RPRW R NIRWIRQILDMLL
LVSLWLYDQMLPD XVWDQRYOMHQR MH GD VH V QL&LP VDGUA&I
XWYUYyHQR MH GD MH JODYQL GRSULQRV U*2 QD IRWRNDWI
XND]XMXiL GD EL NRPELQD Edradife (GR Sbdlelofli MobraGixadegiR® L
SUHYODGDYDQM H fdokatdi@L pHQMD 7L2

=D XWYUYLYDQMH PHKDQL]PD 3R\ RNIPW QO B WL Y R LIPD] J
NRULAWHQH VX WYDUL NRMH L GtakdngeisRdieXse yenbriia n¥ Q H Y U
SRYUALQL IRWRNDWDOL]DWRUD 3URYHGHQH VX GRGDWQH V
SULPMHQD SULURGQRJIHPXQWBWL M)DBRMEPDOL GD VX NLQH
UD]JJUDGQMH XJODYQRP YH]DQL QD YUVWX RUJDQVNRJ PLI
7DNRYyHU XWYUVJyHQR MH GD SURFHV DGVRUSFLMH LJUD YDA&«
X] YLGOMA@RHUDHYyXWLP LDNR L]YRU JUDPHQMD WM LQ!
PHKDQL]DP UD]JJUDGQMH RQ ]JQDpDMQR XWMH|[PH DDONRY HD X
XWYUYyHQR MH GD MH X] SULURGQR 6XQ pdfofiRR dpk/j FELQMH S U
IRWRNDWDOL]D SRND]DOD GREUXD X EMOR RMNDWRMW G N OBILQ \
N/TiO; U*2 IRWRNDWDOL]DWRU PRJDR XpLQNRYLWR NRULVWLW

ova iz vode.

,PRELOL]DFLMD IRWRNDWDOL]DWRUD QD RGJRYDUDMX
primjenu u procesu obrade vode. Stoga je NTIO*2 QDQRNRPSRI]LW V QD
fotock WLYQRAEAUX SRND]DQRP X SUDANDVW®RPNREDRNXN X PR¥MHC
PHWRGRP XUDQMDQMD L QLVNRP WRS®OKaQ VexiRPzarbBlju D G R P
adheziju na supstrat Az SMHQH VWDELOQRVW L PRIJXUQRVW SRQR
PRIXUQRVW SRQRYQH XSRWUHIEBD ddeiREen® LsUL uzBspphdm 1l 7L 2
razgradnjom u nekoliR FLNOXVD ]D WUID UDDORIQLWIHNROLNR SRQIL
IRWRNDWDOLWLPpNLK FLNOXVD FLNOXVD IRWRNDWDOL
SRWYUYyHQD GREUD VWDELOQRVW L PRJXUQRVW SRQRYQH
NHUDPLpNY SWH@RDHQLP GUHOLMDPD SRND]DOD GREURP D
IRWRNDWDOL]DWRUD |[DWR a&WR VH WLPHDJIDYQ@¥waxmih RJUD QL
PMHVWD QD IRWRNDWDOL]DWRUX X] SRVWL]DQMH YHUH DN

realcije.



.RQDPARLPMHQRP YH]DQRJ VXVWDYD WHNXULQVNH NURTF

PDVD YLVRNH UD]JOXpLYRVWL 2UELWUDS jLUGWQWIPLFLUDQL

DCF QDVWDOL IRWRNDW D OSWLIPONNHR@ XUDDJ] O D BLOWLRKPLXY RUD U
SRND]DOL GD MH X] YLGO M ld¥tektitahi Radgradhth [ foei@akiaBtalti H i L Q D
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RESUMEN EXTENDIDO EN CASTELLANO

El agua es uno de los elementos esenciales para la vida porgque casi todas las actividades
humanas se basan en ella, declarada un derecho humano en 2010 por la Asamblea General de
las Naciones Unidas. Sin embargo, el rapido crecimiento demografico yrebaailento global
han provocado una crisis mundial del agua. Estudios recientes estimaron que la mitad de la
poblacién mundial experimenta una grave escasez de agua al menos un mes al afio, mientras
gue casi 1.500 millones de personas viven en zonas cdasgo ide escasez de agua alto o
extremadamente alto. Ademas de los problemas de escasez de agua, el desarrollo continuo de
nuevos productos quimicos para diferentes aplicaciones y su posterior vertido en cuerpos de
agua sin un tratamiento adecuado o irzls® tratamiento es otro desafio que intensifica la
crisis del agua. En los ultimos 20 afios se ha centrado una importante atencién en los llamados
microcontaminantes organicos (MCO)jntegrados principalmente por productos
farmacéuticos, productos de cuidado personal, subproductos de la desinfeccion, disruptores
endocrinos y todos sus subproductos de transformacion, debido a su posible impacto negativo
sobre el medio ambiente. Variostedioshan demostrado que, aparte del hecho de que las
plantas de tratamiento de aguas residuales convencionales (PTAR) no eliminan facilmente los
MCO, algunas son persistentes y podrian bioacumularse, dafiando el sistema acuatico y
amenazando la salud publicaniendo en cuenta la escasez de agua y el continuo aumento del
estrés hidrico en muchas regiones del mundo, la reutilizacién del agua se esta convirtiendo en
la solucion mas practica para superar la crisis del agua. Sin embargo, para garantizar la
eliminagon completa de los MCO vy la seguridad del agua de reutilizacién, se deben

implementar nuevas tecnologias de tratamiantipladas &s PTAR existentes.

Los procesos de oxidacion avanzada (POA) se han considerado alternativas interesantes
para eliminar los MCO de las aguas residyates alta eficiencia de oxidacion y sin
contaminaciéon secundaria. Entre los diferentes POA, la fotocatélisis heterogénea sie TiO
estudia activamente debido a su excelente actividad fotocatalitica, bajo costo, excelente
estabilidad quimica y no toxicidad. El Ti€e activa mediante la energia luminosa que produce
especies reactivasldexigeno (ERO), que posteriormente puedeidar los MCO de forma no
selectiva. Sin embargo, debido a su alta banda prohibida de energia (3,2 eV), la fotoactivaciéon
del TiO; se produce sélo por luz ultravioleta (UV), lo que dificulta su potenmsalcon
radiacion solar (4% UV, 48% Visible). Ademas, el rapido efecto de recombinacion de los pares
fotogenerados electron/huecef’) que producen las ERQpuede reducir la actividad
fotocatalitica del Ti@ Por lo tanto, para superar estos dos inconvenientes principales, el dopaje



del TiO2es una de las estrategias mas investigadas para prevenir el proceso de recombinacion
0 cambiar la respuesta optica del 7# rango de luz visible para aumentar la eficiencia

fotocatalitica bajo la radiacién solar.

El dopaje con metales, como Pd, Pt, Au, Cu, Fe, etc., ha mostrado una actividad
fotocatalitica mejorada en el rango visible; sin embargo, los altos costos del metal y la
probabilidad de lixiviacion del metal debido a la baja estabilidad téypackian ser un riesgo
para la salud, reduciendo su aplicabilidad. Por lo tanto, el dopaje con no metales, como N, P, S
y C, ha sido una forma mas practica y menos costosa de mejorar la fotoactividad bajo la
irradiacion del espectro solar. Entre los dopaje metalios, el nitrdgeno es ampliamente
estudiado debido a su similitud en radio at@rdon el oxigeno, haciendo mas probable la
sustitucion atomica. El Ti©dopado con nitrégeno ha mostrado una interesante respuesta
fotoactiva bajo luz visible, que puede atribuirse a la formacion de nuevos niveles energéticos
gue reducen la banda prohibida. Ademas, algunos estudios sugieren que el nitrégeno podria
favorecer laformacion de la fase anatasa del 7jita polimorfa mas fotoactiva del TiOPor
otro lado, el 6xido dgrafeno reducido (rGO) ha atraido mucha atencion como material para
producir compuestos de Ti@ebido a su alta area superficial y buena conductividad térmica y
electronica que podria mejorar la fotoactividad del.TiEstudios recientes han demostrado
gue acoplar rGO con Tipuede mejorar la actividad fotocatalitica porguesO actia como
un sumidero de electrones, separataBcargas fotogeneradas y reduciendo el efecto de
recombinacion. Por lo tanto, integrar el nitrégeno y el rGO en el @a@ria ser un enfoque
interesante para abordar los dos principales inconvenientes del m#ghcionados

anteriormente.

Ademas de la estrategia de dopaje, el método de sintesis dgud@@ un papel
importante debido a su influencia en las propiedades estructurales, morfoldgicas y Opticas, que
determinan la actividad fotocatalitica en general. Algunas estrategias de sintesis convencionales
comunes son el método ggel, deposicion quirna de vapor, métadhidrotermal, etc. El
principal inconveniente de estos métodos es el largo tiempo de sintesis. Sin embargo, el método
asistido por microondas surgié por primera vez comoméiodo de calentamiento no
convencional y recientemente se ha convertido en una alternativa atractiva debido a su menor
tiempo de sintesis y menor consumo de energia en comparacion con los métodos de sintesis
convencionales. Estas ventajas del métodaidsipor microondas se deben principalmente al
calentamiento directo "en el nucleo" de la mezcla de reaccion mediante la radiacion de

microondasja cual sedebe a la rapida conversién de energia electromagnética en energia



térmica, reduciendo el gradiente de temperatura dentro del recipiente de reaccion y

contribuyandoa la produccion de un material con propiedades mas homogéneas.

Ademas de la alta energia de la banda prohibida y el factor de recombinacion, el uso de
TiO2 en polvo suspendido presenta desafios técnicos y econdmicos para la recuperacion y
reutilizacion de fotocatalizadores en el tratamiento de aguas residuales. Asi, para evitar el
proceso de recuperacion y simplificar la reutilizaciéon del fotocatalizadba, senovilizadcel
TiO2sobre diferentes soportedescomo vidrio, polimeros, particulas magnéticas, ceramicas,
etc. La inmovilizacion de Tigsobre ceramica se ha estudiado activamente en los Ultimos afios
porque el soporte es inerte quimicamente, teltee resistencia a la luz ultravioletalena
estabilidad mecéanica y una gran area superficial, lo que lo convierte en una opcion adecuada

para la inmovilizacion de fotocatalizadores.

Por lo tanto, esta investigacion se cémrin la sintesis de fotocatalizadores basados en
TiO2de baja energia de banda prohihitiBzando una técnica no convencional como el método
asistido por microondas. El fotocatalizador desarrollado podria utilizarse para eliminar
microcontaminantes organicos (MCO) del agua utilizando energia solar de manera eficiente.
Inicialmente, se evaluél papel de la temperatura, el tiempo de reaccion y el contenido de
nitrégeno en las propiedades estructurales, morfologifat®cataliticas del Tigdopado con
nitrogeno (N/TiQ) para la eliminacion de ciprofloxacina (CIP) con radiacion UVA, solar y
visible. Los resultados mostraron que se logra una mayor cristalinidad y un mayor tamafo de
cristal a una temperatura mas alta (200°C), mientras que el tiempo de reaccion en @ horno
microondas tiene un efecto insignificante sobre las propiedades morfoldgicas y fotocataliticas.
Se determindque la temperatura es el parametro crucial en la sintesis denédante el

método asisdo por microondas.

Por otro lado, los cambios en el contenido de nitrégeno revelaron que los cambios en la
relacion molar N/Ti apenas influyeron en las propiedades morfologicas y Opticas. Por el
contrario, la variacion en el contenido de nitrégeno tuvo un impacto relevesiteemdimiento
fotocatalitico, especialmente bajo fuentes de irradiacion visible. Este efecto positivo,
principalmente bajo la irradiacion visible, se atribuyo a los nuevos niveles energéticos mas que
a la reduccion de la banda prohibida de energiajéacgntribuyé a la adsorcion de fotones en
el espectro visible. Ademas, se observo que con una mayor relacién molar N/Ti, se mejoraba la
actividad fotocatalitica en la eliminacion de CIP bajo diferentes fuentes de irradiacion. Sin

embargo, después de ceedoncentracion de nitrdgeno, podria tener un efecto desfavorable en



la tasa de degradacion porque el nitrdgeno podria actuar como un centro de recombinacién que

favorece la recombinacion de cargas.

Se evalué el papel del contenido de rGO (0425% en peso de rGO) en las propiedades
morfologicas y la actividad fotocatalitica de N/BIBO enla degradaciérde tres MCO
diferentes (ciprofloxacina (CIP), diclofenaco (DCF) y &cido salicilico (AS)) bajo diferentes
fuentes de radiacion (UVA, solar y visible). Se encontrd que a pesar de que la propiedad 6ptica
del material se modific6 mediante la adicién de rGand# se reduce la banda prohibida de
energia, el incremento en la cantidad de rGO no tuvo padta positivo en el rendimiento
fotocatalitico, especialmente bajo fuentes de irradiacion visible debido a un exceso de rGO, el
cual tiene un efecto de apantallamiento para la absorcién de luz y podria actuar como un centro
de recombinacion que dificulta fotoactividad del Ti@ El rendimiento fotocatalitico revelo
gue un menor contenido de rGO logra una mejor fotoactividad. Ademas, se determind que la
principal contribucién de rGO sobre el fotocatalizador fue reducir el efecto de recombinacion,
demostrado que una combinacion de dopaje con nitrégeno e incorporacion de rGO podria ser

una buena estrategia para superar las limitaciones de la fotocatélisisde TiO

Se utilizaron especies carrofieras para determinar el mecanismo fotocatalitico bajo
diferentes fuentes de irradiacion. Se realizaron estudios adicionales sobre las intensidades de
irradiacion para investigar la viabilidad del uso de la luz solar natustdsoltados mostraron
gue el modelo cinético y el mecanismo de degradacién dependen principalmente del tipo de
contaminante mas que de la fuente de irradiacion. Ademas, se encontré que el proceso de
adsorcion juega un papel importante, principalmente hggotes de irradiacion visible. Sin
embargo, aunque la fuente de irradiacion no determina el mecanismo de degradacion, si afecta
significativamente la tasa de degradacion para la eliminacion de contaminantes. Ademas, se
determind que, bajo la irradiacion solar natural, el proceso de fotdlisis se redujo
significativamente, mientras que la fotocatalisis de ;Ti@stro una buena eficiencia de
eliminacion de CIP, lo que indica que el fotocatalizador NF@&O podria utilizar

eficientemente la energia solarg#a eliminacion de MCQ@resentes en algua.

El fotocatalizador N/TiQrGO se inmovilizé sobre una espuma ceramica dgOAl
aplicando el método de recubrimiento por inmersion y un tratamiento térmico suave, utilizando
SiO; como aglutinante para mejorar la estabilidad y la reutilizacién. La estabilidad y
reutilizacion del N/TiQ/rGO inmovilizado se evaluaron varias veces mediante la degradacion

de tresMCO diferentes. Después de varios ciclos fotocataliticos repetitivos (19 ciclos), el



fotocatalizador no perdié fotoactividad, lo que demuestra que tiene buena estabilidad y
reutilizacion. Ademas, se encontro que la espuma ceramica de poros abiertos resultd ser una
alternativa para la inmovilizacion de fotocatalizadores debido a la redudeid limitacion de

transferencia de masa y al mismo tiempo proporciona una buena area para la irradiacion.

Finalmente, los subproductos de transformacion de la eliminacion de CIP y DCF bajo
diferentes fuentes de irradiacion fueron seguidos por el espectrémetro de masas Orbitrap
Exploris 120. Los resultados mostramure,bajo fuentes de irradiacion visibles, la mayoria de
los subproductos de transformacién detectados permanecian en la solucién después de dos
horas de irradiacion, y algunos subproductos formados podrian ser potencialmente mas toxicos

gue los compuestos gmales.

Palabras claves: Sintesis asistida por microondas; fotocatalisis, N/Ti@GO; fuentes de
irradiacion; microcontaminantes organicos; productos de transformacion; tratamiento

de aguas.



RESUM AMPLIAT EN CATALA

L'aigua és un dels elements essen@alsa la vida perqué gairebé totes les activitats
humanes s'hi basen, i ha sigut declarada un dret huma el 2010 per I'Assemblea General de les
Nacions Unides. Malgrat aixo, el rapid creixement demografic i lI'escalfament global han
provocat una crisi mundi de l'aigua. Estudis recents han estimat que la meitat de la poblacié
mundial experimenta una greu escassetat d'aigua almenys un mes a l'any, mentre que gairebé
1.500 milions de persones viuen en zones amb un risc d'escassetat d'aigua alt o extremadament
alt. A més dels problemes d'escassetat d'aigua, el desenvolupament continu de nous productes
quimics per a diferents aplicacions i el seu abocament posterior en cossos d'aigua sense un
tractament adequat o, fins i tot, sense tractament, és un altradesgfgue intensifica la crisi
de l'aigua. En els darrers 20 anys s'ha centrat una important atencié en els anomenats
microcontaminants organics (MCO), integrats principalment en productes farmaceutics,
productes de cura personal, subproductes de la desidf disruptors endocrins i tots els seus
subproductes de transformacid, a causa del seu possible impacte negatiu sobre el medi ambient.
Diversos estudis han demostrat que, a banda del fet que les plantes de tractament d'aigles
residuals convencionals TRR) no eliminen facilment els MCO, algunes son persistents i es
podrien bioacumular, fet que danya el sistema aquatic i amenaca la salut publica. Tenint en
compte l'escassetat d'aigua i el continu augment de I'estrés hidric a moltes regions del mén, la
reutilitzacio de l'aigua s'esta convertint en la solucié més practica per a superar la crisi de l'aigua.
Tot i aix0, per garantir I'eliminacié completa dels MCO i la seguretat de I'aigua de reutilitzacio,

s'’han d'implementar noves tecnologies de tractaraatament amb les PTAR existents.

Els processos d'oxidacié avancada (POA) han estat considerats alternatives interessants
per eliminar els MCO de les aigles residuals amb alta eficiéncia d'oxidacié i sense
contaminacio secundaria. Entre els diferents POA, la fotocatalisi heterogenia.dge$idia
activament a causa de la seva excel-lent activitat fotocatalitica, baix cost, excel-lent estabilitat
guimica i netoxicitat. EI TiO2 s'activa mitjangant I'energia lluminosa que produeix especies
reactives d'oxigen (ERO), que posteriorment paadadar els MCO de manera no selectiva.

Amb tot, a causa de la seva alta banda prohibida d'energia (3,2 eV), la fotoactivai@,del

es produeix nomeés per llum ultraviolada (UV), la qual cosa en dificulpatehcial amb la

radiacio solar (4% UV, 48% Visible) . A més, el rapid efecte de recombinaci6 dels parells
fotogenerats electré/buie{h*) que produeixen IS8R0 pot reduir 'activitat fotocatalitica del

TiO.. Per tant, per superar aquests dos inconvenients principals, el dopaf@®aéduna de

les estratégies més investigades per prevenir el procés de recombinacio o per canviar la resposta



optica delTiO2 al rang de llum visible per augmentar l'eficiencia fotocatalitica sota la radiacio

solar.

El dopatge amb metalls, com ara Pd, Pt, Au, Cu, Fe, etc., ha mostrat una activitat
fotocatalitica millorada en el rang visible; no obstant aixo, els alts costos del metall i la
probabilitat de lixiviacio del metall degut a la baixa estabilitat térmicaigroder un risc per a
la salut, fet que en redueix I'aplicabilitat. Per tant, el dopatge amb no metalls, comara N, P, S'i
C, ha estat una forma més practica i menys costosa de millorar la fotoactivitat sota la irradiacio
de l'espectre solar. Entre els dtges no metal-lics, el nitrogen és ampliament estudiat a causa
de la seva similitud en radio atdmica amb l'oxigen, per tant, fa més probable la substitucio
atomica. EITiO> dopat amb nitrogen ha mostrat una interessant resposta fotoactiva sota llum
visible, que es pot atribuir a la formacié de nous nivells energétics que redueixen la banda
prohibida. A més, alguns estudis suggereixen que el nitrogen podria afavorir laidodede
fase anatasa d€lO, la polimorfa més fotoactiva d€lO». D'altra bandal'oxid de grafé reduit
(rGO) ha atret molta atencié com a material per produir composii®©deer la seva alta area
superficial i bona conductivitat termica i electronica que podria millorar la fotoactivitat del
TiO2. Estudis recents han demostrat que acoblar rGO a@b pot millorar I'activitat
fotocatalitica perque rGO actua com un embornal d'electrons, separa carregues fotogenerades i
redueix I'efecte de recombinacié. Per tant, integrar el nitrogen i I'TG@Dalpodria ser un
enfocament interesst per abordar els dos principals inconvenients Ti€), esmentats

anteriorment.

A més de l'estratégia de dopatge, el metode de sint€gDghi juga un paper important
a causa de la seva influencia en les propietats estructurals, morfologiques i optiques, que
determinen l'activitat fotocatalitica en general. Algunes estratégies de sintesi convencionals
comunes son el métode gy, la deposié quimica de vapor, o el métode hidrotermal, entre
GYDOWUHYV (O SULQFLSDO LQFRQYHQLHQW GYDTXHVWYV PgW
metode assistit per microones va sorgir pémera vegada com un metode d'escalfament no
convencional i recentment s’ha convertit en una alternativa atractiva a causa del menor temps
de sintesi i menor consum d'energia en comparacié dels metodes de sintesi convencionals.
Aquests avantatges del rode assistit per microones es deuen principalment a I'escalfament
directe "al nucli" de la barreja de reaccié mitjancant la radiacié de microones, que es deu a la
rapida conversio d'energia electromagnetica en energia termica, fet que redueix el geadient d
WHPSHUDWXUD GLQV GHO UHFLSLHQW GH UHDFFLY L FRQ\
propietats més homogeénies.



A més de l'alta energia de la banda prohibida i el factor de recombinacio, TiBxde
en pols suspesa presenta desafiaments técnics i economics per a la recuperacio i la reutilitzacio
de fotocatalitzadors en el tractament d'aigles residuals. Aixi, per evitar el procés de recuperacio
i simplificar la reutilitzacio del fotocatalitzador, s'mamobilitzat TiO2 sobre diferents suports
com ara vidre, polimers, particules magnétiques, ceramiques, etc. La immobilitzaei, de
sobre ceramica s'ha estudiat amthent en els darrers anys perque el suport és inert
quimicament, té alta resistencia a la llum ultraviolada, estabilitat mecanica i una gran area
superficial, cosa que el converteix en una opcié adequada per a la immobilitzacié de

fotocatalitzadors .

Per tant, aquesta investigacio se centra en la sintesi de fotocatalitzadors bai€ats en
GH EDL[D HQHUJLD GH EDQGD SURKLELGD L VIXWLOLW]D X
assistit per microones. El fotocatalitzador desenvolupat es podria utilitzar per eliminar
microcontaminants organics (MCO) de l'aigua utilitzant energia solar ateena eficient.
Inicialment, es va avaluar el paper de la temperatura, el temps de reaccio i el contingut de
nitrogen a les propietats estructurals, morfologiquestachtalitiques deliO, dopat amb
nitrogen (N/TiO.) per a I'eliminacio de ciprofloxacina (CIP) amb radiacio UVA, solar i visible.
Els resultats van mostrar que s'aconsegueix una cristal-linitat més gran i una mida més gran de
vidre a una temperatura més alta (200°C), mentre que el temps de reacci@alficroones
té un efecte insignificant sobre les propietats morfologiques i fotocatalitiques. Es va descobrir
gue la temperatura és el parametre crucial a la sintdsDdenitjancant el metode assistier

microones.

D'altra banda, els canvis en el contingut de nitrogen van revelar que els canvis en la
relacio molar N/Ti gairebé no van influir en les propietats morfologiques i oOptiques. Per contra,
la variacio del contingut de nitrogen va tenir un impacte rellevaat emdiment fotocatalitic,
especialment sota fonts d'irradiacié visible. Aquest efecte positiu, principalment sota la
irradiacio visible, es va atribuir als nous nivells energetics més que no pas a la reduccio de la
banda prohibida d'energia, cosa queswatribuir a I'adsorcio de fotons a I'espectre visible. A
més, es va observar que amb una relaci6 molar N/Ti més gran, es millorava l'activitat
fotocatalitica en I'eliminacio de CIP sota diferents fonts d'irradiacié. Tot i aix0, després de certa
concentrai® de nitrogen, podria tenir un efecte desfavorable en la taxa de degradacio perque el
nitrogen podria actuar com un centre de recombinacié que afavoreix la recombinacié de

carregues.



