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The removal of persistentorganic micropollutants (OMPg from secondary effluent in

wastewater treatment plants is critical for meeting water reuse standards. Traditional
treatment methods often fail to adequately degrade these contaminantsin the present

work, the potential of a hybrid systemin degradingOMPswas investigated.

To start with, atch heterogeneous catalytic ozonation experiments were performed

using commercial and synthesized nanoparticles as catalysts in agueous ozone.

NI ¢Ut midl 1 OT WsAYUOWW?2 Y DWeiN§?2s W ¢UNWYT Wnl Y& WML
in concentrations between 0 and 1.5 g [}, with all experiments conducted at 20 °C and a

total volume of 240 mL. A Cedoped TiQ catalyst (1 % molar ratio of Ce/Ti) was
synthesized via the solgel method. Response Surface Methodology (RSM) was applied

to identify the most significant factors affecting the removal of selected
pharmaceuticals, with TOD emerging as the most critical variable. Higher TOD resulted

in greater removalefficiency. Furthermore, it was found that the commercially available

G 1Jqc¢ O WY¥ALR]MIOILLTIO, and CeQ, as well as the synthesized CeTiQdid not

increase the catalytic activity of ozone during the degradation of ibuprofen (IBF) and
para-chlorobenzoic acid (CBA). Carbamazepine (CBZ) and diclofenac (DCF) are
compounds susceptible to ozone oxidation; thus, q 6 IR WHY G GG Jq Wl NI ¢ T ¢
transferred ozone dose was attained. The limited catalytic effect was attributed to the

rapid consumption of ozone within the first minute of reaction, as well as the saturation

of catalyst active sites by water molecles, which inhibited effective ozone adsorption

and subsequent hydroxyl radical generation- OH).

The secondstudy investigates the efficacy of a hybrid ozonation membrane filtration
(HOMF) process utilizing Ce@ and CeTiQ-doped ceramic crossflow ultrafiltration
membranes for the degradation of OMPs. Hollow ceramic membranes (CM) with a 300
kDa Molecular Weight Cutoff (MWCO) were modified to serve as substrates for catalytic
nanosized metal oxides in a crossflow and insideut operational configuration. Three
types of depositions were tested: a single layer of CeQa single layer of CeTiQand their
combined layer of CeQ,+CeTiQ. These catalytic nanoparticles were distributed
uniformly using a solutionbased method supported by vacuum infiltration to ensure
high-throughput deposition. The results demonstrated successful infiltration of the



metal oxides, though the yield permeability and transmembrane flow varied, following
the order pristine > CeTi@> CeQ > CeQ+CeTiQ. Four OMPs were examined: two easily
degraded by ozone (carbamazepine and diclofenac) and two recalcitrantBPand pCBA).
The highest OMP degradation was observed in demineralized water, particularly with the
CeO,+CeTiOx modification, suggesting @decomposition to hydroxyl radicals. Increased
resistance in modified membranes contributed to adsorption phenomena. Degradation
efficiency decreased in secondary effluent due to competition with the organic and
inorganic load, highlighting the challenges in complex water matrices.

The third study investigates the integration of catalytic ozonation with membrane
filtration using ceramic membranes to enhance pharmaceutical removal. Ceramic
membranes with four MWCOs (50 kDa, 150 kDa, 300 kDa, and 200 nm) were modified via
asotDJdW2¢ ez G WRUNRIOq!I ¢cqRYUWG Va6 ¥T Wbk R B,BHES MHE
coating to promote ozone activation and- OH generation. Continuousflow HOMF
experiments demonstrated that duallayer modifications significantly enhanced
degradation rates of carbamazepine, diclofenac, ibuprofen, andpCBA with lower
MWCO membranes exhibiting higher adsorption and retention. Scavenger tests using
tertiary butanol confirmed the critical role of - OH, while SEM, AFM, XRD, and MIP
characterization revealed substantial changes in surface morphology and pore
structure. This particular study is the first to systematically examine the interactions
between ultrafiltration and microfiltration ceramic membranes with varying MWCO and
tailored surface modifications, providing novel insights for optimizing catalytic ozonation
for pharmaceutical degradation in water treatment.

To the best of our knowledge, this is the first study thagtudies the effectiveness ofa
hybrid reactorin a crossflow operation mimicking real conditionswith the application of
catalytic layers on ceramic membraneswith different MWCOfor the removal of a mixture
of persistent organic compounds under the same experimental conditions.

Keywords: heterogeneous catalytic ozonation; pharmaceuticals; hydroxyl radicals;
response surface methodology, crossflow filtration; ceramic membrane; catalytic
ozonation; hybrid process; hydroxyl radicals
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La eliminacibn de contaminantes organicos persistentes (OMPs) del efluente
secundario en plantas de tratamiento de aguas residuales es fundamental para cumplir
con los estandares de reutilizacion del agua. Los métodos tradicionales de tratamiento
a menudo no logran degradar adecuadamente estos contaminantes. En el presente
trabajo, se investigo el potencial de un sistema hibrido para degradar OMPs.

Primero, se realizaron experimentos de ozonizacion catalitica heterogénea en lote
utilizando nanoparticulas comerciales y sintetizadas como catalizadores en o0zono
acuoso. La dosis de ozono transferido (TOD) varié entre 0 y 194, y las nanopatrticulas
se afadieron en concentraciones entre 0 y 1.5 gi, con todos los experimentos a 20C

y un volumen total de 240 mL. Se sintetizun catalizador de TiGrdopado con Ce (1 %
molar Ce/Ti) mediante el nétodo sol-gel. Se apli® la Metodologia de Superficie de
Respuesta (RSM) para identificar los factores mas significativos en la eliminacion de
farmacos seleccionados, siendo la TOD la variable més critica. Mayores valores de TOD
resultaron en mayores eficiencias de eliminacion. Ademas, se encontré que los 6xidos
metalicos comerciales, - 0§ h§ KAW~UREKAWNRSE hll! W9 I8 hAWEt RWH
aumentaron la actividad catalitica del ozono durante la degradacion de ibuprofeno (IBF)
y acido paraclorobenzoico (pCBA). La carbamazepina (CBZ) y el diclofenaco (DCF), al
ser susceptibles a la oxidacion por ozono, se degradaron completamente a una dosis de
150, M. El efecto catalitico limitado se atribuyé al rapido consumo de ozono en el primer
minuto de reaccidn y a la saturacion de los sitios activos del catalizador por moléculas
de agua, lo que inhibi6 la adsorcién efectiva del ozono y la generacién subsiguterde
radicales hidroxilos (- OH).

El segundo estudio explora la eficacia de un proceso hibrido de ozonizacidittracion

por membrana (HOMF), usando membranas ceramicas de ultrafiltracion modificadas
AYUWO U8 AW! WO WINRE+OWx ¢t WGIWGHI ¢Uct W6e IHCH WHY U
300 kDa ® modificaron para servir de sustrato para 6xidos metalicos cataliticos en
configuracion de flujo cruzado. Se probaron tres tipos de deposicion: capa Unica de

9V hAWBWNRE ¢ G¢ WHAY O AR U dasmandhriciad SdJdbRilguyeron
uniformemente mediante un método de solucién e infiltracibn por vacio. La
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YT RnRAC HRZ Unbdir§ e thaydl Rdegradacion de OMPs en agua
desmineralizada, sugiriendo la descomposicion del ozono en radicales hidroxilo.

En el tercer estudio, se integré la ozonizacion catalitica con filtracibn por membrana
utilizando membranas cerdmicas con cuatro MWCO (50, 150, 300 kDa y 200 nm)
modificadas por sokR IJ 0 WH Y U WH ¢ G t ,UTLIY IS IFSCROEisI§ds RrEflujo
continuo mostraron que la modificacion de doble capa mejord significativamente las
tasas de degradacion. Los ensayos con te#butanol confirmaron el papel de los
radicales °OH, y la caracterizacién mediante SEM, AFM, XRD y MIP revel6 cambios
morfolégicos importantes. Este estudio proporciona nuevos conocimientos sobre la
optimizacion de la ozonizacion catalitica para la degradacion de farmacos en el
tratamiento de aguas.

Hasta donde sabemos, este es el primer estudio que evalla un reactor hibrido en
operacion de flujo cruzado aplicando capas cataliticas sobre membranas cerdmicas
con distintos MWCO bajo las mismas condiciones experimentales.