Es va avaluar el paper del contingut drGO (0:28% en pes d'rGO) a les propietats
morfologiques i l'activitat fotocatalitica de N/O2/rGO a la degradacio de tres MCO diferents
(ciprofloxacina (CIP), diclofenac (DCF) i acid salicilic (AS)) sota diferents fonts de radiacié
(UVA, solar i visible). Es va trobar que tot i que la propietat optedanaterial es va modificar
mitjancant I'addicié d'rGO, on es redueix la banda prohibida d'energia, l'increment en la
guantitat d'rGO no va tenir un impacte positiu en el rendiment fotocatalitic, especialment sota
fonts de irradiacié visible a causa dexcés d'rGO, que té un efecte d'apantallament per a
I'absorcio de llum i podria actuar com a centre de recombinacié que dificulta la fotoactivitat del
TiO2. El rendiment fotocatalitic va revelar que un menor contingut de rGO aconsegueix una
millor fotoacivitat. A més, es va determinar que la principal contribucié d'rGO sobre el
fotocatalitzador va ser reduir I'efecte de recombinacio, demostrant que una combinacié de
dopatge amb nitrogen i incorporacié d'rGO podria ser una bona estrategia per superar les

limitacions de la fotocatalisi dEO-.

Es van utilitzar especies carronyeres per determinar el mecanisme fotocatalitic sota
diferents fonts d'irradiacio. Es van fer estudis addicionals sobre les intensitats d'irradiacio per
investigar la viabilitat de I'is de la llum solar natural. Els resuitah mostrar que el model
cinetic i el mecanisme de degradacio depenen principalment del tipus de contaminant més que
no pas de la font d'irradiacié. A més, es va trobar que el procés d'adsorcio hi juga un paper
important, principalment sota fonts d'irfacié visible. Tot i aix0, encara que la font d'irradiacio
no determina el mecanisme de degradacid, si que afecta significativament a la taxa de
degradacio per a I'eliminacio de contaminants. A més, es va descobrir que sota la irradiacio
solar natural, egbrocés de fotolisi es va reduir significativament, mentre que la fotocatalisi de
TiO2 va mostrar una bona eficiéncia d'eliminacio de CIP, cosa que indica que el fotocatalitzador

N/ TiO2/rGO podria utilitzar eficientment I'energia solar per a I'eliminaeidACO de l'aigua.

El fotocatalitzador NTiO2/rGO es va immobilitzar sobre una escuma ceramica@:Al
DPE Of{DSOLFDFLY GHO PQWRGH GH UHFREULPHQW SHU LPPH
de SiQ com a aglutinant per millorar l'estabilitat i la reutilitzacio. L'estabilitat i la reutilitzacio
del N/TiO2/rGO immobilitzat es van avaluar diverses vegades mitjancant la degradaci6 de tres
OMP diferents. Després de diversos cicles fotocatalitics repetitius (19 cicles), el
fotocatalitzador no va perdre fotoactivitat, cogae demostra que té bona estabilitat i
reutilitzacié. A meés, es va trobar que I'escuma ceramica de porus oberts va resultar ser una
alternativa per a la immobilitzacio de fotocatalitzadors a causa de la reduccio de la limitacio de

transferéncia de massalhora, proporciona una bona area per a la irradiacio.



Finalment, els subproductes de transformacié de l'eliminacié de CIP i DCF sota
diferents fonts d'irradiacié van ser seguits per l'espectrometre de masses Orbitrap Exploris 120.
Els resultats van mostrar que, sota fonts d'irradiacio visibles, la majosiaudgdroductes de
transformacié detectats romanen en la solucioé després de dues hores d'irradiacio, i que alguns

subproductes formats podrien ser potencialment més toxics que els compostos originals.

Paraules clau: Sintesi assistida per microones; fotocatalisi; N/TEDGO; fonts
d'irradiacié; microcontaminants organics; productes de transformacio; tractament
GYIDLJ*HV



LIST OF ACRONYMS

AcAc
AMR
AOP
ATR
BVL
CB
CIP
CVL
DCF
DRS
EDXS
Eg
EQSD
EtOH
EU
FTIR
GO
HPLC
HRMS
MW
NSAID
OMP

rGO

Acetylacetone

Antimicrobial Resistance

Advanced Oxidation Process

Attenuated Total Reflectance

Blue Visible Light

Conduction Band

Ciprofloxacin

Cold Visible Light

Diclofenac

Diffuse Reflectance Spectroscopy
Energy Dispersive Xay Spectroscopy
Energy bandgap

Environmental Quality Standards Directive
Ethanol

European Union

FourierTransform InfraRed spectroscopy
Graphene Oxide

High-Performance Liquid Chromatography
High Resolution Mass Spectrometry
Microwave

Non-Steroidal Antiinflammatory Drug
Organic Micropollutant

Reduced Graphene Oxide



ROS

SA

SEM

SLS

TTIP

UVA

VB

WFD

WWTPs

XPS

XRD

Reactive Oxygen Species
Salicylic Acid

Scanning Electron Microscopy
Solar Light Simulator

Titanium (1V) isopropoxide
Ultraviolet-A

Valence Band

WaterFramework Directive
Wastewater Treatment Plant
X-ray Photoelectro®pectroscopy

X-Ray Diffraction
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1. INTRODUCTION

Water is one of the essential elements of life because almost all human activities are
based on it, declared a human right in 2010 by the United Nations General Assembly. However,
the fastgrowing population and global warming have led to a global wates.dRecent studies
estimated that haljlobal population ixperiencingsevere water scarcity at least one month
per year, while nearly 1.5 billion people live in areas with high or extremelyiggér scarcity
risk [1, 2]. Due tothe water scarcity and continuous increment of water stress in many regions
worldwide, water reuse is becominge ofthe most practical solutigrio overcome the water

crisig3], especially for the agricultural sector, one of the most wideranding sectofd].

Apart from the water scarcity issues, the continuous development of society and
technological processes brought about the use of new chemical products for different
applications, which are released into water bodies without suitable treatment or even no
treatment after performing their end goal. This is another challenge that intensifies the water
crisis. [5]. In the last 20 years, significant attention has been focused anthepogenic
contaminanté water, including theso-called organic micropollutants (OMPsgyganiccarbon
basednolecules thanhcludespharmaceuticals, personal care products, disinfection byproducts,
endocrinedisruptors and all their transformation produg¢®Ps) Among thedifferent OMPs,
pharmaceutical compoundse quite relevantiue to their ptential negative impact on the
environmen{6 B]. Several studies have shown thpart from the fadhatOMPs are not easily
removed byconventional wastewater treatment plants (WWTPSs), some are persistent and could
bioaccumulate, harming the aquatic system and threatening public [9edl@ Considering
the water reuse scenario and the public health risk that involves the OMPs, new treatment
technologies coupled with existing WWTPs must guarantee the complete removal of OMPs
and the safety of reudavater[11, 12].

Advanced oxidation processes (AOPs) suchoasnation Fenton, photocatalysis,

photoelectrocatalysisyltrasoundassisted oxidatignetc., have been considered interesting
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secondary pollutiofil3 8]. Among different AOPs, Ti@heterogeneous photocatalysis is
actively studied because of its outstanding photocatalytic activity, low cost, excellent chemical
stability, and noftoxicity [19, 20]. TiOz is activated by the light energy that produces reactive
oxygen species (ROS), which subsequently can oxidize OMRseleatively. However, due

to its high energy bandgap (3.2 eV), photoactivation ok T€urs only by ultraviolet (UV)



light, hindering its potential under solar radiation (4% UV, 48% Visila&)22]. Additionally,
the fast recombination effect of the photogenerated electron4itt® pairs that produce ROS
can reduce Ti@ photocatalytic activity[23, 24]. Therefore, to overcome these two main
drawbacks, Ti@ doping is one of the most investigated strategiéiser for preventing the
recombination process for shifting the optical response of Ti@hto the visible light range

aimingto boost photocatalytic efficiency under solar radiation.

Metal doping such as Pd, Pt, Au, Cu, Fe, etc., have shown improved photocatalytic
activity in the visible range; however, the higbsts ofmetal andthe probability of metal
leaching due to low thermal stability might be a health risk, redubieig applicability [25 +
27]. Therefore, nometal dopants such as N, P, S, and C, has been a more practical and less
expensive way to enhance photoactivity under solar spectrum irrad28ie80]. Among nor
metal doping, nitrogen is widely studied due to its similarity in atomicugadith oxygen,
making atomic substitutiomore probabl¢31]. Nitrogerrdoped TiQ has shown an interesting
photoactive response under visible light, which can be attributed to the formation of new
energetic levels that reduce the energy banfi32, 33]. Additionally, some studies suggest
nitrogen could favor the Tifanatase phase formation, the most photoactive paymorph
[34].

On the other hand, reduced graphene oxide (rGO) has attracted significant attention as
a material for producingomposites rGA/O: due to its high surface area and good thermal
and electronic conductivity that could improve the photoactivity of,T85, 36]. Recent
studies have shown that coupling rGO with 7&an improve photocatalytic activity because
rGO acts as a sink of electrons, separating photogenerated charges and reducing the
recombination effec{37 89]. So, integrating nitrogen and rG®@ith TiO, could be an

interesting approach for tackling the two main FdPawbacks mentioned before.

In addition to the doping strategy, the Pi€ynthesis method plays an important role
due to its influence on the structural, morphological, and optical properties, which determine
the overall photocatalytic activif1, 40]. Some common conventional synthesis strategies are
the solgel method, chemical vapor deposition, hydrothermal, etc. The main drasdbdickse
methodsare the long synthesis timand higher energy consumpti¢al]. However, the
microwaveassisted method first emerged as a-oonventional heating method and has
recentlypbecome an attractive alternative because of its shorter synthesis time and lower energy

consumption than conventional synthesis metjd@ds These advantages of the microwave



assisted method are mainly due to the direct "in core" heating of the reaction mixture by the
microwave radiation, which is due to the fast conversion of electromagnetic energy into heat
energy43], reducing the temperatugeadientinside the reaction vessel and contributing to the

production of a material with more homogeneous propgaiesi4].

Besides the high energy bandgap and the recombination factor, usiaginT&
suspended powder presents technical and economic challenges for photocatalyst recovery and
reusability in wastewater treatment. Thus, to avoid the recovery process and simplify further
reuse of the photocatalyst, Ti@as been immobilized over different supports such as glass,
polymers, magnetic particles, ceramics, §t6.#48]. TiO, immobilization over ceramics has
been actively studied in recent years because this support provides excellent chemical inertness,
high UV light resistance, mechanical stability, and a large specific surface area, making it a

suitable option for photocdsest immobilization[49, 50].

Therefore, this research focused on developing a N/fB® photocatalystynthesized
by microwaveassisted method for removing OMPs using different irradiation sources. Initially,
the role of the temperature, reaction time, and nitrogen content was evaluated on the structural,
morphological, and photocatalytic properties of nitregeped TiO.> (N/TiO2) for the
ciprofloxacin (CIP) removal under UVA, solar and visible lights sources. Once the operational
parameters in the microwave oven and the optimalgemaloping load were established, the
role of rGO content (0.2%10 wt. % of rGO) in the morphological properties and photocatalytic
activity of N/TiO/rGO was evaluated in the degradation of three different OMPs (CIP,
diclofenac (DCF), and salicylic acid (SA)) under different radiation sources (UVA §glat
light, andvisible light).

Scavenging species were used to determine the photocatalytic mechanispradndsr
irradiation sources after obtaining the most photoactive N/iGID nanocomposite among all
synthesized and evaluated matexiaAdditional studies on irradiation intensities were
performed to investigate natural solar light's feasibility. Subsequently, the MG
photocatalystvas immobilized over Az ceramic foam by applying the dgoating method
and mild thermal treatment, using Si@s a binder to enhance stafyiland reusability The
stability and reusability of the immobilized N/T#®GO were evaluated several times through
the degradation of three different OMPs. Finally, Wfes of CIP and DCF removal under

different irradiation sourcesvere identified by means ofOrbitrap high resolution mass



spectrometry (HRMS)Salicylic acid was not considered as a model compound to make TPs

analysis using HRMS due to the simplicity of this molecule compared to CIP or DCF.

As the model substances, aqueous solutions of CIP, DCF, and SA were used. The DCF
and CIP were included in the first and second EU watch list of substances foridén
monitoring in the field of water policy, respectivgbi, 52]. Meanwhile, SA is a precursor and
a transformation byproduct of acetylsalicylic acid, one of the most widely used analgesics and

additives for several healthcare prodyat).

All synthesized nanomaterials were characterized fgydiffraction (XRD) analysis,
N2 adsorption isotherms (BET), Raman spectroscopy, Fewdasform infrared spectroscopy
(FTIR), scanningelectron microscopwith energy dispersive Xay spectroscopy (SEMDS),
and diffuse reflectance spectroscopy (DRS). The most photoactive materials AM&fidO
N/TiO2/rGO nanocomposites) were also characterized gyXphotoelectron spectroscopy
(XPS) analysis. OMP removal was followag by UV-VIS spectrophotometesind HPLC
chromatographgquipped witHJV-Vis detector and diode array detector

Apart from the contribution to photocatalyst development by the microassisted
method and the role played by the doping elements, this scientific work was performed to
understand the photocatalyst behavior under different irradiation sources. Although there are
plenty of scientific articles regarding TiGloping and evaluation under solar or visible
irradiation, there are scarce publications in which different irradiation sources and intensities
are compared in the photocatalytic procesBasts from this dissertation have already been
included in peer reviewed journal articles with open access, published in journal Nanomaterials
(Q1) and referenced as referencel3 43d134.



2. WATER: LITERATURE REVIEW

2.1. Water related issues

2.1.1. Water distribution and water scarcity

Although around 70% of Earth's surface is covered by water, barely 2.5% is freshwater
humans can use. However, most of the freshwater is locked up in ice and the ground, having
available for human activities less than 2% of freshwater. On the other hated gwantity has
always been the same, and it is recycled and distributed through the water cycle. Due to global
warming, the water cycle has been altered, with climate changes in which some regions are
affected by severe droughts while others suffer péaweds. In 2021, around 62% of registered
internal displacement was caused by natural disasters, while more than 200 million people are

expected to be displaced by 2(58].

On the other hand, prolonged and severe droughts have caused neafiyreafobal
population to experience water scarcity at least one month per year, and the number of people
living in waterstresedareas has increased to 2.3 bill{dd]. Considering the continuous and
fastgrowth population and thaecreasing demand favater,particularly inagriculture, where
almost 72% of water withdrawal is for this purp®4e54], water resources must be managed
sustainably. In this context, water reuse is one of the most feasible solutions to mitigate water

shortages and contribute dcsustainablevater supply for evegne

2.1.2. Water pollution and organic micropollutants

Besides the lack of fresh water, water quality is another challenge in the worldwide
water crisis. According tdahe United Nations, 80% of wastewater is discharged into the
environment without any treatment, worsening the situation of 1.8 billion people that do not
have access to safe drinking wafg4]. In addition, the development of thousands of new
chemicals fowvariousapplications and subsequent releases into the environment without any
regulation contribute to the pollution of freshwater sources, mainly in low and Rircidime
countrieg10, 55]. In the last two decades, significant attention has been paid to OMPs, organic
carbonbased substances with an anthropogenic origin that could cause adverse environmental

impacts. These OMPsrimarily composed ofpharmaceuticals, personal care products,
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disinfection byproducts, endocrirgisruptors and all their transformation byproductse
usually found at very low concentratioas the order of micrograms (g) or nanograms (ng)
per liter [56, 57]. It has been observed that conventional WWTPs have problems removing
some OMPs, allowing their entry into the environmentn the case ofpharmaceutical
moleculesprincipally antibiotic compounds such as ciprofloxacin (GCHe)easing this kind of
compoundcould leadto persistence and bioaccumulation in the environamaimoing the

appearance of antibioti@sistant bacterigp, 8, 58 £0].

Due to the need to gather information regarding the effects and consequences of
continuous exposure to OMPs, the European Union decided through its Riateswork
Directive (WFD) 2000/60/EC and the Environmental Quality StandBidsctive (EQSD)
2008/105/EC to establish a list of priorgybstancefor monitoring This list is to baevised
every two yearsln addition to the Priority Listin 2015, theDecision (EU) 2015/495
established the fir&vatchlist, whichinitially listed ten substances to monifbi]. Since then,
the watch list has been continuously update@018 by theDecision (EU) 2018/840n 2020
by theDecision (EU) 2020/1161, and 2022 by theDecision (EU) 2022/130}52, 61, 62].

The inclusion of new substances in the list is basedhenEU Strategic Approach to
Pharmaceuticals in the Environment and the European One Health Action Plan against
Antimicrobial Resistance (AMR). In contrast, excluding substances from the list depends on
whether there is sufficient highuality monitoring databout it or whether the substance has

been continuously monitored for four years.

2.1.3. Target organic micropollutants in water

Takinginto accounsome of the pollutants listexh the EU Watch lissince 2015 and
consideringthe mostcommonly consumed pharmaceuticals, the following target pollutants
were selected to be studied in this research: CIP, DCF, and SA. Although SA has not been
included in the EUVatchlist, this pharmaceutical product is the precursor for aspirin, one of

the most widely used painkillers without a medical prescription.



Ciprofloxacin

Figurel. Chemical structure of ciprofloxacin

The  1-cyclopropyt6-fluoro-4-oxo-7-piperazinl-ylquinoline-3-carboxylic acid
(molecular formula: ©Hi1sFN3Os, molecular weight: 331.34 fyol®), also known as
ciprofloxacin (CIP) is a fluoroquinolone antibacterial used to treat and prevent some urinary,
lower respiratory tract, and skin infections. Figure 1 shows the molecular structure of
ciprofloxacin. CIP is one ahe most often found OMPs in the effluents of wastewater, surface
waters, and drinking waters, with averageoncentration of ~ — ¥ f§8], andamaximum
of up to 6.5 mJ A%[7, 64]. Due to the lack of its efficient removal by biological systems and
due to inaccurate information about its toxicity and bioaccumulation, it was included in the
second EU watch list of substances fmionwide monitoring in the field of water policy
(Decision (EU) 2018/840 of 5 June 2018) and continued under monitoring in the third EU watch
list (Decision (EU) 2020/1161 of 4 August 20262, 61].

Diclofenac

Figure2. Chemical structure of diclofenac

The 2[2-(2,6-dichloroanilino) phenyl] acetic aci@inolecular formula: @&H11C2NOo,
molecular weight: 296.10 #ol?), also known as diclofenac (DCF), is a nonsteroidal anti
inflammatory drug (NSAID). Figure 2 shows the molecular structure of diclofenac. DCF is
widely used to treat chronic arthritis, inflammation, and Arlgnoderate pairDue to its large
production ad consumption, DCF has been detected in wastewater, surface water, and drinking
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ZDWHUV LQ WKW RJ BB\ 7]QSbAk toxicological studies have concluded that
even at low concentrations, DCF negatively impacts aquatic organisms, mainly affecting liver,
kidney, and gill cell§68 #0]. Because of its toxicity to aquatic life, bioaccumulation, and
ineffective removal by conventional WWTPs, it was included as one of the ten substances listed
in the first EU watch list (Decision (EU) 2015/495 of 20 March 2(Q%%).

Salicylic acid

Figure3. Chemical structure of salicylic acid

The 2hydroxybenzoic acid (molecular formula: 7803, molecular weight:
13812 g Mol?), also known as salicylic acid (SA) and with chemical structure as shown in
Figure 2, is the precursor and transformation byproduct of the most used analgesics worldwide,
the aspirin[15]. Also, SA is widely used in the pharmaceutical industry as raw material for
several healthcare products, such as creams andaierointment§/1, 72]. Although several
studies have shown that SA could be removed in the conventional WWTPs, it is still found at

low concentrations in wastewatgeated effluents, rivers, and drinking waltés, 74].

2.2. Water treatment

2.2.1. Water management and water reuse

Generally, in conventional water management, freshwater is taken from rivers, lakes,
aquifers, etc., and treated in a water treatment gMftP) to make itpotableor suitable
according to industry needs; once it has been used, it is collected through the sewage system to
the WWTPs, and finally disposed again into the environymaegtingwater quality standards
as pethe regulatiosof each country. Figure 4 presents a schematic illustration of conventional
water management. This water management model has been proven unsuitable for water

scarcity scenarios due to its reliance on rainthedvater cycle taeplenishwater reservoirs.



Figure4. Conventional water manageme(ithis schemtc has been designed with resources from
Flaticon.con)

Once the water has been used and collected in the sewage, it is treated in the WWTP,
applying a combination of physical, physicochemical, and biological processes to remove
principally suspended solids, organic and inorganic matter, and pathogens. Holweverthe
water scarcity crisis and the water supply needs for the growing population and agricultural
purposes, a new water management approach, having water reuse as a primary objective, is
proposed to be adopted to face the water dii8i€7 7]. Figure 5 shows a schematic illustration
of the new water management approach, framed on the circular economy and sustainability
concept, in which reclaimed water can be used for different needsa@rigultureor aquifer
recharge). In this water management approach, it is necessary to implement new wastewater
technologies linked to the existing WWTPs to ensure the complete removal of OMPs to

safeguard public health and the environnj&i.

Based on the water reuse concept, the EU recently established the minimum water reuse
requirements for agricultural purposes by the regulation (EU) 2020/74 of 25 May7&)20
Although this new regulation promotes water rease considesthe development of risk
assessment for the composd concernthe minimum water quality standards are based only
on removing suspended solids, organic and inorganic matter, and pathogens, excluding any
regulation regarding the OMP%he lack of regulation regarding OMPs could be attributed
mainly to two reasons. On ormand although there are several techniques and methods to
detect OMPs and their byproducts, economically, it still is not feasible to detect them at a large
scale (such as municipal WWTPs). On the other hiargistill in theresearctphaseand there
are no generakcommendations fahe most feasible technologies for the efficient removal of
OMPs.



Figure5. New water management approafhhis schemtic has been designed with resources from
Flaticon.con

2.2.2. Advanced Oxidation Processes

Several technologies, such as adsorption, membrane separation, and advanced oxidation
processes (AOPs), have besrtcessfullyapplied to remove OMPs from wastewdfér, 79 +
81]. However, in the case of adsorption and membrane separation, these technologies do not
eliminate the OMPs; they only move the contaminants from one phase to another or concentrate
them, creating secondary pollution that needs further treatment. On trergoAOPS generate
highly oxidizing species, including reactive oxygen species (ROS)nilgat transform OMPs
into less toxic and more biodegradable molecules than their parent corsmrwah even
degrade them to carbon dioxide and water (mineraizpf{79, 82, 83]. The main ROS
commonly generated in most AOPs is the hydroxyl radical YH®@hich has the highest
oxidative potential among all ROS (2.8 eV) and canselactively oxidze the OMPs[64, 84].
Other ROS that could be involved in AOPs are superoxide radigd| 6inglet oxygen'Q.),
andsulphateadical ( g), and their formation will depend on the type of AOPs and the target
pollutant to be treateld 8, 24, 85, 86].
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AOPs can be classified into two main groupkotochemical and nephotochemical
processes. Photochemical processes rely on light to generate ROS, such dseRfooto
UV/O3, heterogenous photocatalysis, U¥@, and photolysis, while nephotochemical
processes, such agonation Fentonsonolysis andelectrochemicabxidation use other forms
of energy to produce R(J%$4, 79,83,87,88]. Also, AOPs could be divided into homogeneous
or heterogeneous processes, depending on whether reactions occur in one or two phases. Table

1 describes some AOPs with their advantages and disadvantages.

Tablel. AOPs with their main advantages, and disadvant@$e90].

AOPs Advantages Disadvantages

_ . x Potential bromated byprodu
x Higher efficiency compared t

formation.
UV or Gz alone. _ _
) _ N x High operation costs.
X High biodegradability. o _ _
UVv/Os3 ) ) x Not efficient with high
x Effective for a wide range « o
turbidity.
OMPs.

, x Turbidity affects the efficiency
X Quickly scale up to WWTPs.
of the process.

X Inexpensive and nehazard _
_ X Low pH operation (< 3)
chemicals. _ _
X Inorganic sludge productio

(Fe™).

x Chemicals consumption.

Fenton x No energy input is required.
x Effective for a wide range ¢
OMPs, and high turbidity.

_ . X Low pH operation (< 3)
x High removal efficiency. . .
o o x Chemicals consumption.
PhoteFenton | x Efficiency is higher thafrenton. o o
i ) x Turbidity affects the efficiency
X Iron is regenerated by light.
of the process.