Palabras clave: ozonizacion catalitica heterogénea; farmacos; radicales hidroxilo;
metodologia de superficie de respuesta; filtracion en flujo cruzado; membrana
ceramica; proceso hibrido.
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XKIJOROGRUECHRZWI WWaRHI YGYG3ldeqcUqt WYl NEURHAL WG
GacUaqt Wl JWal ¢Hqe GUW0qWI Kk ¢ RNDTIIH WI It RT 2¢ Gt Wit
TUWwl JeqRIRQACHRZWI VW OKk¢RNeacOWEGH WaLaqVYT 134 W
conqg ¢ G RUcUqt WT YWaecUW! ¢WWnRAECT WEULWE hue 3t qlql |
sistema hibrid per degradar OMPs.

f ORARcOGONUqAaWIt w2ae 0wl el We Wl ¢ W3WI+ Sl RaWUqt
utilitzant nanoparticules comercials i sintetitzades com a catalitzadors en 0z6 aquoés. La

2Yt RWNI ¢ Ut n131 RT ¢ WIT k § A Mliles\h@rdpatiliesids varcafetiien) LM L ¢
concentracions entre 0i 1.5 g th, a 20°C i amb un volum total de 240 mL. Es va sintetitzar

un catalitzador de TiCrdopat amb Ce (1 % molar Ce/Ti) mitjagant el metode sol-gel. Es

va aplicar la Metodologia de Supeftie de Resposta (RSM) pedentificar els factors més

t RDURNRA¢CqRet WIUWIKk DGRGRUCECHRZWI DWne&l Gc¢#Ht AW
alts de TOD van resultar en més eficiencia. A més, es va observar que els oxids metal-lics
comercials, - 0 h§ KAW~UREKAWNRE RWRIWI I8 hAWE R+ RWHAY G WIJ i
ikecHqR2RaCcqWHCqCcGRgRACW I Wik YAZWT 2l ¢cUqlUdc
clorobenzoic (pCBA). La carbamazepina (CBZ) i el diclofenac (DCF) es van degradar
completament a 150, ~ FOLLUx k 1J'n 13 # q 13 LA ¢ Li2e 6 LRGaioR! HRUAI2RARA | RUbiee oA Y U
el primer minut de reacci6 i a la saturaci6 dels llocs actius del catalitzador per molécules

I k¢cRNec¢lto

EaWwWt NnYUWWUt gel RWIUFGaYI cWik UnRAEARcWIT ke Ul G
GIUaGAI ¢c0t Weic8§~[ blWegqRIRgAcUqWaWaGHAHI ¢ 0t WHIJI &40
98§ AWRWIOWINRE +OWEt W2 ¢ UWIGI Y2¢ I Wal Ut WaqRGet+ WM 13 L
i eUcW AYGHRU¢T coll xk =t W HYGHRUCqW 2¢ W Yt ql ¢l
Tt aROWDI ¢caRqAcCT cAWt 2NNl RUqWaGe Wl Wt #HYGGYH RAR

EdWqll #1I1 WIt qel RWRU2 It qRN¢c Wi ¢ WRUqUNI ¢HRZWI I
membranes ceramiques amb quatre MWCO (50, 150, 300 kDa i 200 nm) modificades per
so-NUGWecaHWONE hAW9OWUNRE * WRWHec WHYGHRUECHRZWIT 10
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demostrar una degradacié millorada amb les capes dobles. Les proves amb tebutanol
van confirmar el paper clau dels radicals OH, i les caracteritzacions (SEM, AFM, XRD,
MIP) van mostrar canvis substancials en la morfologia superficial. Aquest és el primer

Jt qel RUY Rt qUG & qRHWI kK ¢hue 3t qlqRGat 10

Paraules clau: ozonitzacié catalitica heterogénia; farmacs; radicals hidroxil;
metodologia de superficie de resposta; filtracié en flux creuat; membrana ceramica;

procés hibrid.
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Al Y WRE 110 dRdELE LU

Ot 0c¢cUTecUTWWGYt qYTecURSWY!I NecUt t REWARE T YAecNC| |
GYt ql YTUOUTRGc WAECWYHI ¢T eWlYqGeT URSW2YT ¢cWtdaTel
2GYl ¢cAHOW2YT DOWNIT ¢ T RARYUcaUWWAGWqYT JWT 3t qYWUF
AcnRNclpRPAIY2YaWI ¢T 2 WRt ql ¢T R2¢UWTWWGYqUURRTC G WE

CTGI RTUW e WG Y2IT JURWWE ! T URWWEY GUI RAVWUqRLWG
t YGUI ARTCGURSWRW RUqUWaqRARI ¢UR6WU¢UYT Ut qRHCE W
prenesenog ozona (TOD) kretala se od 0 do 156 A W¢ Wt YUHWUql ¢ #RTIJWUe¢ U
RAGIJ] 2 LUNBLSRilERS s RMidmilhiovedeni su pri 20C i ukupnom volumenu od 240
mL. Katalizator TiQ dopiran Ce (1 mol% Ce/Ti) sintetiziran je sajel metodom.
~JqYT YOYNRTYOW YI(RASKMZ @ndllLRe&SNoAse USRrthék Methodology
RT DUqRNRHRI ¢ URW 2 WU¢ TAUCT ¢ TURTRWNEt qYI RWleqT
TUGzWt JDWNE§?2WGYt cAcYWteVYWtaTeT Uc RS KR BT ¢ HOLW
TiQ: i CeO, kao i sintetizirani CeTIGAW URt 2 WWGY2Wh ¢ RWTt ¢cqcidRRT
razgradnji ibuprofena (IBF) i par&lorbenzojeve kiseline pCBA). Karbamazepin (CBZ) i
diklofenak (DCF), kao spojevW{ TWqid TR2RWU¢c WYAYUAWe WG Ge UVt
YAYUctowsgnNl ¢cURT WURWt ¢qec i RaqRT t RWeT RUET WGI RGRH
| Jet AFRTIUWRWAe¢tY RhIJUTeaWet qR2URS WA TVt q¢ Wt ¢ q¢ 0R

OWwWl l enNnYGWI RTUOaWRY ql ¢T R2¢UTWWRY GRagcecUcec WTIIW:
NMROq!I ¢cHRTWWAIWAGHI ¢cUYOWbic8~[bdAWt YI Rt qUhRWGGYT R
OMMUWTt 2 ¢ OW~ WG HI ¢ UKW 2 Wa WINIRINIRGEA R U UE GG Taldl L% IR
kombinacijom CeO+CeTiQOW u ¢t YW ARW 't WYt RNl ¢aVYWeTWI Uc¢
cUzqc¢!l WGY!I ¢ WRWU¢ WGEGY2! WRUcGeWANWAAI ¢UNAWG]I ROR
potpomognuta sol-N G Wa JqYT YatoW? YHR2IJURWI WAzl qc qRWLGY
slojeva metalnih oksi ¢ AW G GUWCcHRIGUYt qWRWqVYt Wt YAWSGNDA
redoslijedom: izvorna membrana > CeTiQX LU 9 1J§ Rl % LW 9.1JI8pifverealjeN R §

| ¢ANRI ¢T UTeWT WaqRI RWAGRt!I YA¢N¢] R2¢c¢lc¢c Wbi§~Aballl 2
diklofenak) te dva postojana (IBP pCBA IOl ¢ T2WhcecW I ¢ ANl ¢T UTcWa
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demineraliziranoj vodi postignuta je membranom modificiranom solR 130 W9 1J§ H€9 IINR
FOaYTWOGAWWgYWet cAeTOWUOeW! ¢ ANl ¢T UTe WKW YWE RI
FacUTRUUcWT W We WYqGeT UYTW2YT RWt Wt 2UT ¢l UYNWt q
YINcUttROWRWeUYI NeUt tRAWa2¢c! RaecdAdWWaqYLletcAe

matriksa.

OWal WhDGWIT RTWGe WRt GRac¢Uc W TWWRUqUNI ¢HRTc WYt
t 3 CAORT t REWGWAaHI ¢Uc Wt W WgRI RW ¢ AGRT RgqéelW~1 9§
YT RnRARUC¢ U W-NISTTW TG HIR L tF ¢Ydic a4l ilWkenkiadijeil 9 IINR
CeO,+CeTiQ. Eksperimenti u kontinuiranom protoku pokazali su da membrane

modificirane kombinacijom slojeva (CeQ+CeTiGb WWAUGT ¢ TUYWGYHY I TWCE 2 ¢
CBZ, DCF, IBFaCBA Testovi s tertbutanolom potvrdili su ulogu: OH, a karakterizacijom

BEE~AW [ ~AWAA?2AW~f ApbWe YA IUCTUWGI YaTWUWWe W q

Al DGecwWUec WRG Wt ¢cAUCUTRECAWY2YWTWWG!I 2YWRY ql ¢1
GRHAI RTUYNDWI Wet qYl ¢Wt WaWAGHI ¢UchGelWll ¢AGRT RqVYT
uvjetima.