X Reusability of catalyst.
x Catalyst recovery.
x Use of solar energy. o
. . . N x Difficult to scale up.
Photocatalysi§ x Mild operation conditions. . -
) o | x Turbidity affects the efficiency
X Mineralization of OMPs s
_ of the process.
possible.
X Quickly scale up to WWTPs. x Turbidity affects the efficiency
UV/H20: x Effective for a wide range ¢ of the process.
OMPs. X Chemicals consumption.
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_ _ X High energy consumption.
x No chemicals are required. )
, ) ) X A large amount of dissolve
Sonolysis x Effective for a wide range «

oxygen is required.
OMPs. v a

x Difficult to scale up.

Among the different AOPs, heterogeneous photocatalysis is one of the most studied
because of its potential to use an unlimited and free energy source, solar light. In heterogeneous
photocatalysis, a semiconductor is irradiated with ltghproduceelectron/hole €7h™) pairs
that generate RQSvhich can nonselectivelyoxidize different pollutants, including OMPs
[15,20]; also, theholes (" RQ WKH SKRWR F Dhavdednwsvéd Vh tieX RO F H
generation cadirectly oxidize target pollutantZnO, WO, TiO», ZnS, and CdS are the most
common semiconductors. However, Fi® the most investigated photocatalyst becaises

outstanding photocatalytic activity, low cost, excellent chemical stability, andoxasity.

2.2.3. TiO2 photocatalysis

TiO2 is a semiconductowith three different crystalline phasemnatase (tetragonal),
rutile (tetragonal), and brookite (orthorhombic). Howevanatase is the crystalline
polymorphic form with the highest photocatalytic activity, while rutile is the most
thermodynamically stable crystalline phd24, 91]. TiO. is activated by the light energy
produdng reactive oxygen species (RO#)atcannon-selectivelyoxidize OMPs (Figure 6).
However, due to its high energy bandgap (3.2 eV), photoactivation efoti€dirs onlyunder
UV light, hindering its potential under solar radiation (4 % UV, 48 % Visible). The fast
recombination of photogenerated electron/hel#n() pairs that produce ROS can also reduce
TiO2 photocatalytic activity23, 24]. Figure 6 showthe different mechanisms that can occur

onceaTiO> particle absorbs a photon.
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HO *

Figure6. Mechanismof TiO; photocatalysis

Once a photon is absorbed by the Zi@n electrond? is transferred from the valence
band (VB) to the conduction band (CB), leaving a hbigif the VB (eq. 1); after that, several
reactions can take place. On one side, adsorbed water on the photocatalyst surface can react
with theh* to form hydroxyl radical OH) (eq. 2), the ROS with the highest oxidation potential
(2.8 V). Meanwhile, the absorbed oxygen can react witlethe form the superoxide radical
ion ( g) (eq. 4), another ROS. The pollutant can be degraded by the ROS or directly by the
h*/e*charges when the photocatalydsarbs the contaminafit6, 92, 93]. If the h*/e*photc
formed charges do not participate in any of the possible mechanisms described before, in a short
period, they recombine to release heat (recombination process, equation (9)). The following
equations summarize the possiblechanisms during the photocatalysis process

Ti0, T D ER 1)

H.O ED\ ©H EA (2)

OH*ED \ ©H (3)

sEA\ ¢ (4)

s E 7\ 6 (5)

6 E 5 \ OH+ O+ HO, (6)

H.0, EA \ ©OH + OH* (7)

77 3RS comtr et 1 APAF o+ HO (8
DEAN\ Stf—f.. e, cof=cte 9
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2.2.4. TiO2 synthesis method

The different pollutant removal mechanisms depend on several factors, including
pollutant properties ¢fa) and photocatalyst properties (hydrophilicity, hydrophobicity, oxygen
vacancies, doping element, composite, §&4) 95]. Although pollutant removal somehow
could be influenced by the pollutant properties, the photocatalytic activity performance is
mainly defined by the photocatalyst properties, which are strongly influenced by the synthesis
method[96, 97].

Multiple methods to obtain Ti©can beapplied according to the final purpose
(electronics, optics, energy storage, catalysis, ¢@8)¥00]. However, the most common
techniques for producing ceramics, photocatalysts, and thin films are tigel solethod,
hydrothermal and solvothermal because they allow controlling the morphological and textural
properties of the TigJ31, 96]. However, the long synthesis reaction time is the main drawback
of the conventional synthesis method and consumes much energy. On the other hand, non
conventional synthesis methods like theerowaveassisted technique have appeared to be a
promising alternative for material production due to their shorter reaction time and higher yield
production, which could also significantly reduce the energy consumption used in material
synthesig44, 101,102].

2.2.4.1. Solgel method

The ol-gel method is based on the principles of inorganic polymerization, in which
hydrolysis and condensation reactions occur. This synthesis method allows controlling the
particle size and shape based on the control of parameters such as pH, temperature, and
precursor mixturg103, 104]. The main advantages of this technique are processing at low
temperatures and ambient pressure, control of the size and shape of the particle, homogeneous
material, and high puritjd 05,106]. Figure 7presentshe different processing routes that derive
from the solgel method. The main disadvantage of thegaglmethod is the long processing
time, and for TiQphotocatalysis, the calcination step is required to obtain a crystalline material,

which involves high energy consumptif@8, 107].
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Figure7. Material processing routes by sptl method.

2.2.4.2. Hydrothermal/Solvothermal method

Hydrothermal and solvothermal methods use the inner pressure created in a closed
reaction vessel to produce crystalline materials under mild conditions (below 250°C and 40 bar)
[31]. In these methods, particle size and shape can be controlled by modifying parameters such
as temperature, pH, reaction vessel filling (inner pressure), and s¢h@8it The only
difference between the hydrothermal and solvothermal methods is the solvent used for the
synthesis; while the hydrothermal uses water, an organic solvent is employed in the
solvothermal96]. The hydrothermal/solvothermal method can produce materials in a shorter
reaction time than the sgkel method, and depending on the synthesis parameters, such as
reaction vessel filling, a crystalline material can be obtained without requiring a further
calcination step86]. Although reaction time can be reduced to a few hours in this method, the
main drawback of this synthesis method is that the homogeneity of material can be affected due

to the temperature profile in the reaction vessel, as shown in Figure 8.
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Figure8. Temperature profile inside the reaction vessel during the material synthesis by
hydrothermal/solvothermal method, produced by the conventional heat transfer.

2.2.4.3. Microwaveassisted method

The microwaveassisted method has been applied actively in the last two decades in
different fields like organic chemistry, metal oxides, and nanoparticle synthesis because of its
fast heating in the core of the reaction mixture by microwave radiation caussidldgtric
heating effect$101, 109]. Dielectric heating occurs mainly by dipolar polarization and ionic
conduction heat transfer mechanisf4]. In one mechanism, dipoles of polar molecules
oscillate synchronized with the oscillation of the electromagnetic field, causing friction and
heat; this phenomenon is called dipolar polariza{ibh0, 111]. On the other hand, ionic
conduction heat occurs when dissolving charged patrticles also oscillate synchronized with the

electromagnetic field, colliding them and releasing heat erf@éGs).

The high heating rate of reactants inside the reaction vesseliidy causedy the
rapid conversion of electromagnetic radiation into heat energy. Usually, materials with high
dielectric loss absorb microwave radiation more efficiently and are heated quEbkiy12].
Examples of these materials are some alcohols (methanol, ethgmmopahnol). Compared to
the conventional heat transfer (Figure 8), hot spots inside the reaction vessel are formed,

producing a more homogenous temperature distrib{iidh], as shown in Figure 9.
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Figure9. Hot spots are produced by dielectric heating and temperature profile inside the vessel.

When the microwavassisted method is applied for material synthesis, the reaction time
can be reduced to a few minutes. A homogeneous temperature distribution inside the vessel
produces a high purity and yield matefil0]. One of the microwavassisted method's main

drawbacks is the equipment cost and the limited size of reaction vessels (up to 1 L).

2.2.5. Doping elements

Apart from the synthesis method, the properties of the photocatalyst can be modified
by introducing some elements that change the optical, electronic, and photoactivity
properties of TiQ. One of the most common strategies to change fidtoresponse to the
visible light region has been the doping approach, in which metal anthetah elements
are incorporate{R6, 113]. On the one hand, metal doping has been a promising approach
for enhancing photocatalytic activity, either reducing recombination or shifting light
absorption of TiQ@to the visible light range. Metal dopants such as Fe, Pd, Pt, Au, etc.,
could act as anelectrontrapping center that promotes the charge separation of
photogenerated electron/hole pairs, and thus, charge recombination is reduced, improving
the photocatalytic activitj25, 97,114]. Also, it can reduce the energy band gap, as shown
by Fe/TiQ materials[34, 87], or shift the photoactive response under visible light by the
surface resonance plasmon effect that produces some elements like AUHtk P16]
However, metal stability and the higinobability of leaching due to low thermal stability

might represent a health risk that reduttesr applicability [25, 26, 117]. Therefore, non
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metal doping, such as N, P, S, and C, seems more feasible and less expensive to enhance

photoactivity under solar spectrum irradiati@8 0].

Although several nometals have been used to dope Jifitrogen is one of the
most stuced doping elements because its atomic radius is quite similar to the oxygen atom,
giving a higher probability of atomic substitutif8i, 118]. Nitrogen incorporation into the
TiO2 lattice can significantly alter the electronic and optical properties of ByQreating
new energy states within the TiGandgapwhich could extend the absorption spectrum of
the photocatalyst to the visible regi¢83, 119]. The photocatalytigperformance of
nitrogendoped TiQ depends on several factors, such as the doping concentration, the type
of nitrogen dopant, the type of doping (interstitial/substitutional), and the synthesis method
[31, 86, 119]. Higher doping concentrations usually can lead to a higher concentration of
oxygen vacanciesnd more efficient charge separation. However, excessive doping can also
lead to the formation of recombination centers that can reduce the photocatalytic activity
[118]. The type of nitrogen dopant can also affect the photocatalytic properties of the
material, being ammonia and urea as the most used nitooggaining precursors in wet
chemical synthesis, while higlemperature annealing process in the presence abgeit
containing gas is widely used for doping synthesized.TI9, 32]. Interstitial or
substitutional doping can occur depending on the synthesis method and the nitrogen
precursor. Nitrogen is added to the Ti@ttice in interstitial doping, while substitutional
doping involves oxygen replacement. Although nitrogen doping can occur interstitially or
substitutionally, there is still no consensus on which type is most effective for light
absorption shifting19, 27,29, 31].

On the other hand, carbon material has been extensively applied to create TiO
composites to improve charge separation, reduce the recombination process, and increase
the photocatalytic activity of Tig]99, 120,121]. Among the different allotropic forms of
carbon used for carbdvased TiQ, graphene has attracted significant attention because of
its exceptional properties, such as high specific surface area, great electronic and thermal
conductivity, and excellent mechanical stren{#b, 36, 100]. These properties make
graphene a potential material for improving the photocatalytic properties afHoWever,
pristine graphene is typically not used to prepare-/t&dbon composites due to the cost
involved in obtaining it. Instead, reduced graphene oxide (rGO) and graphene oxide (GO)
are commonly used to prepare Fi€dmposites. GO is produced when graphite powder is
oxidized by applying different harsh reagents, in which the improved Hummers method is
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the most preferred technique because it allows a high conversion rate while avoiding
producing toxic gasef85, 122]. Once GO is obtained, it can be reduced to remove most
oxygen functional groups to produce rGO. The success of the removal of these oxygen
functional groups is what defines the final properties of [88)123,124]. The mechanism
behind the carbebased TiQ nanocomposites includes the synergetic effect between the
TiO2 and the carbon structure, in which rGO acts as a charge carrier to separate the
photogeneratet*/e* reducing the recombination rate. Additionally, rGO could serve as a
sensitizer, shifting the light absorption to the visible raj2ge120,125,126].

2.2.6. Immobilization

Besides the high energy bandgap and the recombination factor, usiaginT&
suspension presents technical and economic challenges for photocatalyst application on
wastewater treatment due to the difficulty of recovering and reusing the material. As an
alternative for avoiding the recovery process and simplifying furthersage of TiQ,
photocatalyst has been immobilized over different supports such as glass, polymers, magnetic
particles, ceramics, etf1, 45,46,50,127]. Several methods for immobilizing Ti@nhclude
the solgel method, immobilization via binding agents, coating techniques, encapsulation, etc
[50, 128:4.30]. The selection and combination of the various immobilization methods depend
on the final application and the substrate material in which WiDbe anchored. Usually, the
solgel method is applied when the material synthesis process is involved because it allows easy
dispersion of formed gel onto the supporting material, which is further dried and annealed to

obtain a crystalline Tiimmobilized on the substrate.

On the other hand, usingrdiing agents gives excellent stability to immobilized FiO
because binders create chemical bonds with the substrate. In order to achieve a successful
anchoring of TiQ, the substrate material should have most of the following properties:
excellent chemical inertness, high UV light resistance, mechanical stability, and a large specific
surface area. Most recent studies have selected cerantios agstrate material because it
offers all the properties described befdf 50]. The main drawback of immobilized Ti@s
that the mass transfer is reduced compared to theiT€dspension; therefore, the substrate's

geometry and shape should be considered to reduce the mass transfer limitations.
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2.2.7. Radiation source

The light wavelength is one of the most important factors in the photocatalytic activity
of TiO> because it establishewhether the photoexcitation takes place or not. For
photoexcitatiorof the TiO2 particles, the light wavelength should have equal or higher energy
than the energy bandgap to promote the charges' separation. In most cagasyfd@ativation
occurs with a photon emitted at a wavelength of aro8win8n orlower (for the dominant
crystal formy anatase)this means only UV light promotes the photogeneratidethat starts
the redox reactions. As explained before, introducing dopant elements like nitrogen shifts light
absorption to the visible range, allowing photoactivation at veangths higher than 400 nm
andoffering the possibility totilize solar energy. Besides the light wavelengths, light intensity
is anothercritical aspect to consider because photocatalytic kinetics dsjenidl too. When
the light intensity is lowthe reaction kinetic has a linear dependency, changing to sopaire
dependency when moderate light intensity is applied. Finally, when high light intensity is used,
the photocatalytic reaction kinetic becomes independent of the light int¢h3ity132], as

shown in Figure 10.

Figurel0. Reaction rate dependency of light intensity
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3. EXPERIMENTAL PART

3.1.

Materials

Table 2 shows the list of chemicals usethis research.

Table?2. List of chemicals usenh thisresearch.

Substance CAS Purity | Supplier
Target OMPs

Ciprofloxacin 85721331 98 % Acros Organics
Diclofenac sodium | 15307796 p.a. SigmaAldrich
Salicylic acid 69-72-7 p.a. Gram mol
Reagents for nanomaterials synthesis

Titanium (1V) , .
isopropoxide 546-68-9 97 % SigmaAldrich
Acetylacetone 123-4-6 . Honeywell
Ethanol 64-17-5 p.a. Gram mol
Urea 57-13-6 p.a. SigmaAldrich
Graphene oxide wate . , Graphenea
dispersion Not applicable Not applicable p
Ascorbic acid 50-81-7 p.a. SigmaAldrich
Scavengers

p-Benzoquinone 106-51-4 . SigmaAldrich
Formic acid 4-18-6 . SigmaAldrich
Methanol 67-56-1 . SigmaAldrich
Chromatographic analysis

Acetic acid 64-19-7 . $&6 SigmaAldrich
Acetonitrile 75-05-8 . +3/& | SigmaAldrich
Phosphoric acid 7664-38-2 85% SigmaAldrich
Formic acid 4-18-6 e -100% HPLC | SigmaAldrich
Methanol 67-56-1 . +3/& | SigmaAldrich
Reagents for ceramic foam and coating

Tetraethyl

orthosilicate 78104 9 Merck
Hydrochloric acid 764701-0 37% ACS Merck
Commercial AlO, 1344281 Not applicable Almatis

powder CT 3000 SG
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carbonic aciebased N icab N - Zschimmer &
polyelgctrolyte ot applicable ot applicable Schwarz Chemie
Dolapix CE 64

polyvinyl alcohol 9002895 99+% hydrolyzed | SigmaAldrich
antifoaming agent . , Zschimmer & .
Contraspum K 1012 Not applicable Not applicable Schwarz Chemie
Polyurethane foam | Not applicable Not applicable Rekordtim
Others

TiO2 P-25 | 1346367-7 | Not applicable Degussa+ & O V

3.2. Materials synthesis

3.2.1. Microwave-assisted synthesisf N/TiO2 nanophotocatalyss: the effects of
microwave temperature and microwave time

The initial molar ratioof reagentavere kept invariable to determine the microwave
oven parameters for the N/Ti@ynthesis while the temperature and time in the microwave
(MW) oven werevaried The solgel method was combined with the microwassisted
approach, applying similar chemical reagents and ratios as described by Thapa et al. [38].
Briefly, titanium (IV) isopropoxide (TTIP) was mixed with acetylacetone (AcAc). Then,
ethanol (EtOH) was added while stirring at room temperature. These reagentaixed at a
molar ratio of TTIP:AcAc:EtOH = 0.014:0.039:1.37 and labedssdolution A.

On the other hand, urea (N/Ti molar ratio egt@aR) was dissolved in 20 mbf
deionized water and labeled as solution B. Solutions A and B were added dropwise to 80 mL
of deionized water under continuous stirring at room temperature. The final solution was stirred
for one hour at room temperature. Then, the solution was transterfedr Teflon vessels in
the microwave (MW) oven (Microwave Reaction System SOLV, Multiwave PRO, Apé&am
GmbH, Graz, Austria) for thermal treatment at a specific temperatnuot time. Inner pressure
and temperature were monitored usingglasensor accessory during synthesis. The synthesized
material was washed several times with ethanol and water, centrifuged, and dried at 65°C
overnight. The molar ratio afitrogen in N/TiQ was not evaluated. Instead, two different
temperatures (150°C and 200°C) and three reaction times (10, 20, and 30 minutes) were
considered critical parameters for the microwassisted method. The obtained materials were

labeled as N/TiQT _t, whereT andt denote the temperatures and time, respectively. Table 3
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shows the four materials synthesized based on temperature and time applied for the thermal
treatment in the MW ovefi33].

Table3. Material labeling according to evaluated parameters.

Material Labeling Parameters

N/TiO2 150_10 Temperature: 150°C; time: 10 min
N/TiO2200_10 Temperature: 200°C; time: 10 min
N/TiO2 200_20 Temperature: 200°C; time: 20 min
N/TiO2 200_30 Temperature: 200°C; time: 30 min

3.2.2. Microwave-assisted synthesis of N/Ti@nanophotocatalyss: effect of
nitrogen content

Once the critical microwave parameters were studied, the molar ratios of reagents were
modified, whiletemperatureT) andtime () in the MW oven were kept invariable. A similar
procedure as described for microwaassisted synthesis parameters for NAWas used to
determine the effect of nitrogen in N/Ti€/nthesis. However, the N/Ti molar ratio was varied
(0,1, 2,4, 12, and 24) to evaluate the effect of nitrogen on the photocatalytic and morphological
properties. Therefore, different amounts of urea were dissolved in 20 mL of deionized water
andlabeledassolution B while the other reagents were kept at the same molar ratio. Only one
temperature and reaction time were used in the MW oven, based on the optimal parameters
found from the microwavassisted synthesis parameters for NAIZDO°C and 10 min). The
obtained materials were labeled as N/A¥Owherex is the N/Ti molar ratio used (Table 4).
Commercial TiQ Degussa P25 was used as a benchmark material for morphological and

photocatalytic properties comparison purposes.

Table4. Material labeling according to nitrogen content

Material Labeling N/Ti molar ratio
N/TiO2 0 0
N/TiO2 1 1
N/TiO2 2 2
N/TiO2 4 4
N/TiO2 12 12
N/TiO2 24 24
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3.2.3. Reduction of graphene oxide (GO)

Before incorporating reduced graphemede (rGO) into the N/Ti@photocatalyst, it
was necessary to reduce graphene oxide (GO). Therefore, commercial GO was reduced by
applying a similar procedure reported by BaptiBiees et al. [31]. First, commercial GO water
dispersion (0.4 wt FRQFHQW U D W) Ra3 dilut&di\Water to a final concentration
R PJAPTKHQ DQ HTXDO YROXPH UDWLR RI SUHSDYBHG *2 VF
ascorbic acid solution, followed by a thermal treatment in the MW oven at 125°C for
45 minutes. Thamaterial was collected in a 500 mL Erlenmeyer flask, filtered, and washed
several times with deionized water. Finally, the material was dried overnight at 65°C and

labeled as reduced graphene oxide (rGO).

3.2.4. Microwave-assisted synthesis of N/TigrGO nanocomposites: effect of
rGO content

For evaluating the effect of rGO anitk synergy with nitrogen, N/TighGO
nanocompositewere synthesized by applying a methodolsgyilarto the N/TiQ synthesis.
The solgel method was combined with the microwaassisted approach, changing the amount
of rGO (0.25 +10wt. %). Firstly, a certain amount of rGO was dispersed in ethanol and
sonicated for 45 min at 35 Hz. Meanwhile, TTIP was mixed with AcAc and stirred for several
minutes, then ethanol/rGO solution was added while stirring at room temperature; these
reagentsvere mixed at a molar ratio of TTIP:AcAc:EtOH = 0.014:0.039:1.37 and labeled as
solution A.

On the other hand, urea (N/Ti molar ratio equal to 12) was dissolved in 20 mL of
deionized water and labeled as solutionBlutions A and Bthenwere added dropwise to
80 mL of deionized water while stirring at room temperature. This final solution was kept under
stirring for one hour at room temperature. Then, the solution was transferred to four Teflon
vessels in the MW oven for thermal treatment at 2065C10 min. Inner pressure and
temperature were monitored using/d sensor accessory during syesis. The synthesized
material was washed several times with ethanol and water, centrifuged, and dried at 65°C
overnight. The obtained materials were labeled as N/IBD x wt. %, where x is the amount
of rGO added (Table 5). N/Tgmaterial and commercial TikDegussa P25 were used to

compare morphological and photocatalytic propefti&d].
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Table5. Material labeling according to rGO content.

Material labeling wt. % rGO
N/TiO2/rGO 0.25 wt. % 0
N/TiO2/rGO 1 wt. % 1
N/TiO2/rGO 3 wt. % 3
N/TiO2/rGO 5 wt. % 5
N/TiO2/rGO 10 wt. % 10

3.2.5. Preparation of Al.O3 ceramic foamsubstrate

N/TiO2/rGO photocatalystvas immobilizel on the surface ofan opercell alumina
(Al203) ceramic foamAlumina foam was preparddllowing the Schwarzwalder and Somers
replica method135]. The alumina foam was designed as a ring form, with outer and inner
diameters of approximately 90 and 40 mm, respectively, and a thickness of 15 mm. For that
purpose, a polyurethane (PU) sponge with a pore density of 17 pores per inch was impregnated
withan DTXHRXV FHUDPLF VXVSHQVLRQAK®RYAT@RIODOEKLLQD SR
dispersant (Dolapix CE 64) binder (poly (vinyl alcohol)) andan antifoaming agent
(Contraspum K 1012). The following amounts were used: 75, 0.4, 1.5, and 0%, wt.
respectivey. After impregnation and overnight drying, the foam was thermally treated. First, a
slow heating rate of 1°@in® was appliedintil reaching 600°C, witla 1 hour holding period
at 300°C and at 600°C to prevent the structure from collapsing during the burnout of the PU
foam and other organic matter. After that, the temperature was increased to 1600°C at a rate of
5°CAin?. The foam was kept at the final sintering temperature for 2 hours before furnace

cooling. More details about this procedure are published else\ll&&k

3.2.6. Deposition of N/TiO 2/rGO nanocomposites on Al203 foam substrate

A binder solution was prepared before immobilizing N/FiGO (with 0.25 wt.% of
rGO materid tseleced based on results of photocatalytic propejt@so the AbOs foam
substrate. Briefly, acidified deionized water (with 0.01 mol hydrochloric acid, HCI) was mixed
with tetraethyl orthosilicatan a molar ratio of 100:1 and kept under stirring féwobirsat room
temperature to form a binder solution. Then, a coating solution was prepared using binder:
EtOH:N/TiO/rGO in a weight ratio of 7.5:85:7.5 and sonicated for 30 minute35&iz.

Meanwhile,the Al>Os ceramic foam was placed in a vacuum chamber (CitoVac, Struers) at
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i 0.16bar for 20 minutes; then, the coating solution was injected slowly into the vacuum
chamber until the ceramic foam wastirely covered, keeping the vacuum for another 20
minutes. After the coating time, the ceramic foam was removed from the coating solution and
left to dry at room temperature for 30 minutes. Subsequently, it was thermally treated at 65°C
for 3 hours followed by another 3 durs at 90°C, and finally at 120°C overnight. The
N/TiO2/rGO nanocomposite immobilizexh the Al.Oz foam was labled AbOz@N/TiO./rGO.

3.3. Materials characterization

Materiak characterization is crucial because it allows to correlate changes in the
photocatalytic activity of Ti@based materials with the morphological, structural, and optical
properties of the synthesizednostructuredhaterials.

XRD analysis was performed to identify the crystalline phase and calculate crystal size
under specific conditions suchtasperatur€T) andtime () in the MW oven, nitrogen content,
and rGO loading. For the XRD analysis, a Shimadzu XRD6000 (Shimadzu Corporation, Kyoto,
Japan) XUD\ GLITUDFWRPHWHU ZLWK &X.. UDGLDWLRQ ZDV XVHC
LQ WKH BD Qithtsteps of 0.0f DQG FRXQWLQJ WLPH V XQGH
voltage of 40 kV and current of 30 mA.

To check the porosity, pe size distribution, and specific surface arethe$ynthesized
materials, BrunaueEmmettdeller (BET) analysis was performed. The BET surface area,
pore volumes, and pore size distribution were estimated from nitrogen adsorption and
desorption isotherm data using an ASAP 2000 apparatus (Micromeritiosr@top, Norcross,

GA, USA). Before the analysis, the material was degassed under a dynamic vacuum of 6.6 mPa
at 150°C for 10 hours to remove any physically adsorbed spetieBarretdoyneritdalenda
model was used to determine the matefigbre size distribution by using the data of the

adsorption and desorption branches of the nitrogen isotherms.

Fourier Transform Infrared Spectroscopy (FTIR) is a technique that provides
information about the surface chemistry of the materials, such as functional groups, chemical
bonds, and the nature of the photocatalyst surface (hydrophilic/hydrophobic). FtRaspe
were recorded on an IRSpirit (Shimadzu, Kyoto, Japan) in the range af4800 cni, using

an attenuated total reflecti@tcessory.
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Raman spectroscopy provides insight into how dopant incorporation affects the
formation of oxygen vacancies, crystalline phases, and surface change. Raman measurements
were performed by confocal micRRaman spectroscopy using a T64000 (Horiba Jobin Yvone)
equipped with a solidtate laser with a wavelength of 532.5,@®0x magnification and large
working distance objective in the range of 93000 cni. Laser power at the sample was

optimized to avoid heating and possible phase transition of duéng measurement.

The photocatalytic optical properties can be measured through diffuse reflectance
spectroscopy (DRS), which helps to determine wavelength adsorption shifting by the dopant
introduction. The energy bandgap Hg) was calculated through Tauc plots from DRS
measurements. These measurements were performed on a QE Pr&eHaymance
Spectrometer (Ocean Insight, Orlando, FL, USA) equipped with an integrating sphere and a
DH 2000 deuteriunthalogen source in the agais range 2061000 nm with a resolution of 1

nm and integration time of 10 s.

Scanning Electron Microscopy (SEM) is a powerful tool that provides-tagblution
imaging of the photocatalyst surfadg®hen @mbined with Energy Dispersive Spectroscopy
(EDS), it is possible to have a clue about surface chemical composition and element
distribution. The demental surface composition was determined by SEM using a Vega
Easyprobe 3 device (Tescan, Brno, Czech Republic). EDS spectra were recorded with an
XFlash 6|30 detector (Bruker, Billerica, MA, USA) at a working distance of 10 mm under a

accelerating voltage of 20 keV.

On the other hand, Xay photoelectron spectroscopy (XPS) is an essential technique
that determines each element's chemical bonding and electronic states within the photocatalyst.
Additionally, it provides accurate information about the type of doping
(interstitial/substitutional). Therefore, the chemical composition and energy binding were
determined by an XPS spectrometer equipped with a Phoibos MCD 100 electron analyzer

63(&6 %HUOLQ *HUPDQ\ DQG D PRQR-FSUR PIBBNL EVVRXUFF
During analysis, the typical pressure in the UHV chamber was in tHePEOrange. For the
electron pass energy of the hemispherical electron energy analyzer of 10 eV used in the present
study, the overall energy resolution was around 0.8 eV. All spectra were calibrated by the
position of C 1s peak, placed at the binding eypearfy284.5 eV. The XPS spectra were
deconvoluted into several sets of mixed Gausk@entzian functions with Shirley

background subtraction.
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3.4. Photocatalyst evaluation

3.4.1. Adsorption test

The adsorptiordesorption equilibrium wasestablifed before checking the
photoactivity of anysynthesized materials. For adsorption, 25 mg of the photocatalyst was
GLVSHUVHG LQ P/ RI SROOXWDQW V R{pDaxidftRrQhe &laik '&) R
for two hours Samples were taken at different intervals, filtered using a 0.45 pm mixed
cellulose ester membrane filter, and directly analyzed with aVidvspectrophotometer
(HEWLETT PACKARD, Model HP 883, Palo Alto, CA, USA). For CIP, measurements were
done at 273 nm (maximum absorption peak), while for DCF and SA, measurements were done
at276 nm and 297 nm, respectiveRor every adsorption test, the pH value was measured at
the beginning andtthe end of each experiment using apidter type SevenCompact pH/lon
S220 (MettlesToledo Co.)

In the case OofAI.Oz:@N/TIO/rGO and AOs foam, the adsorpticdesorption
equilibrium was determined by immerging the ceramic rings in 100 mL of pollutant solution
&,3 '&) RU 6% %) andlehin the dark for twodurs Sampling and measurements

were dondollowing the sameprocedureas described above.

3.4.2. Photolytic and photocatalytic tess

For the photocatalytic test, 25 mg of the photocatalyst was dispersed in 100 mL of
SROOXWDQW VROXWLRQ % a8dirr&diarRdiin@ach expePichént from above
with lamps 20 cm away from the reactor.

Four lamps with different wavelengths of emission were used as a radiation source to

determine the dependence of photoactivity by the radiatanelengths

- UVA lamp, model UVAHAND LED (Dr. Honle AG, UVTechnologie, Gilching, Germany)
(peak on 365 nm, 70 W),

- solar light simulator (SLS) model SOL500 (Dr. Honle AG, {O¢chnologie, Gilching,
Germany) (430 W),

- blue visible light (BVL) lamp, model UVAHAND LED (Dr. Honle AG, UNechnologie,
Gilching, Germany) (peak on 405 nm, 70 W),
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- cold visible light (CVL), model OSRAM Endura Flood 100W 840 GD (Ledvance GmbH,
Osram, Munich, Germany) (450 nm and 600 nm, 100 W).

Before irradiation, the suspension was stirred for 30 minutes in the dark to ensure
adsorptiordesorption equilibrium, determined previously by the adsorption test. After that, the
lamp was turned on and irradiated the suspension for 2 hours. Sampleskearérom the
reactor at intervals (0, 5, 10, 20, 30, 45, 60, 90, and 120 min), filtered using a 0.45 um mixed
cellulose ester membrane filter, and directly analyzed by ginformance liquid
chromatography (HPLC, SCLOA, Shimadzu) equipped withUV-Vis detector (SPR0 AV,
Shimadzu). Fothe target pollutant transformation and byproducts detection, photocatalytic
degradation was followed at 273 nm, 276 nm, and 297 nm, respectively, for CIP, DCF, and SA.
The separation was performed on a Spack VRODS column [} PP P
Shimadzu). For ClRuantitative determination kiye HPLC, the mobile phase was a mixture
of 2% acetic acid/acetonitril&/(V, 84:16) with glow rate of P/ A PiirQheisocratic mode.

While for DCF and SAjuantitative detenination the separation was achieved using a mobile
phasecomposemf 2 % phosphoric acid/acetonitrilg/{/ ZLWK D IORZ UDWH RI
Lin the isocratic modeCIP, DCF and SA degradation testere performed separately under

each of the radiation sousenentioned above. During the photocatalytic experis)ethie
temperature was kept at 25°C by a thermostatic bath, while the pH value was measured at the
beginning and the end of each experiment using-anekér type SevenCompact pH/lon S220
(Mettler-Toledo Co.)

Once the most photoactive materidl TiO2/rGO) was selected from all the synthesized
materials, a potocatalytic mechanism determination was implemented for each pollutant under
the four radiation sources. To do that, a similar procedure as the photocatalytic test was
executed, but by adding the scavenger agents such as mettafjplptbenzoquinone (g),
and formic acid If") prior to the photocatalytic test. The molar ratio pollutant/scavenger was
1/100, except forp-benzoquinone, which was 1/10 due to its limitations on analytical

determination.

In addition to the photocatalytic test, the photolysis test of each pollutant under the four
radiation sources was carried out to identify the effects of pollutant degradation solely by light.
For the photolysis process, 100 mL of pollutant solution (C&®) RU 6% ) idhdut
a catalyst was irradiated for 2 hours, applying the same sampling and amatysslures

described above for the photocatalytic test.
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For N/TiO2/rGO-coated AtOs foam ring @Al20:@N/TiO./rGO) photocatalytic test, the
N/TiO2/rGO-coated AfOz foam ringwas placed in 100 mL of pollutant solutig@IP, DCF, or
SA) P J A /and left for 30 minutes in the dark to ensure adsortasorption equilibrium,
followed by 2 hours of radiation. The sampling and analysis were the same as described for the
photocatalytic test. For comparative purposesOifoam was evaluated on the degradation of
CIP, DCF, and SA, using the same conditions applied fgDs#&DN/TiOx/rGO ceramic foam

to determine the substrate contribution.

Finally, to determine the dependence of radiation intensity on the photocatalytic and
photolytic processes, the irradiation intensities effect of each lamp in the degradation of CIP
was evaluated, placing each lamp at two different heights from the photocatalytic reactor.
this analysis, DCF was not considered due to only showing photolysis under SLS irradiation,
while SA did not exhibit any photolysis under the studied irradiation souB=dere this
analysis, global and UM irradiation intensities of each lamp at different heights were
measured. Global irradiation was measured using a pyranometer in the rang8@86m
(Kipp & Zonen Co., model CMP11, Delft, Netherlands), whihe UVfA irradiation was
measured by a radiometer equipped with aAJ8ensor in the range 315400 nm (Opsytec
Dr. Grobel Co., model RM 21, Ettlingen, Germany). Global andAJWradiation charts of
each lamp and radiation spectra of the different Rraped are presented Appendix
(FigureS2).

3.5. Transformation products (TP) detection

Liquid chromatographgoupledto high resolution mass spectrometry (HRMS) was
used to elucidate the potential transformation pathways for CIP and DCF under different
irradiation sourceg~or thispurposeOrbitrap Exploris 12@QHRMYS) instrument fromlhermo

Fisher Scientific was used.

Ciprofloxacin was chosen to follow ifBPsbecause of its possible contribution to the
emergence and spread of mud#sistant bacteria due to the excessive or inappropriate use of
this pharmaceutical, which is known for its bactericigfiéct against most strains of gram
negative bacteria and against certain gpasitive bacteria. The bactericidal effect of this
molecule comes from its fluoroquinolone structure. Therefore, it is important to determine if

the TPsretain this structure, indicating that theould still possess the bactericidal effect.
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In the case of diclofenac, this nonsteroidal -amftammatory drug (NSAID) has been
associated with renal failure as a side effect and demonstrated to be toxic for some fishes and
birds. Therefore, identifying probablé>sof DCF will contribute to identifying how effective

the degradation process of this pharmaceutsaahder different irradiation sources.

On the contrary, salicylic acid was not considered as a model compound td Reake

analysisusing HRMSdue to the simplicity of this molecule compared to CIP or DCF

The analysis of CIP transformation was performed usandpeated electrospray
ionization (HESI) system as an ionization source, in positive ion mode with ionization voltages
of 3500 V. In comparison, negative and positive ion modes with ionization voltages of 2500 V
and 3500 V, respectively, were applied RCF. The mass spectra were acquired in full scan
mode in the mas® charge ratior/2 range ofm/z40 to 5000. A reversghase column
(Hypersil GOLDSelectivity C18, 3 um, 2.1 mmx 50 mm) was used tgeparate each
compound, setting the column temperature at 30 °C. The injection volume and flow rates were
10 uL and 04 P/ A P4, @spectively. For CIP, the mobile phase composition was HPLC water
with 0.1% formic acid and acetonitrile. For DCF analysis in the positive ion mode, the mobile
phase composition was HPLC water with 0.1% formic acid and methanol. For the negative ion
mode, the mobile phase composition was HPLC water with 5 mM ammonium acetate and
methanol. The results were processed uS§logipound DiscoverdE3.0 Software(Thermo
Fisher Scientific).
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4. RESULTS AND DISCUSSION

4.1 Microwave-assisted synthesis of N/Ti@nanophotocatalysts:
optimization of microwave temperature and microwave time

4.1.1. Characterization

The nitrogen adsorption/desorption isotherms of NTi@aterials synthetized at
different microwave temperature and microwave timere collected and described by the
Brunauer, Emmett, and Teller (BET) and BarXkiynerHalenda (BJH) models to derive

specific surface area, pore volume, and pore size distribution values, as shown in Table 6.

Table6. Specific surface arepprevolume, and crystallite size of N/Ti®naterials

Material rﬁ‘iEgTﬁ Vpore, M g2 Average pore diameter, nm
N/TiO2150 10 172.4 0.260 5.46
N/TiO2200 10 185.3 0.326 6.68
N/TiO2200 20 187.8 0.342 6.91
N/TiO2200 30 179.2 0.330 7.02

It can be observed that N/Ti@aterialssynthesizechat the same temperature, but a
different reaction time in the MW, have a similar specific surface area;vptume, and
average pore diameter, indicating that the reaction time on the MW oven does not play an
important role on the porosity of the materi@n the other hand, increasing the reaction
temperature, while keeping constant the reaction time (N/IBD 10 and N/Ti@200_10),

resulted in an increase in the specific surface area, pore volumejaaagepore diameter.

The adsorption and desorption isotherms of synthesized materials and pore size
distribution are showmiFigurell From Figure 11 it can hebserved that all materials display
type IV nitrogen adsorptiecdesorption isotherms, typical for mesoporous materials, with an
H2 hysteresis type, indicating that the porosity is composed mainly oflikecknd wide body
pores [3637].
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Figurell. Adsorptiondesorption isotherm, and pore size distribution of NéTi@terials at different
temperature and reaction time

The FTIR spectra of the N/TiOmaterials synthesized at different temperatures and
reaction times are presented in Figure 12. All materials show a strong wide band between 400
and 800 cr#, which corresponds to the stretching vibrations oI i bonds[137], whereas
the broadband between,850 and B50 cm?, and the peak at,d32 cm?, are attributed to
stretching vibrations of @H group[138]. However, N/TiQ 150 10 has additional peaks at
1,590cm®, 1,525 cm?, 1,443 cm?, and 1372 cm?, which were ascribed to the stretching
vibrations of NiH, C=0, and GN groups, respectively, associated with the remaining urea in

the materia[139].
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Figurel2. FTIR spectra of N/Ti@materials at different temperature and reaction time.

Figure 13 shows the -Xay diffraction patterns of N/Ti©materials synthesized at
different temperatures and reaction times. All materials show diffraction peaksairia@se,
assigned to the ICDD PDF##1272[133]. It can be noticed that a higher treatment temperature
is leading to narrower peaks, indicating larger crystallite size and more crystalline material.
Similar results were reported by Kadam ef42]. However, in this study, the anatase crystal
phase was formed even at low temperatures as 150°C. On the contrary, the reactioesime
not haveany effect on the crystal phase and crystallite size (inset). Based on the BET, XRD
and FTIR analysis, it is observed that temperature is a crucial parameter in the mierowave
assisted synthesis, while the reaction time is irrelevant for defining the nhogpdad and

superficial structure.
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Figurel3. X-ray diffraction patterns and crystal size of N/Ti@aterials at different temperature and
reaction time.

4.1.2. Adsorption and photocatalytic test

Photocatalytic experimestusing the N/TiQ materials synthesized at different
temperatures and reaction time were subject to adsorption and photocatalytic test to correlate
these parameters with the morphological properties. For these evaluations, CIP was used as a
WDUJHW SR O GXB0NQ)\W heresitd Afthe adsorption test, displagin Figure 14,
show that all synthesized matesihbve alarger adsorption capacity than the commercialTiO
P25 Deguss&TiO, P25, 50m? %) [129], which could be attributed to the larger specific
surface areaAdditionally, it is observed that materials synthesized at different reaates,
but atthe same temperature, exhibit similar adsorption capacity. AlthoudiW @, 150 10
material has the lower specific surface areae gize and pervolume, it displays the highest
adsorption capacity, which could ber#tited to lydrogen bonding by the affinity between
amino or carboxylic group present in the ciprofloxacin structure, and the urea remaining in the

material synthesized at 150°C, as confirmed by the FTIR analysis.
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Figurel14. Adsorption test otiprofloxacin (CIP) on Degussa P25 Tiénd N/TiQ materials
synthesizedt different terperatures and reaoti time.

The photocatalytic activity of the N/Tinaterials synthesized at different temperatures
and reaction times was evaluated for tliegradation of CIP aqueous solution
(10 P J AY=30puM) underbothUVA light and visible light. Theesultsof thephotocatalytic
experiments under the UVA light, as shown in Figute deveal that N/Ti@ materials
synthesized at 200°C degrade 90% of CIP in just 20 min of irradiation, while the material
synthesized at 150°C achieves less ®@#b of removal at the same perigdiditionally, it is
noticed that materials synthesized at 200 °C with different reaction times (10, 20, and 30 min
of MW oventreatment) exhibit similar photoactivitgomparable to commercial Degussa P25
TiO2, achieving more than 95% degradation of CIP in only 45 min under the UVA radiation.
After 45 min, no significanthanges ifCIP degradation ar@bservedor materials synthesized
at 200°C, while the material synthesized at 150°C requires more than 90 min ta seatar

removal efficiency(Figure15).
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Figurel5. Photocatalytic degradation of ciprofloxacin (CIP) by Degussa P25an® N/TiQ
materials under ultraviolet A (UVA) light.

Figure B presensthephotoactivity ofN/TiO2materials under cold visible lighds well
asthe lack of photoactivity of the photocatalyst Degussa P25. Ti@s observed that N/Ti©
materials synthesized at different reacttones, but at the same temperature, havenigar
photocatalytic actity. On the other hand\/TiO> 150 10materid shows aslightly better
photocatalyticactvity than otheiN/TiO> materials, probablgue tothe effectof theresidual
ureg whichcontributedo higher adsorptionf CIP. However, théN/TiO, 200 _10material also
displays a good photoactivity under CVL, comparable @i time achieved by theN/TiO>
150_10material, agletailedin Table 7,wherekinetic parametes for all materiat under both
radiation sourceare comparedl he enhanceghotocatalytic activity othe N/TiO2> materials
under visible light is most likely attributed to the presence of nitrogen, which might either cause
the narrowing of thdandgap of Ti@or introducing impurities states that do not modify the
energy band gap but contribute shifting its ph@sponses to the visible spectrigid, 140].
In terms of CIP removal under both radiation sources, all synthesized materials show a
synergistic effect of adsorption and photocatalysis, where N/m&erials synthesized at

200°C removenore than 2% of CIP by adsorption process.
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Figure16. Photocatalytic degradation of ciprofloxacin (CIP) by Degussal®5and N/TiQ
materials under cold visible ligh€VL).

For the photocatalytic testsnder both radiation sourcethe pollutant removalis
analyzed using the pseudicst order andsecondorder models to identify which model better
describes the degradation process. The pséigl@rderrepresents a degradation mechanism
affected mainly by the changes in the pollutzgnicentrationwhile in thesecondrder model,
several factors, such as light intensity, pollutant concentrdiygampducs formations, etcplay
an important role ithe degradation rafé41].

The linear form of the pseudost order kinetic model iE142]:

%

~ 0
FZigpL GIP (10)

The linear form of the second order kinetic mod¢L#il |:
S

s
%FT/QLC%IP (11)

where, wher€ P J A) ik the concentration of pollutant at timn@nin),Co P J AY)/
is the initial pollutant concentratiok; (min®) andk. /A PXA P¥)@re the degradation rate

constants.
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The kinetic constant for the pseufist order is obtained by the slope of the pthh
(C/Co) versus the irradiation tinf@42]. For thesecondorder, the kinetic constant is obtained
by the slope of the plot (@/A/Co) versus the irradiation timgl41]. Based on thditted
parameters, itan be determined which modéletter explains the degradation mechanism.
/A B APYQinetic
constants, theidetermination coefficientd??), and efficiencies for the CIP removal by N/TiO
materialsand commercial Ti@P25. Under UVAandCVL, it is noticed that theecondorder

Table 7 shows the pseudfirst order ki, min®) andsecondorder k.

modelfits the datebetter(higherR?) compared tahe pseuddirst order modelThus, the CIP
removal follows asecondorder model, where the CIP removal is definedsbyeralfactors

not just changes in its concentration.

Table7. Pseudéfirst order,secondorder kinetic parameters and efficiencies of CIP removal by
N/TiO2, materials and’iO, P25 under UVA andold visible light (CVL).

Removal Removal Model
Lamp Material by Efficiency, Pseudeofirst order Secondorder
adsorption % ki, min® ko /APAPEQ

(%) k k1 R2 ka R2
1 7L2w 50.30 97.09 | 0.0289 0.9213 0.2409 0.9962
1 7L2w 28.82 99.53 0.0523 0.9024  1.3530 0.9485
UVA 1 7L2w 2813 9938 | 0.0529 0.8692 1.2789 0.9856
1 7L2w 2897 99.35 0.0507 0.8767  1.1332 0.9880
P25 19.87 9958 | 0.0589 0.8508 1.9217 0.9937
1 7L2w 51.81 62.55 | 0.0021 0.9846 0.0046 0.9876
1 7L2w 26.14 46.57 | 0.0029 0.9933 0.0043 0.9974
CVL 1 7L2w 26.40 43.72 | 0.0024 0.9934 0.0035 0.9961
1 7L2w 25.35 42.43 | 0.0023 0.9903  0.0032 0.9930

P25 12.63 * * * * *

*No photocatalytic degradation was observed

As expected, the photocagtit activity of commercial TiQP25underUVA presentsa
higher degradation rate compared with tegnthesized materigldut without photoactivity
under visible lightOn theother handthe N/TiO; 200_10 materighas a good degradation rate
under UVAirradiation whichis equivalent to 70% of the commercial one. Additionallyder

CVL, this materiaklso shows a good photocatalytic activity
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After evaluating the adsorption and photocatalytic tesispbined with the material
characterizationit can be inferredhat the temperature is the most relevant parameter in the
microwaveassisted synthesis, and it is mainly affecting the crystallite size domains, which
could determinethe photoactivity. Based on these resulis, this research, theptimal

parameters identéd for the microwave oven are at 200°C and 10 minutes.

4.2 Microwave-assisted synthesis of N/Ti@nanophotocatalysts: effect of
nitrogen content

4.2.1. Characterization of nitrogen-doped materials

Once the optimal reaction time and temperature in the microwave avere
determined N/TiO. materials were synthesized at different N/Ti molar ratio and subjected to
broad structural, microstructural, and spectroscopic characterization in order to optimize the
preparing procedure in terms of the N content in the N/Ti@terials. The specific surface
area, poreolume, and average pore diameter of Degusszb Rind N/TiQ materials
synthesized at different N/Ti molar ratios are presented in Tabtecan be noticed that the
specific surface areas of N/Ti@aterialsdecrease withncreasing N/Tiratio. The sample
without nitrogen (N/TiQ 0) presents the highest specific surface area. A similar reduntion
specific surface area witimcreasingnitrogen ratio was reported by Ma et H18]. This
reduction could be attributed to interstitial doping, in which nitrogen atoms could be located in
the interstitial voids instead of crystal lattice si28]. Moreover, the specific surface areas of
N/TiO2 materials are significantly higher th#mose ofthe photocatalyst Degussa2B (up to
four times higher). Interestingly, it can be observed that the pore volume and the average pore
diameter are not significantly affected by the N/Ti ratio.

Table8. Specific surface area, pevelume, and pore size of N/Tinaterials and Degussa P25.