uldTeT UNBWDRIWVDYRIAUC Wt ¢cqcGRqRT t ¢ W YAYUECHRTCEO6W™N
GNqYT YGYNDRTcWYT AR20IJW GY 21 WR Uddossdflacfilraich)] HR T ¢ @
t 13l ¢cOGRTt CWANAGAI ¢U¢c6W6RAI RT URWGI YHIJt 1O
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Chapter 1.:
GENERAL INTRODUCTION







11 E EA xuwf NAg§?2O09Nf 8§

1.1 Advances in Wastewater Treatment and Regulation

The increase in the global population and the adoption of modern lifestyles have
contributed to a surge in sewage production, demanding prompt action in the field of
wastewater management. According to estimates from the United NationgUN), the
global population is expected to approach around 11 billion by the year 2100. However,
some researchers propose that the population might peak less before 2100 (Adam,
2021). Irrespective of the precise scenario, it is foreseen that human activities ilv

experience aubstantial growth, leading to an upswing in urban wastewater generation.

Typically, wastewater(WW)is categorized as sewage when it originates from household
activities. Further classification subdivides sewage into three main types: blackwater,
greywater, and yellow water. Blackwater contains wastewater contaminated with human
waste, greywater includes sewage from nontoilet sources like showers, free from
human faeces or urine, and yellow water consists of urine collected from sewer systems
(Deaver et al., 2022). Besides household and industrial wastewater, various sourcekdi
hospitals, agricultural practices, and livestock farming can contribute to water pollution
in aquatic environments. This pollution includes the release obrganic micropollutants
(OMPs) orcontaminants of emerging concern (CECs), such as pharmaceuticals, posing

threats to both the environment and human health (Tran et al., 2018).

Although the mentioned procedures effectively reduce a significant portion of the
organic content in wastewater, there are remaining pollutants such as inorganic
nutrients (mainly nitrogen and phosphorus), increased microbial content, an€CECsthat
can have a notable impact on the quality of the final treated wastewater before it is
discharged. Moreover, there are strict quality standards that must be met if the treated
water is to be reusedor irrigationinstead of being released into a water recipientZagklis
et al., 2021).
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Environmental degradation, driven by economic growth, urbanization, and
industrialization, poses serious challenges to sustainability and water quality (Ridzuan
et al., 2020; Loucks, 2017; Chen et al., 2020). Higluality water is essential for public

health and socio-economic stability (Zhang et al., 2020; Zuccarello et al., 2021).
However, approximately 80% of global wastewater (WW) is discharged untreated,
contributing to pollution and public health risks (UN, 2019). The treatment of grewnd

blackwater is therefore vital, as untreated WW can harm ecosystems and render water

bodies unsuitable for use (Finlay et al., 2021; Wu et al., 2020).

Conventional wastewater treatment (WWT) consists of three main stage@igure 11):
primary (solid removal), secondary (biological degradation of organics), and tertiary
(advanced water improvement for nutrients, pathogens, andMPsg (Chan et al., 2009;
Bhaisare et al., 2016). Biological treatment methods, including suspended and attached
growth systems, reduce biochemical oxygen demand (BOD) and remove organic matter
(Ranade and Bhandari, 2014). However, many pollutants remain in éhwater after

conventional treatments, necessitating advanced technologies.

Preliminary i Secondary Water recycling & disposal

S00e0@

Raw wastewater Screening Grit tanks Primary Aeration Secondary Ocean
(sewage) sedimentation tanks sedimentation discharge

QOdour control Biosolids Digesters Advanced Water Recycling Plant

Figure 1.1 Overview of thetreatment stages within a wastewater treatment plant{Scheme taken
from Water Corporation).

Technological innovations in WWT enable pollutant removal and energy recovery.
Anaerobic digestion of sludge can generate 1.3 million kWh of energy (Bezirgiannidis et

al.,, 2020), and improvements in treatment equipment have led to WW pollution

44



reductions up to 77% (Wu et al., 2020). Nanotechnology offers additional benefits, such
as efficient heavy metal and microplastic removal (Shahrashoub and Bakhtiari, 2021;
Kumar Reddy, 2017). In addition, the use of renewable energy, including solar and
geothermal, enhances system efficiency and sustainability (Strazzabosco et al., 2020;
Fraia et al., 2020). The economic context also influences WWT efficiency. Studies have
shown that regions with highemgross domestic product (GDP) achieve better treatment
outcomes, though policy and infrastructure remain critical for sustainable results (Shi et
al., 2021, Cai et al., 2020).