Material Seer, M B2 Vpore, cn® 42 Average PoreDiameter, nm
N/TiO2 0 215.04 0.424 7.25
N/TiO2 1 144.40 0.273 7.26
N/TiO2 2 185.29 0.326 6.68
N/TiO2 4 158.09 0.295 7.19
N/TiO2 12 139.17 0.297 8.00
Degussa P25 48.14 0.196 13.69
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Figure 17 show the adsorption and desorption isotheraiscommercial TiQ and
N/TiO2 materials synthesized at different N/Ti molar ratios, in witichobserved that N/Ti©
materialsdisplay again a type IV nitrogen adsorptiecdesorption isothermsas previously
observed in the section of microwaparameterswith an H2 hysteresis type, indicating that
the porosity is composed mainly of neldte and wide body pore©n the contrary, the Ti©
P25exhibitsan H4 hysteresis type, characteristic siit-like pores.Additionally, it is noticed
that synthesized materiatgve narrow pore distributionith alarger pore volumeompared

to thecommercial onewhichhas a broad pore distributitnut with smaller pore volume.

Figurel7. Adsorptiondesorption isotherm, and pore size distribution of NT@terials at different
N/Ti molar ratios

In Figurel8, the FTIR spectra of the N/Tinaterials and Degussa P2fe presented.
A strong and wide band between 400 and 806 @observed for all materials, which can be
associated with the stretching vibrations of£3tfi bonds. Additionally, the wide band
betweerB,650and2,850cm® and the peak dt,632cm? is correlated to stretching vibrations

of the O+ group. Furthermore, in the N/Ti@aterials containing a high N/Ti molar ratio (12
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and 24), a small band arouadt57 cm® appears, which is attributed to the vibrations of the
formed TiN bond[143]. Interestingly, all synthesized materials have a higher intensity of
bands related to the #©l group than the P25 sample, which could be beneficigiroduce
hydroxyl radicals during photocatalytic reactidtigd4, 145]. Although tie optimal N content
camotbedeterminedrom the FTIR scanst couldhelp to idetify importantmaterial features

such hydrophility and surface hydroxylation

Figurel8. FTIR spectra of N/Ti@materialssynthesizedt different N/Ti ratio and Degussa P25.

The Raman spectra of the N/Gif@aterials and commercial photocatalyst Degussa P25
are shown in Figure9l In general, for almaterials, five peaks can be identified which are
associated with the 4 (515 cm?), Big (396 cm?) and F (143, 396, and 637 cf)) Raman
modes of TiQ anatase phag80, 146], while, for the Degussa P25, an additional small peak at
444 cnit, which is characteristic for the TiQutile phase, is observdd47]. In all N/TiO;
synthesized materials (with and without urea), a slight shifting of the Raman peaks af the B
andEg to higher wavenumbers is detec{@ise), and it could be attributed either to changes
of surface oxygen vacancies or incorporation of nitrogen into the 3ti@cture[86]. The

Raman spectra indicate that nitrogen does not affect the crystallization of the TiO
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Figure19. Raman spectra of N/Tilnaterialssynthesizedt different N/Ti ratio and Degussa P25.

Figure 20 shows the Xray diffraction patterns of N/Ti@materials and commercial
photocatalyst Degussa P25. All synthesized Ng¢Titaterials display only diffraction peaks
assigned to anatase (ICDD PDF#2272)[136], with crystallite size between 13 and 15 nm
(determined by the Scherrer methoaliile the TiQ Degussa P25 exhibits diffraction peaks
assigned tdothanatase (ICDD PDF#24.272) and rutile (ICDD PDF#24.276)phase$119],
with anaverage crystallite size of about 30 nm. In the materials containing urea, the anatase
diffraction peak (101) is slightly shited&@oORZHU DQJOH themERBSDUHG
ZLWKRXW XUHD f  2D\indé§ RHEAQ chudd bel asXddibted with
nitrogen doping [30]. Even though different N/Ti molar ratios were used, there are no
observable changes in the phase composition nor the crystallite size of the INAIe€Dals.

Apart from the slight shifting of the diffraction peak0O{l), no change is detected between
materials with and without nitrogen, indicating that nitrogen doping has a negligible effect on

the TiQ structure.
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Figure20. X-ray diffraction patterns of N/Tiomaterialssynthesizedt different N/Ti ratio and
Degussa P25.

The SEM analysisombined with EDS analysigias performed on the materials
synthesized at 0 and 12 N/Ti molar rattosdeterminethe particle shape throughhigh
resolution imaging of the photocatalysirface ando identify surface chemical composition
and element distribudn. From SEM images displagdin Figure 21t is noticed thain both
sampleg0 and 12 N/Ti molar ratioshhe particle shapes sphericalandtheyare gglomerated
indicating thatitrogen addition does notfluencethe morphology, shape, or size of the 7iO
particles.Additionally, from theEDS analysis Kigure 22), the Ti and O signals, which are
typical in TiQ,, are detected in both materials. Nitrogen traces are present even in the N/TiO
0, which can be du anerror on theEDS calibrationassigningothersignak to the nitrogen
in this sample In addition, it is well known thaEDS is nota 100% quantitative method,
therefore the results obtained fronthis methodologyare takerasindicatorsof the element
composition High-resolution EDS spectra wepgeciselyacquired and fitted to allow more
reliable quantitative results compared to conventional automated EDS arfalysigie high
resolution EDS spectr#,is observed thahe material N/TiQ 12 showsa stronger and more
homogeneous presence of N throughout the matenathe mapping than the material
N/TiO2 0.
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Figure2l. (a,b) SEM images of N/Ti@O0; (c,d) SEM images of N/Ti@12 at different
magnifications

Figure22. The fit of the EDS spectra for the N/TA0 (4 atomic % of N) and N/Ti©12 (7 atomic %
of N). Inset: EDS mapping for the Ti@naterials synthesized at 0 and 12 N/Ti molar ratios.
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Figure 23 show the highresolution spectra of Ti, O, and N obtained by XPS
measurements, in which the chemical composition and oxidation states were detefonined
N/TiO2 0 and N/TiQ 12. Figures 23a andc showthe O 1s spectra of materials N/Bi®and
N/TiO2 12, respectivelyln both materials, theedifferent binding energy valuesedetected
where the main pedkcatedaround530 eVcould beassigned to oxygen bonded to titanium
(O-Ti). Thesecondeaklocated around 533eV could be related to oxygen bonded to carbon
probablydue toimpurities from the synthesis (urea or acetylacetonle¢.third peaklocated
around533 eV could beattributed to adsorbed oxygen, probably feH®onds of chemisorbed
water[118]. Additionally, it is noticed that the peak related to chemisorbed water is slightly
more intense in the sample N/G@2 than the sample N/Ti£D, whichcould bebeneficialfor
generatindydroxyl radicals, enhancirtge photocatalytiactivity. Figures 23pb andd show the
Ti 2p spectra of N/Ti@0 and N/TiQ 12 materials respectively In both materialsthe two
peakslocatedaround458 eV and 464 eV correspond to T*2pnd Ti 25’2, which indicates
the formation of Ti*, typical of the anatase phase of Tj48 #50]. On theother handFigure
23edisplays N 1s spectrum recorded for N/Ri@2. The small peak with binding energy of
400.15 eV is attributed to nitrogen bonded to oxygei®(\L43,151]. In general, it is assumed
that the N 1s peak above 400 eV is related to interstitial dg@Blyg The introduction of
nitrogen in the TiQlattice produces slight changes in #lectronic densities of Ti and. Gor
the O 1s spectra, the main peak is shifted to lower binding energy from 530.1 to 529.95 eV;
while for the Ti 2p spectrahe energy for the Ti 23 is shifted to lower binding energy from
458.8 to 458 eVThe binding energy shifting is highfar the O 1s spectra due te®lbonding.
Usually, NO bonding in the interstitial sites is achieved under wet chemical processes, which
is the applied method used in the present sf8d&ly Although there are several techniques that
can help to determine the presence of a doping element such as nitrogen, the XPS analysis is
the most suitable technique for confirming the success of the doping process as well as the type

of doping (substitutinal or interstitial29].
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Figure23. High-resolution XPS spectra: (a) O 1s spectamd(b) Ti 2p spectrunof N/TiO, 0;
(c) O 1s spectrum(d) Ti 2p spectrum, and (e) N 1s spectrofiN/TiO, 12

The DRS results and the Tauc plots are shown in F2diesnd 5, respectively. From
the DRS analysis (Figurgd), it is observed that there are no significant differences in the
energy absorptiobetweerthe N/TiQ, materials and Degussa Pi2&the UV region howe\er,
in the region between 400 nm a&d0 nm the N/TiQ materials have some absorptiorthe
visible region Based on the DR@&atg the Taulots can be obtained to determine the energy
bandgap of all materials (Figur®)2 It is noticed that all N/Ti@materials display a sliglyt
lower energy bandgajm comparison to the Degussa P2bifting the photon absorption to the
visible region Additionally, it is observed thahé lowest energy bandgap is obtained for the
material N/TiQ O, while the incremenin the N/Ti molar ratio increases the energy bandgap.
Similar results were reported by Suwannaruang ¢t%2]. The lowest energy bandgfy the
material N/TiQ 0O indicates that thesynthesis method also plays an important aiethe
materialoptical propertiesOn the other hand, thecrement in the energy bandghp the
increment on theN/Ti molar ratiocould beexplained by the fact thabeing the nitrogen
introduced interstitially, as confirmed by XPS analysis, nitragéronded to oxygen amduld

beacing as an impurity, creating a new energetic level that contributes to the absorption in the
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visible light range without modifying the valence band (VB) or conduction band (CB) ef TiO
[32, 33]. Kuo et al. confirmedby density functional theory calculatignthat band gap
narrowing is achieved by substitutional nitrogen doping, while interstitial nitrogen doping
produces localized impurities that do not reduce the energy bah83jadowever, both types

of dopingcontributeto the absorption of photons in the visible rangeevious studies have
shown that a lower energy bandgap is not the only condition to achieve a higher photoactivity
in the visible region. Other factors, such as oxygen vacancies and new energetic levels in the
TiO: lattice, also play an important role in photocatalytic actif@®, 119,152,153].

Figure24. DRS spectra of N/Ti@materialssynthesizedt different N/Ti ratio and Degussa P25.
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Figure25. Taucplot for energy bandgap determination of N/Ti@aterialssynthesizedt different
N/Ti ratio and Degussa P25.

4.2.2. Photocatalytic evaluation of nitrogenrdoped materials

The photoactivity of the N/Ti@materials with the different N/Ti molar ratios,
synthesized at 200°C for 10 min in the MW oven, were evaluated again through the degradation
of CIP aqueous solution ( P J & £ 30 uM) under three different irradiation sousc&/VA
light (Figure 26), solar light simulator (Figure 27) and cold visible light (Figure 28). Before
starting the degradation test, the initial pH value of the CIP solution was measured, ranging
between 6.2 and 6.5. Evaluation under UVA irradiation shinasthe photocatalyst Degussa
P25 has the highest degradation rate, as eagefcillowed by the materials with a higher N/Ti
molar ratio (12 and 24), which achieve up to 90% CIP removal in just 20 min of UVA
irradiation. On the other hand, materials with a lower N/Ti molar ratio and without nitrogen
doping (N/TiQ 0) display a lower degradation rate within the first 20 minutes of irradiation,
achieving less than 90% of the pollutant removal. After 60 minutes of UVA irradiation, all
synthesized materials achieved more than 95% of pollutant removal, and no sigoifarayes
in the CIP concentration were detected. These results indicate that increasing the N/Ti molar
ratio increases the degradation rate. After the photocatalytic experiments, the pH value was
measuredand itremainedunchangedAlthough most of the CIP was degraded, the formed
byproducs could probably still have tl@arboxylicacid group contributingto keepng the pH
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Figure26. Photocatalytic degradation of ciprofloxacin by Degussa P25 di@ N/TiQ materials
under UVA light

Under the solar light simulator (SLS), it is noticed that the degradation of CIP follows
a trend like the one observed under the UVA radiation, where the photocatalyst Degussa P25
again displays the highest degradation rate, followed by the materials igher N/Ti molar
ratio (12 and 24)xchievingup to 90% CIP removal in just 20 minutes of solar irradiation. Also,
it is observed a similar tendency for the materials with a lower N/Ti molar ratio and without
nitrogen doping (N/Ti@O0) like under UVA iradiation, where less than 90% of the pollutant
removal is achieved within the first 20 minutes due to a lower degradationndée SLS
irradiation. After 60 minutes of SLS irradiation, all synthesized materials reached more than
95% of pollutant removal, and no significant changes in the CIP concentration were detected

anymore
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Figure27. Photocatalytic degradation of ciprofloxacin by Degussa P25 di@ N/TiQ materials
under SLS

Although the commercial photocatalyst exhibits the highest degradation rate for CIP
removal, the kinetic constants calculated for each material, as shown in9J ableal that
commercial photocatalyst has a lower degradation rate under SLS than the degradation rate
under UVA irradiation. On the contrary, all synthesized materials presegihardegradation
rate under SLS than under UVA irradiation. The results indicate that nitrogen doping positively
affectsthe photocatalytic activityacrossa broad iradiation spectrum. The improvement in the
degradation rate for CIP removal under a broad irradiation spectrum such as SLS could be
attributed to interstitial nitrogen doping, in which new energetic levels in the l&itce are
created instead of modifying the energy bandgap. These energetic levels probably shift the light
absorption to the visible range or promote charge separation, enhancing the photocatalytic
activity under the solar spectruf®9, 146]. Although there is an incasein the degradation
rate wth an increase ithe N/Ti molar ratio, it was observed that at\{Ti molar ratioof 12,
the maximum degradation rateas achievedror an N/Ti molar ratioof 24, the degradation
rate is similarto that atan N/Ti molar ratioof 12, indicating thatadditional nitrogen beyond a
certain threkold (12), does notcontribute tothe photoctalytic activity. Even an excess of
nitrogen dopant couldct as a recombination center toatld reducephotocatalytic activity
[118]. After the photocatalytic experiments, the pH value was measured, finding again that the
pH remained invariable.

The photocatalytic experiments under cold visible light (CVL), displayed in FRfijre

show that all synthesized N/Ti®naterials present photocatalytic activity under the visible
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spectrumwhereaghe commercial photocatalyst (Degussa P25) shoephotoactivity under

visible irradiation sourceas expectedSimilar to obsenation under UVA and SLS, the
degradation rate for CIP removaider CVL alsoncreasesvith an increment ithe N/Ti molar

ratio. Nevertheless, under this less energetic irradiationg of the tested N/Ti@materials
achieved complete removal of CIP after 120 minutesadiation Thiscould be explained by

the fact that the photons emitted by this lamp are mainly from the wavelength around 600 nm,
with only a small portioremitted at 450 nm (Bpendix, Figure S3dUnder this type of lamp,

the degradation rates are 100 times lower than under the SLS, and a longer irradiation period
could be required to achieve complete CIP removal. These results demonstrate that nitrogen
doping effectively shifts photon absorptiamto the visible light range and shows that the
synthesismethod also plays an important role in the material properties (morphological,
structural, optical, etc.)After the photocatalytic experiments, the pH value was measured,

finding again that the pH remained invariable.

Figure28. Photocatalytic degradation of ciprofloxacin by Degussa P25 d&i@ N/TiQ materials
under CVL

The pseuddirst order andsecondorder models were applied to determine the kinetic
parameters for CIP degradation by each material under thediffiexent irradiation sources
applyingequations (10) and (1IpreviouslydescribedBy analyzing the fitting parameters for
each model, the one that provides a better fit accurately describes the process and therefore

indicates the reactiomechanism more effectively.
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Table9 shows the pseudfirst order ki, min) andsecondorder kinetic constants,
L mg® Ain®) and removal efficiencies of N/TiOmaterials. It can be observed that, for
experiments conducted und&hVA and SLS, the pseudlirst order model displays a
determination coefficientR?) below 0.90in most of the cases, indicatiagpoor accuracy of
the model However, for the experiments performed under CVL, the model shows a
determination coefficientR?) above 0.90. On the other hand, for segondorder model, the
determination coefficientR?), for experiments under UVA and SliSapproximately 0.9¢n
most of the casesuggesting a better fit of this model to ttiegradation process, which is
influenced by various factors such as pollutant concentratiomprdjuct formation, light
intensity, etc Although under CVI_both models have determination coefficienR?) above

0.90, thesecondordermodelfits the experimental resultsetter.

Table9. Parameters obtained from the ciprofloxacin (CIP) degradation under UVA, Solar light
simulator (SLS), and cold visible light (CVL) fitted to psetfdst order kinetic model antb second
order kinetic modefor N/TiO, materialsand TiG P25

pseudefirst order kinetic model

ki, min? R2
Lamp UVA SLS CVL UVA SLS CVL
N/TiO20 0.0380 0.0432 0.0021 { 0.9001 0.9023 0.9796
N/TiO2 4 0.0406 0.0443 0.0028 | 0.8893 0.8928 0.9957
N/TiO2 12 0.0432 0.0477 0.0053 | 0.8635 0.8843 0.9432
N/TiO2 24 0.0425 0.0464 0.0055 | 0.8621 0.8673 0.9392
Degussa P25 0.0588 0.0563 - 0.8562 0.8187 -
secondorder kinetic model
ke, L mg® Ain? R2 Removal Efficiency (k %)

Lamp UVA SLS CVL | UVA SLS CVL | UVA SLS CVL
N/TiO20 | 0.39 0.58 0.0028 0.996 0.991 0.986 98.1 98.7 35.8
N/TiO24 | 0.48 0.65 0.0044 0.995 0.989 0.998, 98.5 98.8 50.6
N/TiO212 { 0.59 0.98 0.0088; 0.998 0.987 0.969 98.7 99.2 58.5
N/TiO224 | 0.54 0.79 0.0091 0.987 0.997 0.966; 98.4 99.0 59.3

Degussa P2 1.79 1.23 - 0.991 0.995 - 99.6 99.4 12.3
* By adsorption process.

Under the three different radiation sources, it was observed a synergistic effect between
the adsorption and the photocatalytic processes for CIP remowsdlpas in Figures 26, 27,
and 28. Regardless of the N/Ti molar ratio, all N/Ai@aterials demonstratedsimilar

adsorption capacity, where the adsorption procesdributesto approximately30% of CIP
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removal. Thisuniform adsorption capacitgorrelateswith the high specific surface area of all
N/TiO2 materials and the affinity of the amine and carboxylic groups of CIP with the hydroxyl
groupson the surface of the materials, favoring the adsorption of the pollutant on the
photocatalyst surfaceConsideing this synergisticinteraction between adsorption and
photodegradation of CIP and based on the fitting analysis of the applied models, it could be
deduced that the photocatalytic degradation of CIRheyN/TiQ, materials under the three
irradiation sources follows treecondrder kinetic model. Previously, Gabelica et al. reported
similar result441]. The pseuddirst order andseconcdrder kinetic plots of CIP photocatalytic
degradation by Degussa P25 Ti&hd N/TiQ materials are given ithe Appendix (Figure S5
andSe6).

After evaluating the adsorption and photocatalytic tests, combined with the material
characterization, it can be inferred thag¢ t/TiO. material with @ N/Ti molar ratioof 12
exhibit the highestphotoactivty based on nitrogen contertherefore, the N/Ti molar ratiof

12 was selected to continue further studies on material synthesis

4.3 Microwave-Assisted synthesi®f N/TiO2/rGO nanocomposites: effect of
rGO content

4.3.1. Graphene oxide reduction

Before incorporating rGO into the N/TiCphotocatalyst, a chemical reduction of
graphene oxide (GO) combined with a thermal treatment was performed using ascorbic acid as
a reducing agent under mild conditions in the microwave oven (125°C, 45 minutes). To verify

the reduction of GO, XRD and Ramanalyses were performed.

The XUD\ GLIITUDFWLRQ SDWWHUQ RI *2 KDV D VLQJXOD!
corresponding to the (001) lattice plane, as shown in Figure 29, and it is attributed to oxygenated
functional groups on the carb@®] %HVLGHV WKH DGGLWLRQDO VPDOO D
20.1° could indicate that GO is not completely connected by oxygen di&#k On the
contrary, the Xray diffraction pattern of the rGO sample displays a diffraction peak at

= 24.3°, corresponding to the (002) lattice plane. The absence of the diffraction peak related
to the (001) plane and the appearance of the diffraction peak of the (002) lattice plane suggests
the successful reduction of GO to rGI23]. On the other hand, the additional diffraction peak
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WKDW DSSHDUV DW f IRU WKH U*2 VDPSOH FRXOG EHI
rGO[155].

Figure29. X-ray diffraction patterns of GO and rGO.

The Raman analysis shows that both samplesd@DrGO) have the characteristic D
and G bands, around360 and 1590 cm?, respectively (Figure 30). The D and G bands are
typical for all sg carbon structures. Usually, the D band is associated with the breathing mode
of sp’ defects in the carbon structure. In contrast, the G band refers to stretching vibrations of
ordered spbonded carbon atoms in a telimensional hexagonal lattidd56]. In the GO
sample, the D band appears @5D cni?, while for the rGO, this band was shifted to lower
wavenumber (B42 cnm); this shifting of the D band on the rGO is probably due to the
reduction in the size of iplane spdomains by creating defects, vacancies, and distortions of
the sp domains after complete reductifib7]. On the other hand, the G band for the GO and
rGO are found at,590 cm® and 1591 cm, respectively. The slight shifting to a higher
wavenumber in the rGO could be due to oxygen moieties renithd). Based on the XRD
and Raman analysis, it has been determined that the reduction of GO to rGO was successfully

achieved under mild conditions and using fm@zardous chemicals.
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Figure30. Raman spectra of GO and rGO.

4.3.2. Characterization of N/TiO2/rGO nanocomposites

After determining the optimal N/Ti molaratio and successfully obtaining rGO,
N/TiO2/rGO materials were synthesized, keeping the nitrogen content (N/Ti molar ratio = 12)
and introducing different amounts of rGO.Z5 £10 wt. %); the obtained materials were
subjected to broad structural, microstructural, and spectroscopic characterization in order to

optimize thepreparatiorprocedure in terms of the rGO content in the NAIGO materials.

Nitrogen adsorption/desorption isotherms were used to investigate the Brunauer,
Emmett, and Teller (BET) specific surface area, while the pore size distribution was determined
by the BarrettloynerHalenda (BJH) methofFigure 31). A summary of thepecific surface
area, pore volume, and average pore diameter of NIRON/TiG/rGO, P25 photocatalysts,
and rGO material are presented in Table 10. It can be observed that the rGO sample has the
largest surface area, and once it is incorporated into N3O, it contributes to the increment
on the specific surface area, improving this property up to 27% in comparison to the N/TiO
material. Again, the synthesized materials display an outstanding specific surface area

compared to the commercial photocatalysts Degussa P25?@8)m
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Table10. Specific surface area, pore volume, @ade size of P25, N/TiIiQ N/TiO/rGO
photocatalysts, and rGO material.

Average pore

Material Seer, M A% Vpore, cn?® 42 diameter. nm
TiO, P25 48 0.196 13.7
rGco 192 0.323 6.5
N/TiO2 12 139 0.297 8.0
N/TiO2/rGO 0.25 wt. % 176 0.309 6.7
N/TiO2/rGO 1wt. % 171 0.303 6.7
N/TiO2/rGO 3 wt. % 170 0.297 6.7
N/TiO2/rGO 5 wt. % 176 0.303 6.6
N/TiO2/rGO 10 wt. % 177 0.297 6.4

Figure 31 shows the nitrogen adsorption/desorption isotherms, in which it is observed
that N/TiQ/rGO and N/TiQ materials display type IV nitrogen adsorptidesorption
isotherms, typical for mesoporous materials, with an H2 hysteresis type, indicating that the
porosity is composed mainly of netike and wide body porefl58, 159] while the TiQ
Degussa P25 presents an H4 hysteresis type, characteristicliespbres. Although the
introduction of rGO reduced slightly the pore diameter in the NJ/T@&D materials compared
to N/TiOz photocatalyst, the pore volume remained similar in all synthesized materials. On the
other hand, it is noticed that there are not significant changes of the material porosity regardless
of rGO amount, which could indicate that the amount of rGO incormbrate® the
photocatalyst is limited, probabfpr the stacking layers of rGO that was observed from the

XRD analysis.
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Figure31. Adsorptiondesorption isotherm, and pore size distribution of NT@terials at different
N/Ti molar ratios

Following the methodology previously employed to idenéfterations in the surface
chemistry of N/TiQ materials via variations in nitrogen content, encompassing functional
groups, chemical bonds, and the surface characteristics of the photocatalyst
(hydrophilic/hydrophobic behavior), FTIR spectroscopy was utilized to observe changes in the
N/TiO2/rGO materials induced by the incorporation of rGBETIR spectra of N/Ti@
N/TiO2/rGO materialsand commercial photocatalyddégussd25) are presented in Figure
32. The characteristic strong wide band associateu tivé stretching vibrations of ¥ i
bonds is observed in all materials in the region between 400 and 880wéthout noticing
changes by rGO additidi45]. Also, the signals related to the stretching vibrations of tke O
H group for all materialare detecteéh the region between,@70 and B00 cnit, as well as
the peak linked to the stretching vibrations of théH@roup related to adsorbed wat&/638
cm®) [30]. However, it is noticed that the intensity of thetDgroups is reduced in all
N/TiO2/rGO materials compared to N/TiQOL2, which could be associated with the
incorporation of rGQdue tothe hydrophobicnature of rGO Nevertheless, all N/TigkGO
materials still have a higher intensity of bands related to th¢ @oup than the commercial
photocatalyst P25, which could contribtdgroducing hydroxyl radicals during photocatalytic
reactions[144, 145]. On the other handyith N/TiO2 12 and N/TiQ/rGO photocatalysts
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contairing up to 3 wt. % rGO a small peak around 1455%cis observed, which could be
attributed to the stretching vibrations of thetNgroup[139].

Figure32. FTIR spectra of N/Ti@ N/TiO,/rGO photocatalysts with different amounts of rGO (0.25,
1, 3, 5 and 10 wt. %) and Degussa P25.

Raman analysis was performed for N/T2 and N/TiQ/rGO materials to observe the
effect of rGO on the photocatalyst structure. The obtained Raman spebif@i©f 12 and
N/TiO2/rGO materials are displayed in Figur8. 3n all analyzed materials, Raman modes
associated tthe anatase phase of Ti@re detected: 144 chEg), 398 cn#(B1g), 515 cnf
Y(A1g), and 637 crifi(Eg) [160]. Additionally, Raman mode related to the rutile or brookite
phase of Ti@are observed. On the other hand, two peaks locate@%0 ¢mand 1618 cnm*
lare associated with the stretching vibrations of ordered@pded carbon atoms (G band) and
with the breathing mode of $gdefects in the carbon structure (D band) of rGO, which are only
observed in the N/Tig'GO material§142]. The absence of these two peaks on the N/'TIO
could confirm the successful incorporation of rGO on the N#F®&D materials. The Eg Raman
mode at 144 crfi is shifted to a higher wavenumber (149 ¥nwhen rGO is incorporated,
probably due to the surface defects created by the rGO, which could indicate a good interaction
between the rGO and Ti@hat could promote the charge separation during the photocatalytic
procesg98, 161].
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Figure33. Raman spectra of N/Ti&and N/TiQ/rGO photocatalysts with different amounts of rGO
(0.25, 1, 3, 5 and 10 wt. %).

As a complement to the Raman analysiga¥( diffraction (XRD)analysis allowshe
determiration of crystalline phaseandany changesesultingfrom the rGO addition. The X
ray diffraction (XRD) patterns of N/Ti©l2 and N/TiQ/rGO materials are presented in Figure
34. All materials display the characteristic diffraction peaks related to the anatase phase: 25.40°
(101); 38.08° (112); 48.15° (200); 55.07° (211); 62.88° (204); 70.31° (220); 75.03° (215)
(ICDD PDF#211272)[133]; which confirm the crystalline phase previously observed on the
5DPDQ DQDO\VLV $GGLWLRQDOO\ WZR GLIIUDFWLRQ SHDN\
N/TiO2/rGO materials and are attributed to rGO and the stack disorder layers of rGO,
respectively. These two peaks were previously identified in Figure 29. The absence of these
two peaks in the N/Ti®@ 12 material confirms the successful introduction of rGO into
N/TiO2/rGO materials.
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Figure34. X-ray diffraction patterns of N/Tigand N/TiQ/rGO photocatalysts with different amounts
of rGO (0.25, 1, 3, 5 and 10 wt. %).

Dataobtainedfrom the diffuse reflectance spectroscopy (DRS) analysis was used to
calculate the energy bandgaing the Tauc plot forboth synthesized N/Ti@ 12 and
N/TiO2/rGO materials (Figure5). The results reveal that the incorporation of rGO leads to a
reduction in the energy bandgap, with all N/7AGO materials exhibiting lower energy
bandgaps compared to the N/3if2 material and the commercial photocatalysgussa P25
(3.20 eV)[162]. Moreover, it is observed th#te reduction in the energy bandgap is directly
proportional to the amount of rGO; nevertheless, for loading values beyond 5 wt. % rGO, no
additional changes in the energy bandgagobserved. The results observed from the Tauc plot
could indicate that apart from the electron trap effect known in thg[168), it can also act as

an energy bandgap narrower.
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Figure35. Tauc plot for energy bandgap determination of N4Ta@d N/TiQ/rGO photocatalysts with
different amounts of rGO (0.25, 1, 3, 5 and 10 wt. %).

For changes in chemical composition between the N/TIQ and N/TiQ/rGO
materials, the surface elemental composition of the materials was determined bg[EEM
analysis, which is presented in Table 11. The compositional analysis reveals thatoatbonh
is proportional to the rGO loading. In contrast, the oxygen composition is inversely proportional
to the rGO amount, which is expected due to the reduction of oxygen functional groups
(carbonyl, carboxylic acids, epoxy, etc.) in the rGO after the cheamdahermal reduction of
GO. As expected, N/Ti€2 material shows no presence of carbon moieties. On the other hand,
the nitrogen element detected on the NATIQ material is not observed in the N/BI@O
materials. The lack of detection of nitrogen elements in the N/fB® materials could be due
to the coverage of nitrogen fraction by carbon moieties. Additionally, it is known that SEM
EDS elemental analysis mmore qualitativethan quantitative methgand for light elements

such as nitrogen and carbdhe method is not very precigis4].
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Tablell Elemental composition of N/Ti£and N/TiQ/rGO photocatalysts determined by SEBDS

analysis.
. Elemental composition, wt.%
Material -
Ti @) C N

N/TiO2 12 72.0 21.0 + 7.0
N/TiO2/rGO 0.25 wt. % 83.7 15.3 1.0 +
N/TiO2/rGO 1 wt. % 83.1 15.2 1.7 +
N/TiO2/rGO 3 wt. % 85.0 12.3 2.7 +
N/TiO2/rGO 5 wt. % 85.1 12.2 2.7 +
N/TiO2/rGO 10 wt. % 86.3 11.9 1.8 +

In order tohave a more precise estimation of carbon, nitrogen, and oxygen composition,
an additional technique, XPS analysis, was used to complement surface characterization. The
bulk composition of the most relevant materidgT({O2 12 and N/TiQ/rGO with 0.25 wt. %
photocatalysts) was determined by XPS analysis, and the results are summéaraele 2.

The XPS elemental composition analysis confirmed that, effectively, the oxygen content is
lower in theN/TiO2/rGO than in the N/Ti@due to the diminishing of oxygen functional groups

in the rGO, as was observed previously in the SHDMS analysis. Also, it is confirmed that the
carbon fraction is higher in the N/T#0GO than in the N/Ti@due to rGO content. Although
SEM-EDS analysis did not skocarbon content in the N/Tinaterial, the XPS elemental
compositiorreveals the presence of carbon impuritiethis photocatalystriginatingfrom the
synthesis (urea roacetylacetone), as was previously identified in the subchapter 4.2.1
Characterization of nitrogetioped materials (Figure 23). On the other hand, XPS analysis also
allowed the detection of nitrogen elements inKHEIO./rGO, even with doubléheamount of
nitrogencompared tahe N/TiQ material, which could indicate that rGO could/da the

anchoring of nitrogen in the TiO

Table12. Bulk composition of N/TiQand N/TiQ/rGO photocatalysts determined by XPS analysis.

Elemental composition, wt.%

Material

Ti @) C N
N/TiO2 12 21.5 66.5 11.5 0.5
N/TiO2/rGO 0.25 wt. % 23.2 56.8 18.9 11
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The chemical composition and oxidation states of the most relevant materials
(N/TiO2 12 and N/TiQ/rGO with 0.25 wt. % photocatalysts) were determined through the XPS
analysis, and the obtained higésolution Ti, O, and N spectra are presented in Figbiréi3e
Ti 2p spectra for N/Ti@and N/TiQ/rGO with 0.25 wt. % of rGO, which are shown in Figures
36a and36d, respectively, display two signals at 458.7 eV and 464.5 eV that are related to Ti
2p12 and Ti 2ps2, which are typical for Ti oxidation state§149], indicating the formation of
TiOzanatase phase, as was previously identified through the Raman and XRD analysis (Figures
32 and 33). Comparing the two photocatalysts (N£Ti® and N/TiQ/rGO with 0.25 wt. %),
no changeis observedn the electronic densities, which probably indicates that rGO is not

interacting directly with the Ti element.

The O 1s spectra for N/Tgd2 and N/TiQ/rGO with 0.25 wt. % of rGO, shown in
Figures Bb and36e, present three binding energies. The main binding energy is located at
530.2 eV, associated with the bonding between oxygen and titaniuf).( contrast, the
second binding energy at 531.6 eV is linked to the bonding between oxygen and ca@jon (O
In the case of N/TigrGO with 0.25 wt. % of rGO, this bonding could be attributed to the
interaction between the carbon of rGO and the oxygen atom of thesfri@ture or due to
oxygenated groups such as carbonyl, epoxy, carboxylic, etc. that were not completely removed
during the reduction procef&l]. On the contrary, the oxygen bonded to carboiCfn the
N/TiO2 12 materiabndthe binding energy presents lower intengibgentiallyassociated with
impurities from the synthesis (urea acetylacetone). Additionally, a third signal, located at
532.8eV, is related to the binding energy between oxygen and hydrogel) &d could be
attributed to the hydroxylated surface by chemisorbed water. For this third signal MNE00
with 0.25 wt. % of rGO shows lower intensity compared to N4TIQ material, probablgue
to the hydrophobic nature of rG@65]. Apart from the intensity changes observed for the O
C and GH binding energies, there is a slight change in the electronic densities of oxygen, with
a shifting of the main peak from 529.95 eV (N/?i@2) to 530.25 eV (N/TigrGO with
0.25wt. % of rGO), that could be attributed due to the interaction between carbon (rGO) and
oxygen from TiQ, and indicating that rGO was successfully incorporated into the TiO

structure.
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(@) (b) (©)

(d) (€) (f)

Figure36. High-resolution XPS spectra of N/Ti@and N/TiQ/rGO with 0.25 wt. % of rGO. (a), (b),
and (c) are the Ti 2p spectrum, O 1s spectrum, and N 1s spectrum, respectively, for (djT{®)
and (f) are the Ti 2p spectrum, O 1s spectrum, and N 1s speoctspactively, for N/Ti@rGO

On the other hand, the N 1s spectra for NATI@ and N/TiQ/rGO with 0.25 wt. % of
rGO, shown in Figures68 and36f, show binding energy located at 40005 that is related
to the interstitial nitrogen doping assigned to the bonding between nitrogen and oxy@gn (N
[166], as was previously identified in subchapter 4.2.1. Characterization of nidogeal
materials (Figure 23e). Although this type of interstitial nitrogen dopin@]Nreates new
energetic levels rather than modifying the energy bandgap, it contribuabsdagption in the
visible light range without modifying the energy band{@® 33]. Additionally, there are no
changes in the electronic densities around nitrogen elements between both photocatalysts
(N/TiO2 12 and N/TiQ/rGO with 0.25 wt. %), reinforcing the theory that the only interaction
of rGO with TiQ is through the & bonding.
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4.3.3. Photocatalytic test of N/TiQ/rGO nanocomposites

Before the photocatalytic evaluation of N/BiQ2, N/TiG/rGO materials, and
commercial TiQ P25, the CIP adsorptiethesorption equilibrium was determined, as shown in
Figure J. It can be seen that the pollutant has fast adsorption over the different photocatalysts,
achieving most of the adsorption within the first five minutes, and the complete adsorption
desorption equilibrium is reached in 30 minutes. Additionally, it iscedtthat N/TiQ 12 and
N/TiO2/rGO materials adsorbed three times higher tham ¢bmmercial photocatalyst
(Degussd25), which could be attributed to the larger specific surface area of the synthesized
materials, as was previously observed (Table 10). Despite MGO materials having a
higher specific surface area than N/T2 material, there are no differences in the adsorption
capacities. The fast adsorption of CIP on the synthesized materials and their similarity in the
adsorption capacity could be related to the high affinity of the amine and carboxylic groups of
CIP with theoxygen and nitrogen functional groups of materials that favor the adsorption by
hydrogen bonds. The pH was measured at the beginning and end of the adsorption test,

observing that pH did not change during the test, keeping it in the range £6.6.2

Figure37. Adsorptiondesorption equilibrium of ciprofloxacin CIP on P25, N/Ti@d N/TiGQ/rGO
with different amounts of rGO.
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Once the adsorptiedesorption equilibrium for CIvas determined, the photoactivity
of N/TiO212, N/TiG/rGO materials with different amounts of rGO, and commerciab PZb
were evaluated again through the degradation of CIP aqueous solutioR § & £ 30 uM)
under three different irradiation source: UVA light (Figu8, 3olar light simulatorKigure 39)
and cold visible light (Figurd0). Before starting the degradation test, the initial pH value of
the CIP solution was measured, ranging between 6.2 and 6.5. The photocatalytic test under
UVA irradiation shows again that tHeegussa P2photocatalyst has the highest degradation
rate, followed by the N/TiehfGO 0.25 wt. %, N/TiQ12, and the other N/Ti#rGO materials,
achieving up to 90% CIP removal in just 20 min of UVA irradiatiaith the excepton of
N/TiO2/rGO5 wt. % that removed a little bit less than 90 % in the same period. After 60 minutes
of UVA irradiation, all synthesized materials achieved more than 95% of pollutant removal,
and no significant changes in the CIP concentration were detedtexvards For the
photocatalyst containing rG@he highest photocatalytic activity is observed with lowest
amount used, and an iearsdn the rGOamount reduces the degradation rate. In this case, the
only material that shows improvement compared to the N/TRJs the N/TiQ/rGO 0.25 wt.
% material. After the photocatalytic experiments, the pH value was measured, finding that the
pH remained invariable. Regarding the photolysis test, in which CIP is irradiated with UVA
light withouta photocatalyst, it is noticed that this pollutant is susceptible to degradation by the
UVA irradiation alone however, the degradation raterétevant buslowercompared to that
observed when usingny photocatalyst, and after 120 minutes of irradiateopart of CIP

remains in the solution (around 21%).
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Figure38. Photolytic and photocatalytic degradation of ciprofloxacin CIP by RZBO, and
N/TiO2/rGO with different amounts of rGO under UVA light.

Under the solar light simulator (SLS), it is noticed that the degradation of CIP follows
a trend like the one observed under the UVA radiation, where the photocatalyst Degussa P25
again displays the highest degradation rate, followed by the NGO 0.25 wt. %, N/TiQ12,
and the other N/TigrGO materials, achieving up to 90% CIP removal in jusin?@utes of
solar irradiation Similarly to the results observed under UWfadiation, the photocatalytic
activity also exhibits a trend where the lowest amount of rGO yields the highest activity, while
an increase in the rGO amount leads to a reduction in the degradatigkitet€é0 minutes of
SLS irradiation, all synthesized materials reached more than 95% of pollutant removal, and no
significant changes in the CIP concentration were detected. After the photocatalytic
experiments, the pH value was measured, finding treafptth remained invariable. For the
photolysis test, iis observed that the degradation rate is higher than under UVA, even achieving
almost complete degradation of CIP (95%) after 120 minutes of irradiation.
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Figure39. Photolytic and photocatalytic degradation of ciprofloxacin CIP by P25, Nan®
N/TiO2/rGO with different amounts of rGO undetarlight simulator.

The photocatalytic experiments under cold visible light (CVL), displayed in Fitfiyre
show that all synthesized materials (N/Z2, N/TiG/rGO with different amounts of rGO)
present photocatalytic activity under the visible spectrum, while the commercial photocatalyst
(Degussa P25) does not show photoactivity under this irradiation source. Although/NEDO
materials show lower photoactivity than N/BiT®, they keep the trend in which an increment
in the rGO content reduces the photocatalytic activity. Under this less energetic irradiation
source, none of the tested materials achieved complete removal of CIP after 120 minutes of
irradiation. On the other hand, the photolysis test shows that the photons in the wavelength

range between 450 and 600 nm do not contain enough energy to break down the CIP molecule.
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Figure40. Photolytic and photocatalytaegradation of ciprofloxacin CIP by P25, N/gi@nd
N/TiO2/rGO with different amounts of rGO under cold visible light.

After evaluating all synthesized materials under the three different light sources, it was
observed that for N/Tig*GO materials, the degradation is reduced by the increment of rGO
content, being the N/Ti&rGO 0.25 wt. % the most photoactive material, even better than the
N/TiO212, except under CVL. These findings could be explained by the fact that excess doping
elements (N and rGO) could have a negative effect on the photocatalytic properties because
they could act as recombination cestarstead of peventing the recombinatiorihereby
depleting the photoactivitfl 67 469]. Considering the material contains nitrogen dopant, the
rGO amount required for dosing probably could be quite low. Additionally, as was observed in
the XRD analysis (Figure 29), rGO contains some stack disorder layer that, in excess, could
either block he light absorption, reducing the probability that F7g@uld absorb photons, or
act as an isolator that does not contribute to charge separdiifmi), (depleting the
photoactivity.

Apart from the synergistic effect of adsorption and photodegradation processes
observed for all synthesized materiadsd analyzing N/TiQ/rGO nanocomposite with
0.25wt. % of rGO in more detail, it is noticed that the introduction of rGO improved the
degradation rate under UVA and SLS irradiation compared to NAIACand its photoactivity
under SLS is similar to the commercial BjGas can be seen from the calculated kinetic
constants summarized in Table 13. The improvement of photoactivitiN/SiO2/rGO
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nanocomposite with 0.25 wt. % of rGould be attributed to the reduction in the recombination
of photogenerated electron/hole charge pairs due to the role of rGO, which act as a sink for
electrons in the composi{89]. On the other hand, comparing the degradation rate between
UVA and SLS lamps and considering that SLS has 40 % lower UVA radiation intensity
(592 : A P?) than the UVA lamp (98.5 A P?) (more details about radiation intensity will be
discussedh anothesubchapter), it is observed that under SLS, the degradation rate is increased
around 30% compared to the experiment under UVA. This photocatalytic activity improvement
under solar radiation could be attributedthesynergstic effectof nitrogen and rGOwhere
interstitial nitrogen doping creates new energetic levels that shift the light absorption to the
visible rangd31, 170}, meanwhile, rGO acts as a sink of electrons, avoiding the recombination
phenomenon. On the contrary, the reduction in the photoactivity of NMfEO with
0.25wt. % of rGOunder CVL compared to N/TiK12 could beexplainedoy the fact that some
part of interstitial nitrogen could be covered by the rGO, as was previously noticed in the SEM
EDS compositional analysis, preventing that nitrogen could absorb some photons.

For the photocatalytic tests, the degradation rate is analyzeduathntpe pseuddirst
order andgecondrder models to identify which model better describes the degradation process
as previously described in subsectiofi.Z. Adsorption and photocatalytic tegnitrogen
doped materia)s equations (10) and (11AIso, based on fitting parameters analysis for each
model, the one that offers a better parameter fitting is the one that describes the process more

accurately and thus better points out the reaction mechanism.

Table13. Pseudefirst order,secondorder kinetic parameters and efficiencies of CIP removal by
N/TiO,, TiO, P25, and N/Ti@rGO materials under UVA, Solar light simulator (SLS), and Cold
visible light (CVL).

Removal Model
. Removal -
Lamp Material by efficiency pseudofirst order ~ Secondorder
adsorption ki, min# ko, L mg® hin £
% k % ki R2 ko R?
N/TiO> 32.44 98.02 | 0.0432 0.8635; 0.5881 0.9975
TiO2P25 19.87 99.58 | 0.0589 0.8508 | 1.9217 0.9937

N/TiO2/rGO 0.25 wt. %  33.47 98.81 | 0.0489 0.8801: 0.9388 0.9910
N/TiO2/rGO 1 wt. % 30.87 97.95 | 0.0425 0.8710, 0.5652 0.9976
N/TiO2/rGO 3 wt. % 32.15 98.21 | 0.0433 0.8782 | 0.6245 0.9928
N/TiO2/rGO 5 wt. % 35.15 97.04 | 0.0379 0.9114 0.3992 0.9763
N/TiO2/rGO 10 wt. % = 36.40 98.01 | 0.0407 0.8985 0.5093 0.9844
Photolysis * 78.92 | 0.0154 0.9404: 0.0028 0.9953

UVA
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N/TiO2 36.32 98.77 | 0.0477 0.8843 0.9768 0.9869
TiO2P25 12.04 99.26 | 0.0558 0.8122 1.2612 0.9839
N/TiO2/rGO 0.25 wt. &% 29.75 99.90 | 0.0531 0.8645 1.2462 0.9866
N/TiO2/rGO 1 wt. % 33.96 99.42 | 0.0468 0.8773 0.8664 0.9873
N/TiO2/rGO 3 wt. % 35.12 99.82 | 0.0446 0.8869: 0.7629 0.9861
N/TiO2/rGO 5 wt. % 33.59 97.88 | 0.0410 0.8879 0.4908 0.9921
N/TiO2/rGO 10 wt. % | 37.70 98.34 | 0.0404 0.8870 0.5094 0.9771

SLS

Photolysis * 95.10 | 0.0304 0.9279 0.0140 0.9922
N/TiO2 31.20 58.36 | 0.0046 0.9832 0.0079 0.9949
TiO2P25 12.30 * * * * *

N/TiO2/rGO 0.25wt. % 30.21 52.69 | 0.0035 0.995 @ 0.0052 0.9991
N/TiO2/rGO 1 wt. % 32.15 52.10 0.003 0.9983: 0.0050 0.9995
N/TiO2/rGO 3 wt. % 32.54 50.07 | 0.0027 0.9937 0.0044 0.9977
N/TiO2/rGO 5 wt. % 35.27 45.20 | 0.0015 0.9897 | 0.0021 0.9898
N/TiO2/rGO 10 wt. % | 31.70 4417 | 0.0019 0.9860 0.0026 0.9904

Photolysis * * * * * *
*No photolytic or photocatalytic degradation was observed

CVL

The calculated kinetic constants are summarized in Tablevi&ethe pseuddirst
order ki, min*Y) andsecondorder k2 /A B A P1)Qinetic constants, theietermination
coefficients(R?), and efficiencies for the CIP removal by N/BjM/TiO./rGO materials, and
commercial TiQ P25 under UVAsolarlight simulator, anatold visible lightare shownAs
observed for nitrogen doped materials, under UVA and SLS, the p$estdorder model
displays adetermination coefficie(iR?), in most of the cases, below 0.90, indicating that the
model does not fit very wellUpon analyzing both irradiation sources by teecondorder
model,it is observed thathe determination coefficiefi?) is above 0.98n most casesThis
indicatesthat tre modelaccuratelydescribes the degradation processereindegradation is
affected by several aspects such as pollutant concentiaymoductformation, light intensity,
etc. In the case of CVL, both models shosetermination coefficiefiR?) above 0.90; however,

thesecondorder model fits the data better.

Once all synthesized N/TWDGO materials were evaluated in the degradation of CIP
under different irradiation sources, it was observed that the material with the lowest load
amount of rGO (N/TiQrGO with 0.25 wt. % of rGO) is the most photoactive nanocomposite.
Therefore, this material was selected to continue with further photocatalytic tests, in which
RWKHU SKDUPDFHXWLFDOV DUH XVHG DV W34 pMyar8iR O O X W L
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salicylic acid (SA, 10P J AY/= 72 puM). Additionally, apart from using the three irradiation
sources (UVA, SLS, and CVL), another irradiation source is included in the photocatalytic test:
blue visible light, which hasa maximum energy emission at 405 nm, the transition zone

between UVA and visible light.

To see the effect of the additional irradiation source (BVL), CIP removal was compared
underdifferent irradiation sources, including BVL, as shown in Figuteldcan be seen that
although the degradation rate under BVL is slower than under UVA and SLS, the/NERO
0.25 wt.% photocatalyst achieves the same removal efficiency under this irradiation source as
under UVA and SLS, after 60 minutes of irradiation. After that period, no significant changes

in the CIP concentration were detected.