Industrial and urban WW effluents remain a major concern due to their variable
composition, including heavy metals and persistent organics (Mahvi et al., 2004). In
developing regions, untreated discharges contaminate water used for agriculture,
affecting groundwater and food safety (Ahmad et al., 2010; Nasir et al., 2012). Moreover,
eutrophication from nutrient-rich effluents can promote toxinproducing cyanobacteria,

posing risks to human and ecological health (WHO, 2006; WHO, 2021).

At the policy level, the Eropean Uniork t LU kiBaD BVastewater TreatmentDirective
(UWWTD,91/271/EEC)which was recentlysupplanted by the (EU)2024/3019 Directive,
and the Water Framework Directive (2000/60/EC) have driven improvements in effluent
quality across Europe, particularly regarding nutrient and organic matter reduction
(Pistocchi et al., 2®2). However, emerging pollutants such as disinfection byroducts
(DBPs) and persistent chemicals, such as pharmaceuticalsor antibiotics, are not
adequately addressed by existing legislation. Recent proposal$or amending three
crucial water management Directives: the Water Framework Directive (WFD,
2000/60/EC), the Groundwater Directive (GWD, 2006/118/EC), and the Directive on
Environmental Quality Standards (EQSD, 2008/105/EC3jm to update them in light of

scientific and technological advances

Additionally, the regulation of water quality and safety for human consumption is
governed by the Drinking Water Directive 98/83/ECwhich was replaced by the
(EU)2020/2184 Directive Theupdated Directive places specific emphasison DBPs that
originate during the water treatment process (European Commission, 2018).

Specifically, the directive mandates the monitoring othlorite, chlorate, haloacetic acids
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(HAAs) andTrihalomethanes (THMs)that include nine bromine- and chlorine-based
compounds, such as monochloro-, dichloro-, and trichloro-acetic acid, mono- and
dibromo-acetic acid, bromochloroacetic acid, bromodichloroacetic  acid,
dibromochloroacetic acid, and triboromoacetic acid. Thesecompounds must not exceed
YMW, Nox WRULW qY ges they rednUde 1ehy toxica 1Y becurrence and
toxicological effects have been wellestablished (Richardson et al., 2007 Farre et al.,

2012;Pan et al., 2016Sinhaet al., 2021).

Besides, n response to increasing water scarcity intensified by climate change, thEU
has introduced additional regulatory measures to promote water reuse in agriculture.
The EU Regulation 2020/741 on minimum requirements for water reuse, which came into
force in June 2023, establishes clear and uniform quality standards for treated urban
wastewater intended for agricultural irrigation. Its goal is to support a circular economy
approach in the water sector by facilitating the safe use of reclaimed water, thereby
reducing pressure on freshwater resources. The regulation sets out minimum monitoring
requirements, risk management obligations, and transparency mechanisms to ensure
public and environmental safety. Importantly, it reinforces the role of advanced
wastewater treatment technologies, including tertiary treatment, as a prerequisite for
producing water of sufficient quality for reuse. This shifstressesthe urgency to upgrade
existing treatmentsystems (Hubner et al.,2024) to meet both environmental protection
goals and agricultural water demands in watesstressed regions (EP Report

2024/2104(NI)).
1.2 Advanced (tertiary and quaternary ) treatment of wastewater

The rapid increase in global population and lifestyle changes has intensifiethe
production of wastewater (WW) necessitating effective treatment technologies.
Although traditional secondary treatment methods such as the activated sludge
process, are widely applied, they often prove inadequate in removing nutrients,
pathogens, and CECs, including pharmaceuticals (Zagklis & Bampos, 2022; Tran et al.,
2018). Consequently, tertiaryand quaternary treatment processes have been developed

to further purify secondary effluent, especially when water reuse is intended or
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environmental standards are stringent (Zagklis et al., 2021 UT 131 Wq VYT ¢! K+ WE O Wl
nl ¢ Ws Yl t Al qRel ! wle U1 Whve ¢ qdl Ucl ! wllt q¢ N

o Tertiary treatment now refers to processes that polish secondary effluent by
removing nutrients (N, P) and achieving disinfection, as codified in the EU Water Reuse
Regulation 2020/741 for agricultural irrigation quality (European Parliament &
Council, 2020).

o Quaternary treatmenttargets contaminants of emerging concern (CEf@s)uding
pharmaceuticals, personahare products, endocrine disruptors and microplastcsl
is explicitly mandated in the 2024 recast of the Urban Wastewater Treatment
S5ANBOGADGS 0! 22¢50% gKAOK gAff NBIjdzANB €I
for broadspectrum micropollutant removal over the next decade (Council of the

European Umn, 2024).