Figure4l. Adsorption and photocatalytic degradatiorciprofloxacin (CIP) by N/TiQ/rGO with 0.25
wt. % of rGO material under UVA lighsolarlight simulator (SLS), cold visible light (CVL), and
blue visible light (BVL).

On the other hand, before starting the degradation tests for the other pharmaceuticals,
the DCF and SA adsorptieshesorption equilibrium was determined. In the case of DCF, the
adsorption process did not take place, as is displayed in Figuvehdle for SA, nearly 20 %
of the pollutant is adsorbed, and within the first 5 minutes, the adsogesmrption
equilibrium is reached, as shown in FiguBe 4
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The initial pH value of the DCF and SA solutions were measured at the beginning of
the degradation tests. For DCF, the solution pH was between 5.3 and 5.5, while for SA, the pH
was 4.1+4.2. DCF removal under different irradiation sources is shown in &t can be
seen that the DCF degradation rate under UVA and SLS is vemofagiared to CVLand no
significant differences between these two irradiation sources are observed, where just 20
minutes of irradiation is needed to remove more than 90%eqgbollutant. After 45 minutes of
irradiation, almost 98% had been removafter whichno significant changes in the DCF
concentration were detected. Under BVL, DCF presents a sldegradation compared to
UVA and SLS irradiation sources, where 120 minutes of irradiation are required to accomplish
more complete removal. On the contrary, no DFC removal is observed under CVL irradiation.
After the photocatalytic experiments, the pH \ealuas measured, finding that the pH remained

invariable.

Figure42. Adsorption and photocatalytic degradation of diclofenac (DCF) by N/fB® with 0.25
wt. % of rGO material under UVA lighsolarlight simulator (SLS), cold visible light (CVL), and
blue visible light (BVL).

It is observed that for CIP and SA remoygigures 41 and 43a synergistic effect
between adsorption and photocatalyst processes takes place, while for the DCF, the
photocatalytic process is the only mechanism that is involved in pollutant removal. Also, it is
noticed that for the pollutants that were adsorbed ¢in¢ photocatalyst (CIP and SA), the

degradation rate under BVL was comparable to the UVA and &w®presented some
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degradation under CVL, indicating that the adsorption process plays an important role for
pollutant removal under low energetic irradiation sourdéboughDCFis present as a neutral
molecule at the solution pHSA beng negatively charged, and CIP being positively and
negatively charged (zwitterion form), the adsorption behavior is different for each pollutant,
indicating that the adsorption process is probably governed by the molecule polarity rather than

pollutantionization stateCIP and SA are polar molecules, while DCF is a-polar molecule.

Figure43. Adsorption and photocatalytic degradatiorsalficylic acid (SA) by N/TiQ/rGO with 0.25
wt. % of rGO material under UVA lighsolarlight simulator (SLS), cold visible light (CVL), and
blue visible light (BVL).

In addition to the photocatalytic tests, the three pharmaceuticals were subject to

photolytic tests under different irradiation sources, as shown in Figuteig noticed that CIP

is the most susceptible molecule to photolytic degradation, being degraded under all irradiation
sources except CVL. This pollutant is strongly degraded under SLS, being removed more than
90% after 120 minutes of irradiation, whi@der UVA and BVL, its removal achieves nearly
80% and 30%, respectively. On the other hand, B3usceptible to degradation only under
SLS, probably by the most energetic fraction of solar radiation, being removed around 80%.
On the contrary, the SA molecule is very resistant to degradation by the photolysis process,

remaining invariable in its caentration under all irradiation sources applied.
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Figure44. Photolysis of CIP, DCF, and SA under different irradiation sources.

The degradation rates for CIP, DCF, and SA, under different irradiation sources and
using the N/TiQIrGO 0.25 wt.% as the photocatalyst, were analyzed using the pBesido
order andgecondrder models to identify which model better describes the degradation process.
Table 14 summarizes thkinetic constantsgdetermination coefficient§R?), and removal
efficiencies of each pollutant under different irradiation sources. Additionally, using the same
models, thékinetic constantsjetermination coefficient@R?), and removal efficiencies of CIP
and DCF were determined for the photolysis procasdsummarized in Table 15.

As previously observed for CIP degradation with N/Z&dd N/TiQ/rGO materials,
also under BVL, the pseudust order model displays determination coefficie(iR?) below
0.90, while thesecondorder modelshows a determination coefficie(iR?) above 0.98,
indicating that thesecondorder modebetterdescribes the degradation process, in which the
degradation is affected by several aspects such as pollutant concersgiroductformation,
light intensity, etc. For DCF and SA pollutants, ttietermination coefficie(®?) for both
models is above 0.90; however, depending on the pollutant, one model fits better than the other.
In the case of DCF, the degradation process fits better to the pisestidoder model, in which
the degradation rate depends mainly on the changes in pollutant concentnatio& cOntrary,

the SA degradation process better described bythe secondorder model similar to CIP

76



degradationlt is noticed that the pollutants that have adsorption onto the photocatalyst follow
a secondorder model, indicating that the adsorption process playismpartant rolein the

degradation process.

Table14. Pseudsdfirst order,secondorder kinetic parameters, and CIP, DCF, and SA removal
efficiencies by N/TiQ/rGO 0.25 wt. % photocatalyst under UVgglarlight simulator (SLS)cold
visible light (CVL), andbluevisible light (BVL).

Model
Removal :

Salluia (e efficiency Pseudeflr_st grder SecoAndorAder

k1, min ko /ABRAPEQ
k % k1 R2 ko R2

UVA 98.81 0.0489 0.8801 0.9388 0.9910
CIP SLS 99.90 0.0531 0.8645 1.2462 0.9866
CVL 52.69 0.0035 0.9950 0.0052 0.9991
BVL 98.51 0.0425 0.8228 0.4585 0.9936
UVA 98.29 0.0403 0.9632 1.3493 0.9516
DCE SLS 98.68 0.0430 0.9669 1.7313 0.9349

CVL * * * * *
BVL 91.08 0.0276 0.9490 0.7612 0.6573
UVA 99.46 0.0344 0.9333 1.1296 0.9725
SA SLS 99.28 0.0432 0.9404 2.4893 0.9589
CVL 34.24 0.0016 0.9700 0.0084 0.9748
BVL 96.15 0.0304 0.9313 0.7479 0.9839

* No photocatalytic activity.

On the other hand, as was previously observed for CIP, it is also noticed that for DCF
and SA removal, the N/Ti¥rGO 0.25 wt.% photocatalyst presents a better degradation rate
under SLS than under UVA irradiation source, despite that SLS has 40 % lowkradiation
intensity.These findings suggest a synergistic effect between nitrogen and rGO, wherein rGO
serves as an electron sink, preventing recombination phenomena, while nitrogen doping
introduces new energetic levels that enhance light absorption into the visibleGaregethat
UVA light is commorty usedto activae TiO2 photocatalytic processeg, was usal as a
reference to compare the effectiveness of photocatalytic processes under different lamps. On
one sidejt is observed that for pollutants removal in which adsorption takes place (CIP and
SA), the degradation rate under Skifreass by 1.3 and2.2 times, for CIP and SA
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respectively. On the contrary, for the DCF removal, in which adsorption does not macur,
differencein the degradation raie noticedunder SLS compared to the process under UVA.

In the case of the photocatalytic process under less energetic irradiation sources such as
BVL and CVL, the degradation rates for the thegaluategpharmaceuticals present a reduction
compared to the degradation rate under UVA light. For the photocatalytic process using energy
from the transition zone between UVA and visible spectra (BVL), the pollutants DCF and SA
present a reduction in the degradatrate 1.5 times compared to UVA irradiation. In contrast,
the decrease in the degradation rate for €d&taound 2 times lower than under UVA irradiation.
In the case of CVL, for the target pollutants removed by type of irradiation source, the
degradation rates were significantly redugdtencompared to UVA irradiation, around 180
times for CIP and 134 times for SA. This strong reduction in the degradation rates could be due
to the lowradiationenergy of this lamp (450 and 660 nm), indicating that a longer period of

irradiation is probably required to achieve complete pollutant removal.

Tablel5. Pseudsdfirst order,secondorder kinetic parameters, and efficiencies CIP and DCF removal
by photolysis under UVAsolarlight simulator (SLS), anBluevisible light (BVL).

Removal : Model
k % k1 R2 ko R2
UVA 78.92 0.0154 0.9402 0.0028 0.9953
CIP SLS 95.10 0.0304 0.9279 0.0140 0.9922
BVL 31.41 0.0035 0.9167 0.0004 0.9367
DCF SLS 80.99 0.0146 0.9964 0.0032 0.9784

Although it is observed that the kinetic model that describes the degradation rate
depends primarily on the type of pollutant rather than the typsexdirradiation source, it is
perceived that the changes in the values of the kinetic constants (degradation rates) under
different irradiation sources observed in each pollutant somehow could be determthed by
energy emitted by the lamp (wavelength) and by the fact that the adsorption process takes place.
For the more energetic wavelengths such as UVASitflirradiation, N/TiQ/rGO 0.25 wt.%
photocatalyst probably generates a higher amount of ROS by absorbing photons from the UVA
spectrum and from the spectrum nearby to the UVA region. Additionally, if the adsorption

process occurs, it is highly probable that pollutant removatgeds by a combination of
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degradation by ROS and surface chardggef). On the contrary, for the less energetic
irradiation sources such as BVL and CVL, the adsorption process could define the degradation
rate; even under CVL, adsorption appears necessary for the photocatalytic process to occur (CIP
and SA). Under BVL and 2L, it could be probable that the ROS are not as energetic as ROS
produced by UVA irradiation, and therefore, the pollutant removal is achieved by a redox

process on the surfade’(e?) rather than ROS.

4.3.4. Photocatalytic mechanisms of N/Ti@rGO nanocomposite

After evaluating N/TiQ/rGO 0.25 wt.% photocatalyst for the degradation of the three
different OMPs (CIP, DCF, and SA) under different irradiation sources (UVA, SLS, BVL, and
CVL) and observing that kinetic model relies more on the type of pollutant rather than
irradiation soure, the following step on this research was to determine the degradation
mechanisms that are involved in the degradation of the three pollutants and also study if there
is any effectof the type of irradiation over degradation meckami Therefore, to identify the
mechanism that takes place in the photocatalytic removal of CIP, DCF, and Skdecstand
ROS and/or surface chargds/€?) role, each pollutant was subject to a photocatalytic test
similar to the one performed previously but adding scavenger species. Methanol,
p-benzoquinongand formic acid were used as hydroxyl radidaH), superoxide radical (5),
and hole i) scavenger/interfering agents, respectively. The molar ratio pollstamenger
was 1100, except fop-benzoquinongwhich was 110 due to its limitations on the analytical
determination.

Photocatalytic tests for CIP removal WyTiO2/rGO with 0.25 wt. % of rGO material
in the presence of several scavenger agents under different irradiation sources is shown in
Figure &. First of all, it is noticed that in the experiments in which formic acid is added, there
is a substantial reduction of CIP adsorption onto the photocatalyst surface, indicating probably
that formic acid has stronger adsorption on the photocatalyst tH&n Regarding
photocatalytic CIP degradation, it is observed that the addition of formic acid has a considerable
impact on the degradation rate compared to the addition of the other two scavenger agents,
indicating that CIP oxidation is done mainly by the superficial hai&s this similar behavior
is observed under the four irradiation sources, indicating that the degradation mechanism also
depends more in the type of pollutant rather than the irradiation source. Except for the
photocatalytic test under the SLS, the addivbformic acid hinders the complete removal of

CIP. On the other hand, the addition dbgnzoquinone and methanol slightly impacts the CIP
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degradation rate; nevertheleasth a less energetic irradiation source, such as CVL, the role of

these two scavenger agents takes more relevance.

@) (b)

(d)

(©)

Figure45. Photocatalytic degradation of ciprofloxacin (CIP) by N/ZtGO with 0.25 wt. % of rGO
material in the presence of different scavenger agents under (a) UVA lighdldd)ght simulator
(SLS), (c) blue visible light (BVL), and (d) cold visible light (CVL).

Figure 4 presents the results from the photocatalytic tests for DCF removal by
N/TiO2/rGO with 0.25 wt. % of rGO material in the presence of scavenger agents under
different irradiation sources. For DFC, thieotocatalytic tests with scavengers were not carried
out under CVL because of the absence of photoactivity under this irradiation source. It is
noticed that with the addition of any of the scavenger agents, the lack of adsorption of this
pollutant onto tk photocatalyst remains. Also, as was observed for CIP removal, the
degradation rate for DFC removal is significantly reduced in the presence of formic acid,
indicating that DCF degradation is performed mainly by the superficial Holesbe addition
of this scavenger hindered the complete removal of DCF under the three irradiation sources
evaluated (UVA, SLS, and BVL).
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Figure46. Photocatalytic degradation of diclofenac (DCF) by NATGO with 0.25 wt. % of rGO
material in the presence of different scavenger agents under (a) UVA ligsdlgblight simulator
(SLS), and (c) blue visible light (BVL)ests with scavengers were not carried out under CVL
because of the absence of photoactivity under this irradiation source.

Contrary to what was observed with CIP, the addition-b&pzoquinone also reduces

the DCF degradation rate; meanwhile, the addition of methanol also contributes to the reduction
of the DCF degradation rate butadesser extent, which indicates that the superoxide radical

( &) and hydroxyl radical DH) also play an important role in the degradation mechanism.
Despite the addition of-penzoquinone and methanol, the DCF removal under the UVA and
SLS is completely achieved, while under BVL, the presence of any scavenging agent hinders
the DCF removal, idicating that under this irradiation source, all ROS play an imporént

in pollutant removal. On the other hand, for DCF removal, a similar behavior is observed under
the three irradiation sources, confirming that the degradation mechanism reliesnribiee

type of pollutant than the irradiation source.
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For the SA removal by N/TigrGO with 0.25 wt. % of rGO material in the presence of
scavenger agents under different irradiation sources, the photocatalytic test results are displayed
in Figure 4. Similar to DFC, the photocatalytic tests with scavengers were not carried out
under CVL for SA due to the minimal photoactivity observed under this irradiation source.
Although the addition of formic acid for SA removal also diminishes the degradat®agsa
observed for CIP and DCF, especially under UVA and Bia8liation sources, the superficial
holes (i) are not the main species involved in the SA removal. The superoxide radjgas (
the ROS responsible for the SA oxidation. Under the three irradiation sources evaluated (UVA,
SLS, and BVL), the addition of methanol does not have any impact on the SA degradation rate,
suggesting that the hydroxyl radicaDH) does not play any role in the removal of this
pollutant. On the other hand, although the superficial hdi8splay an important role under
UVA and SLS irradiation sources for SA removal, under the BVL, the effect of the superficial
holes (") is neglectable, being the pollataremoved solely by the superoxide radicaj ).

This behavior differs from the previously observed for CIP and DCF removal under a less
energetic irradiation source, in which the secondary oxidizing species took more relevance

under this kind of irradiation source.

(@ (b)

82



(©)

Figure47. Photocatalytic salicylic acid (SA) degradation by N/ZifGO with 0.25 wt. % of rGO
material in the presence of different scavenger agents under (a) UVA ligsdlgblight simulator
(SLS), and (c) blue visible light (BVL)ests with scavengers were not carried out under CVL for SA
due to the minimal photoactivity observed under this irradiation source.

4.4 Irradiation intensity effect

After performing experiments for pollutant removal under different irradiation sources
and using scavenger agents, the results suggested that the photocatalytic mechanism and kinetic
model rely mainly on the type of pollutant rather than the irradiatianceo However, it was
also observed that the degradation rate is directly affected by the type of irradiation source,
having, in all the cases, the highest degradation rates under the SLS and UVA irradiation
sources. Additionally, it is important to remattkat the light intensity used on the previous
photocatalytic test®r SLS and UVAwere quite high compared to natural conditions and were
kept like that to be able to compare the different photocatalyst developed during this research
(lampslocated 20 cm away for the photocatalytic reactor). Once it was determined that
N/TiO2/rGO 0.25 wt.% photocatalyst is the most photoactive material, and after evaluating this
material for pollutant removal (CIP, DCF, and SA) under different irradiations (UVA, SLS,
BVL, and CVL), the next step on this research is to identify the feasibflpppllutant removal
using natural solar irradiation. Based on a Global Solar Atlas, it was estimated for the City of
Zagreb (Croatia) the average irradiation during shgngsummerautumn season, which is
calculated based on the direct normal irradiation (global irradiation), taking the average hourly
profiles between February and OctopErl]. The average UVA irradiation was estimated to
EH APZKLOH WKH JOREDO LWPUDGLDWLRQ ZDV AP

Having these values as a reference point for comparison, the distance between the

photocatalytic reactor and the different lamps used in this research was adjusted to achieve the
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average UVA omlobalirradiation. Based on the irradiation chart measured for each lamp at
different height from the sensors (pyranometer in the range286 nm and UVA sensor in
the range 315400 nm)(Appendix, Figure SR the UVA lamp was relocated at 50 cm away
from the reactor to achieve UVA natural irradiation, while the SLS lamp was relocated at 60
cm away from the reactor to achieve UVA and global irradiation.

On the contrary, the BVL and CVL lamps were relocateder (5 cm from the reactor
in spite of 20 cmjo achieve globalradiation. The average UVA and global irradiation value
of each lamp at two different distances from the reactor and the ratio between UVA and global

irradiation are presented in Table 16.

Tablel6. UV and global irradiation values of each lamp at two distances to the reactor.

Same distance to the reactor
Lamp_distance  UvV-A irradiation , Total irradiation, UV-A/T ratio,

A P2 A P2 %
UVA 20 cm 98.5 118.6 83.05
SLS 20 cm 59.2 1266.6 4.67
CVL_20cm 0 241.1 0
BVL_20 cm 3.6 176.6 2.04

Same global irradiation
Lamp_distance  UV-A irradiation, Total irradiation, UV-A/T ratio,

A P2 :AP? %
UVA 50 cm 18.1 20.4 88.73
SLS_60 cm 15.2 291.7 5.21
CVL_15cm 0 288.9 0
BVL _15cm 5.8 289.1 2.01

Due to CIP being the most susceptible target pollutant to degradation by photolysis from the
three OMPs evaluated and its significant photodegradation under CVL, this pharmaceutical was
selected to evaluate the feasibility of pollutant removal by photigsaétand photolysis using
irradiation intensities similar to the natural solar irradiation. The results of photocatalytic
degradation of CIP by N/TiéxGO 0.25 wt.% under the four different irradiation sources at the
two different irradiatiorintensities are shown in Figur&.4~rom the results, it is noticed that
there were no significant differences in the degradation rate for each lamp when the height of

the lamp was modified. However, there are some facts that are important to remark. On one
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side, under UVA and SLS irradiation sources, although there is a significant reduction in energy
emitted by the lamps, up to 80 %, the degradationamlieslightly decreases, achieving the
complete removal of the pollutant within the first hour. On the other hand, under BVL, despite
the incrasein energy emitted by the lamp, up to 60%, there is a slight increase in the
degradation rate, achieving complete CIP removal within the first 30 minutes. This
improvement in the degradation rate could be attribitethe incrasein UVA irradiation
emitted by this lamp, whichisesby 60 %.Finally, under CVL, there is no change in the
degradation rate despite an ieasan the energy emitted by the lamp, whigbesup to 20%,

probably because this lamp does awtit UVA irradiation.

Figure48. CIP removal byphotocatalyst N/Ti@rGO with 0.25 wt. % of rGO with lamps located at
two different distances from the reactor.

The results of CIP degradation by photolysis under thedidi@rent irradiation sources
at the two different irradiation intensities are shown in Figu#e @n the contrary to the
observed for the photocatalytic process, the changes in the irradiation intensities significantly
impact the degradation rate in the photolysis process. In the case of the UVA lamp, in which
the irradiation intensity is reduced firo : A2PW R 2 Aife degradation rate is

strongly reduced, changing the removal efficiency from 80% to just 30 %. From the experiment
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under the SLS lamp, a significant reduction of the degradation rate is noticed when the global
LUUDGLDWLRQ LQWHQVLW\ £WR HG X FA®RhdugR the irradiatiol P
intensity is reduced by around 77%, the removal efficiency is reduced by only 30%, shifting
the removal efficiency from 95% to 65%, probably because part of the energy emitted by some
wavelengths near the UVA could photolyze thalutant. On the other hand, although the
JOREDO LUUDGLDWLRQ LQWHQVWLWR LQFU¥#ARN HE UUAR P
irradiation intensity increased by around 60%, the removal efficiency barely changed from 75%
to 70%. In the case of CVL, it is observed that there is no evidence of photolytic activity despite
the increment of the global irradiation intensit R P Z AR 2 ICBmparing

the results from both processes, photocatalytic and pliotatycan be seen that photocatalysis

is barely affected by the changes in the irradiation intensities, and therefore, applictttien of

process under natural solar irradiation is highly feasible.

Figure49. CIP removal by photolysiwith lamps located at two different distances from the reactor.

4 5. |Immobilization of N/TiO2/rGO on Al>,0O3 foam

After selectingthe N/TiO2/rGO photocatalystwith 0.25 wt. % of rGOas the most

phobactive material for removal of OMPs under different irradiation souarekconfirming
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the feasibility ofphotocatalysis under natural solar irradiation, the sésgin this research
involvesimmobilization of the photocatalyswer a ceramic substrate like the alumina ceramic
foam due teexcellent chemical inertness, high UV light resistance, mechanical stability, and a

large specific surface arethe substrate.

4.5.1. Characterization

One layer of N/TiQrGO with 0.25 wt. % of rGO photocatalyst was immobilized over
alumina ceramic foam combining the dipating method and mild thermal treatment, using
SiO; as a binder for enhancing the stability and reusability. Figireshows the visual
appearance of ADz foam substrate before coati(fgjgure50a) and N/TiQ/rGO-coated AtOs
foam (N/TiQ/rGO@ Al>Oz) (Figure50b). The coated ceramic foam got a geejor due to the
0.25 wt. % of rGO content in N/TWDGO photocatalyst. This visual inspection at first glance

gives an idea of a successful coating of the photocatalyst over the ceramic foam.

Figure50. Al,O; foam substrate and (b) N/Ti®GO@ALO; foam

The SEM images of the ADs foam substrate before coating and & i102/rGO-
coated AfOsfoam (N/TiIG/rGO@AKLO3) are presented in Figubd. Figures 8a and 8¢ show
thesurface of the A0z ceramic foam surface at two different magnifications, where a smooth
and homogeneous surface is clearly observed. Meanwhiléy/Th©./rGO@ALOs ceramic
foam displays a rough surface but with homogeneous photocatalyst distribution, as seen in
Figures5lb and 3d. In the coated surfaceome holes in the ceramic surface can be noticed

(Figure 51b), which are defects of the Ads itself, formed during the sintering process.
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Although the photocatalyst has a homogeneous distribution, some large particles can be
perceived as agglomerates that were not completely disaggregated during the sonication step
before coating. Figurel® shows an overview of the A@N/TiO/rGO ceramic foam, where

a welHformed open structure with wallefined and interconnected walls can be seen. The
photocatalyst immobilization in this kind of open structure could allow better irradiation of the

inner immobilized photocatalyst.

Figure51. (a) and (c) SEM images of &b; foam substrate; (b), (d) and (e) SEM images of
N/TiO/IrGO@ALOs foam.

4.5.2. Adsorption and photocatalytic test
Before the photocatalytic tests, an adsorption test for the M GO@ALOz and AbOs

foam substrate was performed for two hours to determine the adsedpsorption equilibrium

for each pollutant, as shown in Figus2 It is observed that CIP is the only pollutant that has
some adsorption on the &)z foam substrate (around 15 %), reaching the adsorgiésorption
equilibrium within the first 20 minutes. On the other hand, CIP and SA have strong adsorption
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over N/TiGQ/rGO@ALO3 foam, also achieving the adsorptidasorption equilibrium during

the first 20 minutes. On the contrary, DCF presents neglectable adsorption over the
N/TiO2/rGO@ALOs foam. These adsorption results are similar to those previously observed
for the photocatalystin suspension. However, the higher adsorptdriarget pollutantss
probablydue to the larger amount of the photocatalyst immobilized over the ceraamt f
Based on the ceramic ring weight before and after coating, it imaetl that approximately

150 mg of photocatalyst has been immobilized.

Figure52. Adsorptiondesorption equilibrium of CIP, DCF and SA over®d foam substrate and
N/TiO/IrGO@ALO; foam.

Photocatalytic testir the CIP degradatiorby N/TiO2/rGO@ALO3z under UVA light,
solar light simulator, coldvisible light, and blue visible light are shown in Figuis.
Additionally, five consecutive photocatalytic degradation cycles for CIP, DCF and SA by
N/TiO2/rGO@ALOs under UVA light andts comparative degradatiday Al O3 foam substrate
and by N/TiO2/rGO 0.25 wt. %in suspension under the same radiation so(lld#A) are
presented in Figuresd, 55, and %, respectivelyMeanwhile, the photocatalytic stability and
reusability were assessed over 19 consecutive cycles, as summarized in Figlirés 57
important to remark thatfter every photocatalytic experiment, N/GHI@O@ALOs was

washed thoroughly with deionized water, followed by UVA irradiation for 20 minutes to
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remove the adsorbed remaining pollutant, ensuringdah®e conditions at the beginning of each

experiment, and thus, tmeproducibility between photocatalytic tests.

Figure53. Photocatalytic degradation of ciprofloxacin (CIP) by N/#iTGO@ALO; foam under
UVA, solarlight simulator (SLS), cold visibleght (CVL), and blue visible light (BVL).

In the case of degradation of CIP by N/ZM@GO@ALOs under different radiation
sourcegFigure 3), it can be noticed that the adsorption process plays the main role in pollutant
removal where around 65%of pollutant isbeing removed by this mechanism, while the
remaining 35% idegradedby photocatalysis. Under UVA, SL.@&nd BVL, no significant
differences regardingollutant removahbre observed, achieving CIP removal efficiendigs
around 98%. On the other hand, although under GMeremoval efficiency is slightly lower
compared to the other irradiation sources, it is noticed that the immobilized photocatalyst
removes more than 95% of CIP by a synergistic effect of adsorption and phgtisatal
showing an improvement in comparison with the material in suspension that only achieved 50%
of removal (Figurell). Consecutive photocatalytic testf N/TiO2/rGO@ALOs ceramic foam
for CIP, DCFE and SA removal under UVA light were performed to observe its stability and
reusability. For CIP removal (Figug#l), it is observedilsoa synergistic effect of adsorption
and photocatalytic mechanisms achieving more than 98% removal efficiency in the five

consecutive cycles perfoad Although the degradatiorate of N/TiQ/rGO@ALOs is lower
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compared to N/Ti@rGO with 0.25 wt. % of rGO in suspension, after 30 minutes of UVA

irradiation the same removal efficienayas achieved

Figure54. Photocatalytic degradation oiprofloxacin (CIP) by AlOs ceramic foam substrate,
N/TiO2/rGO, and N/TiQIrGO@ALO; foam under UVA light.

In the case of DCF removal (Figus®), the adsorption process has a neglectable impact,
as was observed in previous photocatalytic experimé&igsirge 42). Moreover, as expected,
the degradation rate for N/'THOGO@ALO3 is lower compared to N/TigrGO with 0.25 wt.
% of rGO in suspension because of the mass transfer limitation. However, just 45 minutes of
irradiation is needed to achieve mdhan 90% pollutant removal, and after 60 minutes of
irradiation, no significant changes in the degradation are obsekdddionally, it is observed
that between each photocatalytic test, the results are very similach suggests that the
experiments are reproducible amdost importanty, the N/TiQ/rGO@ALOs is stable after

every photocatalytic test and does notlplsotoactivity.
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Figure55. Photocatalytic degradation of diclofenac (DCF) by@lceramic foam substrate,
N/TiO2/rGO, and N/TiQIrGO@ALO; foam under UVA light.

For SA removal (Figure@, a synergistic effect of adsorption and photocatalysis is also
involved in the pollutant removal mechanisAowever, while adsorption plays a secondary
role in pollutant removal, photocatalysis remains the primary mechanism responsible for the
degradation of SA, requiring only 30 minutes of irradiation to achieve 90% degradatitime
other hand, although CIP degradatiwasobserved in the presence of2@ foam substrate
under UVA irradiation, this is attributed to the CIP photolytic degradation, as was previously
observed (Figureld). The lack of AOz foam photocatalytic activity is confirmed ke
absence of DCF (Figufsb) and SA (Figure 6) degradations under the same irradiation.
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Figure56. Photocatalytic degradation of salicylic acid (SA) by@dceramic foam substrate,
N/TiO2/rGO, and N/TiQIrGO@ALO; foam under UVA light.

Figure ¥ was built by combining theesults of adsorptiedesorption equilibrium and
the results from the photocatalytic tests to determine the contribution effect of each mechanism,
as well as to show the stability and reusability of the N&F®O@ALOs ceramic foam after
several consecutive cycles. Based on these results, it is noticed that photocatalysis does not lose
photoactivity during the 1@onsecutive photocatalytic cycles, achieving more than 95 % of
pollutant removal in all experiments performed. These results could prove thatiGE@O
with 0.25 wt. % of rGO itself is stabland the use of Si{as a binder provides good adhesion
of the photocatalyst over the ceramic substrate, improving the reusability of the
N/TiO2/rGO@ALO3 ceramic foam. Although some authors suggest thai &0ld improve
the photocatalytic activityl72, 173], in this case, Si®in the N/TiQ/rGO@ALOs ceramic
foam could help in the adsorption process rather than in the photoactivity due to the lack of
calcination during the coating process. The presence ofcBifld also be the reason for the
higher adsorption of CIP and SA. However, the differences in the adsorption onto the material
could be more related to the polarity of each molecule, being adsorbed polar substances such

as CIP and SA, while ngpolar strutures such as DCF are not adsorbed.
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Figure57. Reusability and stability tests for 19 consecutive cycles. Photocatalytic degradation of
ciprofloxacin (CIP) by N/TiQrGO@ALO; foam under UVA light, Solar light simulator (SLS), cold
visible light (CVL) and blue visible light (BVL). Photocatalytic degradation of ciprofloxacin (CIP),
diclofenac (DCF), and salicylic acid (SA) by N/@50@ALO; foam under UVA light.

4.6.Transformation products and degradation pathways of CIP and DCF

CIP and DCF degradations by N/TMBGO@ALOz ceramic foam under different
irradiation sources wergtudied using LEHRMS. Due tothelack of analyticalstandard for
the newly identifiedproducts, TPs were identified through several datatms@d spectral
libraries that are linked to the Compound Discoverer software (Thermo Fisher Scientific). The
results obtained by the Orbitrap Exploris 1dBMS, displayed in Tables 17 and 18, were
screened and matched by applying a mass error less pipan Shereforeall theTPsidentified
for both parent compounds are tentative structi@esides the identification of TPs, qualitative
profilesof each TPs are display@dFigures 58 and 6@howing howthose compoundappear
anddisappeaduring thephotocatalyticoxidationprocessDue to lack of analytical standards,
theseprofiles are qualitativandareobtairedby normalizing thehromatographic peak area
each product to the initi@hromatographic peak aréat time 0) of the parent compounds (CIP
or DCF)
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Tablel7. CIP byproducs transformation based on the database and spectral libraries

Compound Formula Calc. MW m/z a0DVV >3 RT[min]
CIP C17H18FN303| 331.1328 | 332.1401 -1.1297 1.6519
TPC1 C17H19N304 | 329.1371 | 330.1444 -1.2726 1.4997
TPC2 C17H19N305 | 345.1321 | 346.1394 -1.1051 1.5943
TPC3 C17H16FN305| 361.1070 | 362.1143 -1.2189 1.9474
TPC4 C14H11FN204| 290.0699 | 291.0772 -1.2122 2.1572
TPC5 C17H18FN304| 347.1278 | 348.1351 -0.9302 1.9929
TPC6 C17H20FN305| 365.1382 | 366.1455 -1.2409 1.5775
TPC7 C17H16FN303| 329.1172 | 330.1245 -1.1872 1.5823
TPC8 C17H18FN304| 347.1276 | 348.1348 -1.6559 1.6721
TPC9 C17H18FN305| 363.1226 | 364.1299 -1.1577 1.8076
TPC10 C17H16FN304| 345.1122 | 346.1195 -0.8712 1.4476
TPC11 C17H16FN305| 361.1072 | 362.1144 -0.6446 1.3139
TPC12 C17H14FN304| 343.0965 | 344.1037 -1.0556 1.8219

In total, 12probableTPsderived fromthe CIP photocatalytic degradation processre
identified through several databased spectral libraries linked to the Compound Discoverer
software (Thermo Fisher Scientific), displayed in TableQ the other handfter analyzing
the qualitative profiles of each TP, presenteigure 58, it is noticed that mastthe identified
TPs are formed during the photocatalytic test under cold visible (#@ nm and 600 nm, 100
W). However,two mainTPscommonly appear in the photocatalytic degradation test under all
irradiation sources, T&3 and TPC4. These twoTPs are formed by the attac&f & ,3 YV
piperazine ring TPC3 (/z 362) is a dialdehyde derivative that rapidly appears after the
oxidation and further cleavage of the piperazine ,risngd its subsequent loss of two CO
molecules and additional oxidation gives TCPR#z291) [63, 174]. Under UVA, SLS, and
BVL, TPC3 (n/z362) stark to appearduring the first minutesf the photocatalytic process
and simultaneously, TPC4 (m/z 291) also begis to form, achieving their maximum
concentration during thBrst 20-30 minutes of irradiationfollowed by a decayn the TPs
concentratioruntil theydisappeacompletelyafter one houunderUVA and SLSirradiation
while for BVL irradiation takes at least hour and hhdfthe case ahephotocatalytic test under
CVL, these twadl'Psare also formed during the fir80 minutes of photocatalytic degradatjon
however,after two hours of irradiation, theseawo molecules remain in the solution, even

without reaching the maximugoncentration as observed under the other irradiation sources.
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Figure58. TPsprofile generated during the photocatalytic degradation of ciprofloxacin (CIP) by
N/TiO/rGO@ALOs foam under UVA light (a)solarlight simulator (SLS)(b), blue visible light
(BVL)(c) and cold visible light (CVL)d).

Under SLSin addition to TPC&ndTPC4,some otheil Pswereshortly detectedlike
TPC1, TPC22ndTPCAh TPC1 (n/z330) briefly appears after 30 minutes of solar irradiation,
where the fluoride atom is substituted by hydromyldthen TPC2 ih/z346) isformedafter
further addition of hydroxyl group in the quinolone ring strucfirés). In the case oCIP
photocatalytic degradation under CV12 probablelPswere detectecand after 120 minutes
of irradiation, allmolecules remained in the solution. Tpr@babledegradation pathways are
proposed in Figure 5%vhile the formation of these byprodugiobably occurred as follasy
During theformation of TPC51§1/z348) by thehydroxylation ofthe quinolone ringl175], the
piperazine ring imlsooxidized (TPC7m/z330) and hydroxylated in the amine group (TPCS,
m/z 348) at the same tim@76]. After some minutes, TPC5n(z 348) is further oxidized,
cleaving the quinolone ring to produce TP@§4366)[177]. After 45 minutes of irradiation,
additional fourtbyproducs are detected, with TPCih(z330) further oxidized to produce TPC9
(m/z364), followed by the formatioof a ketone derivative (TPC16)/z2346), as suggested by
Salma et al[176]. Additionally, Hu et al[175] proposed that TPC1@(z346) could be further
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hydroxylated in the piperazine ring without cleaving it, producing TP@i/z 362). On the
other hand, TPC121{/z344) was previously reported a€IP transformatiomyproductunder
visible light irradiation but using graphitized carbon nitride nanosheets as a photo¢avalj/st

Figure59. Ciprofloxacin pathwayslegradation by N/TigrGO@ALO; foam under UVA light
(UVA), solar light simulator (SLS), blue visible light (BVL), and cold visible light (CVL).

In the case of DCF, 10 differeftPs are identifiedthrough several databases and
spectral libraries linked to the Compound Discoverer software (Thermo Fisher Scientific),
displayed in Table 18 he qualitative profiles of each TP, presented in Figursl@®y that all
TPsare detected under all irradiation sources but apgiedifferent times depending on the
irradiation sourceAfter 120 minutes of irradiation, the parent compound and most of the
byproducs were decomposed under UVA and SLS. Under the less energetic irradiation source
(BVL), all TPsreman in the solution after 120 minutes of the photocatalytic prod¥ss.
dechlorination stage occurs in any probable degradation pathways proposed in FIQ@€ 61.
degradation under CVL was not studied usinghilRMS due to the lack of pollutant removal

under this irradiation (previously observed in Figure 42).
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Table18. DCF byproducs transformation based on the database and spectral libraries.

Compound Formula Calc. MW | m/z,(ESI) |GODVYV >| RT [min]
DCF C14H11CI2NO2| 295.0165 |294.0092 ) -0.5965 3.6503
TPD1 C14H11CI2NO3| 311.0116 |310.00434) -0.0356 3.1203
TPD2 C14H11CI2NO3| 311.0114 |310.00414) -0.6118 3.2658
TPD3 C14H9CI2NO3 308.9956 |310.0028 (+)] -1.2531 3.5483
TPD4 C14HOCI2NO4 | 324.9908 |323.98354) -0.1516 2.7562
TPD5 C14H9CI2NO3 308.9956 |310.0029 (+)] -1.0024 3.7607
TPD6 C14H11CI2NO4| 327.0064 | 325.9991+) -0.3199 4.2854
TPD7 C14H9CI2NO3 | 308.9956 |310.0029 (+)| -1.1049 4.8279
TPDS8 C14H9CI2NO | 277.0057 |278.0130 (+)] -1.3983 3.7522
TPD9 C6H5CI2N 160.9798 | 159.9726 ) -0.3865 2.1663
TPD10 C6H5CI2NO 176.9748 | 175.96754) -0.1593 2.8009
@) (b)
(c)

Figure60. TPsprofile generated during the photocatalytic degradation of diclofenac (DCF) by

N/TiO2/rGO@ALOs foam undel(a) UVA light, (b) solarlight simulator (SLS), an¢t) blue visible

light (BVL).
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During the first minutes of photocatalytic degradation of DCF, sewgy@aioducs are
formed. On one hand, a mehgdroxylation of DCF occurs on both aromatic rings at the same
time, being formed TPDIn{/z310) and TPD2r/z310) [66], followed by further oxidation
that gives the formation of the respective quinone imine structures (TB310 and TPD5,
m/z310)[67, 179]. Apart from the quinone imines formation, thehgidroxylation could take
place to give the formation of TPDf(z324), as suggestdry Michael et al[65]. From the
gualitative profiles, it can be observed th&D1rapidlyforming,and its concentration remain
stable over timewhile TPD2 is shortly appearingdicating that hydroxylatiomccurs mainly
in thering where the carboxylic acid is located (TPDQh the other handluring the first hour
of thephotocatalytic tesfTPD1 is further oxidizetb form TPD3, whiclappears rapidly within
45 minutes and therdrops quickly. TPD3 is completely removed under UVA a8dS but
remains under BVLAIso, it is found that TPD3n4/z310) could be further hydroxylated in the
chlorinated ring, forming TPD4{/z324), asvasreported by Murgolo et aJ180].

Although TPD4 (n/z324) is formed under the three evaluated irradiation sources, it is
noticed that under BVL takes a longer time to appear, and it is completely removed only by
SLS irradiation. On the other hand, TPD7/£310), an epoxidéased compound, is detected.
Although this compound is a precursor of dimer formafi#8i, 182], those large molecules
were na found during the photocatalytic process. Additionally, the cleavalyeb@nd of DCF
could occur, forming TPD81{/z160),as is detected under SLS and BVL irradiation soyrces
this compound is one of the few molecules that renmaithhe solution under SLIPD8 is
further oxidized byhydroxylation to produce TPDIN(z176)[67, 94]. Like TPD8, TPD10
(m/z278) is abyproductformed only under SLS and BVL, taking a longer time to appear under
BVL.TPD10 (n/z278) is an indole derivative that is yielded by a cyclization prd€ds483].

In general, it is observed that DCF has sev@ras and their appearance and
disappearance depend on the irradiation solremgthe SLS irradiatiorthe most effective

irradiation source fothe removal oDCF and most of it3Ps
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Figure6l. Diclofenac pathways degradation by N/B@GO@ALO; foam under UVA light (UVA),
solar light simulator (SLS), and blue visible light (BVL). (ESI+) Positive ionization mode;ESI
negative ionization mode.
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5. CONCLUSIONS

From obtained results of imrowaveassistedsynthesisfor determination ofcritical
parametere®f MW oven for N/TiQ, it was demonstrated thiatis possible to synthesize TiO
nanoparticles imshort period and atlow temperature as 150°C, giving as a result crystalline
material without the needbr further thermal treatmenprocess. The microwawassisted
method demonstrated thitcould be an alternative and environmentally friendly synthesis
technique due to reduced energy consumption during material processing compared to the
conventional wesynthesis techniques such asgel and hydrothermal methods. It was found
that the temperature is the most relevant parameter thatsigfmorphological properties of
TiO2which ultimately define the photocatalytic activity. Higher temperature promotes crystal
growth and gives a mateliavith higher crystallinity, while the reaction time hardly affect
these morphological parameters. Also, it was identified that regardless of the temperature or
reaction time, the microwavassisted method producedatarials with high purityand all
materials synthesized always obtained anatase crystalline, the most photoactive polyform of
titania. Regarding the photocatalytic performance, it was noticed that materials with a higher
crystallinity, obtained by higheViW temperature, presented a higher photocatalytic activity in
the removal of CIP under different irradiation sources. Based on the morphological,
photocatalytic activity, and energy saving, the optimal conditionsh®synthesis of Ti@

based materials @e200°C and 1@ninutes.

Regardinghe nitrogen content TiO, it was noticed that changasthe N/Ti molar
ratio barely influenced the morphological and optical properties. Although the material porosity
was somehow affected by the increment in N4& molar ratio, it was compensated by the
large surface area and pore volume in the obtained materials compared to the commercial TiO
Degussa P25. On the contrary, the variatiothe nitrogen content had a relevant impact on
the photocatalytic performance, especially under visible irradiation soufbés positive
effect, principally under visible irradiatipnvas attributed to the new energetic levels rather
than the reduction of the energy bandgap, which contributed tphibtenadsorptionin the
visible spectrum. Additionally, it was noticed thaith a higher N/Ti molar ratio, the
photocatalytic activity on the CIP removal under different irradiation sources was improved
However, after some nitrogen concentration, it could have an unfavorable effect on the
degradation rateecausenitrogen could acasa recombination center that favors ttlearges
recombination. Based on the photocatalytic activity, this research found that the optimal N/Ti
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molar ratio forthe synthesis of N/Ti@materials was 12n future research, based on this N/Ti
molar ratio, evaluating different nitrogen precursors to compare their effects on the

morphological, optical, and photocatalytic properties is recommended.

Fromobtained results alGO amount ifN/TiO2/rGO microwaveassistedsynthesisit
was found that the material porosity is improved by agldGO comparedto the N/TIQ
material. Although the optical property tife material is modified by the addition of rGO,
where the energy bandgap is reduced, the incremetite amount of rGO did not have a
positive impact on the photocatalytic performance, especially under visible irradiation sources
due to an excess of rG@ith a shielding effector light absorption andhat could act as a
recombination center thaindess the photoactivity of Ti@ The photocatalytic performance
revealed that a lower rGO contaahievedetter photoactivity. Additiongl, it was determined
thatthemain contribution of rGO on the photocatalyst was to reduce the recombination effect,
showing that a combination of nitrogen doping and rGO incorporation could be a good strategy
to ovecomethe limitation of TiQ photocatalysis. The optimal loading of rGO for N/#@GO
composite was 0.25 wt.%n future research, it is recommended t@leate the reduction
degree of GO oto use commercial rGO, as well as evaluate different dispersion mechanisms
for betterincorporaton ofrGO to exploit the full potential of this carbon source (high electrical

and thermatonductivity).

Regarding pollutant reaval (CIP, DCFand SA) under different irradiation sources, it
was realized thathe kinetic model and degradation mechanism rely mainly on the type of
pollutant rather than the irradiation source. Also, it was foundltileatdsorption process play
an important roleluringthephotocatalytic processspecially when the mairradiation source
is the visible lightOn the other hand, although the irradiation soureg irradiation intensity,
does not determine the degradatiorchanism, it significantly impacts the degradation rate for

pollutant removal.

Regarding photocatalyst mmobilization, it was demonstrated that the useAbOs
ceramicfoam combined with the use of a binder aganovided adhesionf the photocatalyst
on surface of alumina foarst@bility) and reusability othe N/TiO2/rGO nanocomposite under
several uses without losing photoactivity. The cpeh ceramic foam proved to be an
alternative for photocatalyst immobilization dudheredudion of the mass transfer limitation
while giving a good area for irradiation. The ceramic foam support combined with the visible

irradiationand adsorbedh the N/TiG/rGO composites could havee potential for pollutant
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removal under solar natural irradiation, especially in decentralized wastewater treatment plants.
Finally, but no less important, tHEPsdetection and possible pathways identified suggested
that somebyproducs formed could be potentially more toxican the parent compounds.
Additionally, under real situations, tiiyproducs could react with each other, producing other
compounds that make detecting them more diffictitterefore, apart from thieyproduct] V
detection, the use of toxicity testould be more effectiven evaluaing tertiary treatments

(advanced oxidation processesid that is a suggestion for further investigations in this area.
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7. APPENDIX

Figure S1 Inner pressure, temperature, and power supplied by the Microwave oven during the synthesis of
nanocomposit®/TiO/rGO with 0.25 wt. % of rGO
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(@) (b)

(©) (d)

Figure S2 Global and UVA radiation measurement of (a) L& Ilamp, (b) solar light simulator (SLS) lamp, (c)
cold visible light (CVL) lamp, and (d) blue visible light (BVL) lamp.
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Figure S3.Radiation spectra of the different lamps at 20 cm height: (a) UVA light (UVA)sdlar
light simulator (SLS), (c) Blue visible light (BVL), and (d) Cold visible light (CVL).

122



(a) (b)

(©)

Figure $4. UV/Vis Absorbance spectra of (a) ciprofloxacin (CIP), (b) diclofenac (DCF), and (c) salicylic acid
(SA).
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Figure S5.Pseudtfirst order kinetic rate of the photocatalytic degradation of ciprofloxacin by Degussa P25
TiO2 and N/TiQ samples under (a) UVA light (lamp 1), (bdlarlight simulator lamp (II), and (c) cold visible

light (lamp 111).
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Figure S9.MS? mass spectritagment ionf ciprofloxacin inset, peak retention time.

Figure S10.MS? mass spectra fragment ionsT##C1; inset, peak retention time.
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Figure S11.MS? mass spectra fragment ionsT®#C2 inset, peaketention time.

Figure S12.MS? mass spectra fragment ionsT&¥C3 inset, peak retention time.
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Figure S13.MS? mass spectra fragment ionsT&?C4 inset, peak retention time.

Figure S14.MS” mass spectra fragment ionsT#¥C5 inset, peak retention time.
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Figure S15.MS? mass spectra fragment ionsT##C§ inset, peak retention time.

Figure S16.MS? mass spectra fragment ionsT##C7, inset, peak retention time.
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Figure S17.MS? mass spectra fragment ionsT#¥C§ inset, peaketention time.

Figure S18.MS? mass spectra fragment ionsT&?C9 inset, peak retention time.
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Figure S19.MS? mass spectra fragment ionsT&?C1Q inset, peak retention time.

Figure S20.MS? mass spectra fragment ionsT&#C11 inset, peak retention time.
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Figure S21.MS? mass spectra fragment ionsT&¥C12 inset, peak retention time.

Figure S22.MS? mass spectra fragment ionsdidlofenag inset, peak retention time.
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Figure S23.MS? mass spectra fragment ionsT#D1; inset, peak retention time.

Figure S24.MS! mass spectra fragment ionsT#D2, inset, peak retention time.
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Figure S25.MS? mass spectra fragment ionsT&#D3, inset, peak retention time.

Figure S26.MS! mass spectra fragment ionsT##D4; inset, peak retention time.
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Figure S27.MS! mass spectra fragment ionsT&#D5; inset, peak retention time.

Figure S28.MS! mass spectra fragment ionsT#D6; inset, peak retention time.
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Figure S29.MS! mass spectra fragment ionsT&#D7, inset, peak retention time.

Figure S30.MS* mass spectra fragment ionsT&#?D§, inset, peak retention time.
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Figure S31.MS? mass spectra fragment ionsT##D9, inset, peak retention time.

Figure S32.MS? mass spectra fragment ionsT®#D1Q inset, peak retention time.
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