Among these methods, chlorination, ultraviolet (UV) application, membrane filtration,
constructed wetlands, microalgae cultivation, photo-Fenton processes, and ozonation
have attracted significant research attention due to their costeffectiveness and high
efficiency. Chlorination is commonly used for disinfection due to its low cost and high
efficiency, although it may produce harmful byproducts (Albolafio et al., 2022; Decol et
al., 2019). UVbased advanced oxidation processes, especially when UV is comhed
with hydrogen peroxide (HO;) or ozone (Q), enhance microbial and pharmaceutical
removal (Cruz et al., 2013; Zhang et al., 2016). Constructed wetlands provide a
sustainable, low-energy option for nutrient and contaminant removal, with
demonstrated reductions in BOD, nutrients, and antibiotic resstance genes (Breitholtz
etal., 2012; Yietal., 2017). Microalgabased systems offer both treatment and biomass
generation, with notable nutrient removal efficiency and relatively low greenhouse gas
emissions (Magalhées et al., 2022; Silambarasan et al., 2021). Membrane filtration has
gained widespread application due to its high removal efficiency for suspended solids,
microorganisms, and micropollutants, with recent developments highlighting the
potential of ceramic membranes for enhanced durability and catalytic activity. And,

finally, ozonation, which implies the use of ozone, can effectively reduce microbial loads
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and pharmaceutical residues through oxidation, and is often integrated with other

processes to improve overall treatment performance.

1.2.1 Tertiary technologies (nutrient removal + disinfection)

Tertiary treatment encompasses a range of physical, chemical, and biological
technologies that have been developed and implemented on a fuicale basis(Zagklis &
Bampos, 2022) At this stage, the main goal is to further remove nutrients, such as

nitrogen and phosphorus, and inactivate anypathogenic microorganisms (Table 1.1)

Table 1.1 Tertiary treatment technologies

Target Typical technologies Degradation performance*

Nitrogen removal Anoxic/aerobic activated sludge TN 80 % (Dong et al., 2021)
with nitrification Tdenitrification; N 18390 % (Huang et al.,2022)
membrane bioreactors (MBRS)

% LL(NulvievbiEck et al., 2017)

Phosphorus removal Chemical precipitation (Fe/Al N A
N KL% WO MWE W ERT € 1

salts), biologically enhanced R A
removal, highrate algal ponds

LU
LU
Pathogen inactivation 960YI RU¢ qRYUALWO 2515 log reduction of E. coli and

membrane disinfection barriers  enteric viruses Erancy et al. 2012;
Decol et al.,2019)

*Data from recent EU fultscale or pilot studies.

Furthermore, constructed wetlands (CWs) and microalgae cultivation can
simultaneously lower BOD/COD, N and P while providing lowenergy disinfection and
carbon capture (Breitholtz et al.,, 2012; Magalhdes et al., 2022). Pressudziven
membrane filtration (micro- and ultrafiltration) offers a compact barrier for suspended
solids and pathogens and it is increasingly combined with the above biological or

chemical steps to meet the reusequality classes defined in Regulation 2020/741.

1.2.2 Quaternary technologies (CEC + microplastic control)

To comply with the new UWWTD deadlines, utilities aiatroducing a fourth stage known
¢t Wadé Wmhue ¢ qdl Ucel ! Wi RUW WA digafiRdsrdpaimdsFexr€s)y + WY U LW
perfluorinated organic chemicals (PFAS) and microplastics that remain after tertiary
polishing. Thisstep is essential when treated water is intended for reusei.e., irrigation
(Jurik et al., 2024).In most member states, large plants (>100,000 p.e.) must
commission this stage by 2030, with medium plants following by 2032040. Basedon

48



the 2024 UWWTD recastthe producers of pharmaceuticals and cosmeticsmust finance

at least 80 % of the additional quaternary costs via aBxtended Producer Responsibility

(EPR)scheme (Council of the European Union, 2024Financial Times, 2025)Because

the directive is performancebased, requiring a minimum 80 % reduction of a reference

mix of pharmaceuticals, operators are selecting technologies proven at full scaléTable

1.2).

Table 1.2 Quaternary treatmenttechnologies

Target Key processes

Removal efficiencies

Adsorption Zeolites,
powdered or granular
activated carbon
(PACIGAC)

Oxidation Ozonation (often followed
by biologically active sand
or GAC)

UV-based AOPs
photo-Fenton

electro-oxidation

Advanced Nanofiltration (NF)
membranes reverse osmosis(RO)
catalytic membranes

>95% removal of carbamazepine, diclofenac,
and ibuprofen (Rizzo et al., 2015)

85-97% removal ofmicroplastics (Wolff et al.,
2020)

>75% removal of diclofenac (Pefafiel et al.,
2024)

>90% removal of dyes withelectro-oxidation
(Thiam et al, 2018;Vinayagamet al., 2024)

40-80% of17 TOrCsremoval, depending on UV
AOPs(Miklos et al., 2019)

>90% removal of antibiotics and other dissolved
organics (Rekhate &Srivastava, 2020)

100% total organic carbon (TOC) removal (Gas
et al., 2020)

78-99.9% removal of viruses and bacteria
(Tripathi & Hussain, 2022)

>99% carbamazepine, caffeine, gemfibrozil, and
sulfamethoxazole (van der Hoek et al., 2024)

81.5197.5% removal of trihalomethanes (THMS)
and haloacetic acids (HAAS) (Shao et al., 2023)

77.7% removal of Dissolved Organic Matter
(Zhao et al. 2024)

(Vinayagamet al., 2024)

>95 %removal of heavy metals (Qi et al., 2019)
60% rejection of betamethasone and
fluconazole with RO (Couto et al., 2020)

>90% removal of N T-estradiol (Zhang et al.,
2020)

>99% and > 80% removal of diclofenac anc
ibuprofen, respectively (Maryam et al., 2020)
100% removal ofE.coli (Marsono et al., 2022)
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Recent full-scale data from Switzerland show that postozonation coupled with GAC
polishing achieves a median 8895 % reduction across >100 monitored CECs while
keeping bromate below 5 pg 1t (EAWAG, 2022). Similar quaternary upgrades are under
construction in Germanys North RhineWestphalia region, where the state requires 20
large WWTPs to meet new CEC limits by 2030 (NRW Environment Agency, 2024).

The recent EU rules make it clear thatirban wastewater treatment is now expected to

T DGR21JI Was YW Dhve JUqRec O WmeT 2¢ UHDT Wt q¢ NIt a Wé
and pathogens to meet the Water Reuse Regulation, followed by a quaternary step that

abates trace organics and microplasticsunder the 2024 UWWTD recast. Matching
technologies to those legally defined objectives is therefore critical. Chlorination, U\Nor
algae-based disinfection, and nutrient-removal bioprocesses meet the tertiary tagets,

whereas ozone, activated carbon and highselectivity membranes dominate the new
qguaternary upgrades already being built in Switzerland and Germany. Field data from

these early adopters consistently show that such quaternary lines cut priority
pharmaceuticals by 80r95 %, while keeping bromate and other byroducts below

regulatory limits.
1.3 Ozonation and catalytic ozonation of water

Ozonation is a centuryold water treatment process, first implemented in a municipal
drinking water plant in Nice, France, in 1906 (Ozone solutions) In modern wastewater
treatment, ozone (Q) is generated as a gas (usually esite via electrical discharge) and
introduced into water through gagliquid contactors. Common contact systems include
fine-bubble diffusers in dedicated ozone contact basins (mainstream injection) and
sidestream Venturiinjectors that dissolve ozone under pressure in a portion of the flow
before mixing with the bulk stream(Wastewater digest) Efficient gas transfer is critical
because ozone has limited solubility in water and decomposes quickly. Once dissolved,
ozone can oxidize contaminants via two distinct pathways(Figure 1.2) (i) a direct
reaction of the ozone molecule with electronrich sites on the pollutant, and (ii) an
RUT RI WaqWl BeHqRYUWqS6! Ye N6 WY Adidale) RAH)Delettet G GY+ R

al., 2022). The directpathway is selective, as ozone readily attacks certain functional
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groups like aromatic rings, olefins, and other electrorrich moieties, while °OH radicals
are nonselective and extremely potent (with a redox potential ~2.8 V vs 2.1 V fog)O
Particularly, the balance between these pathways depends on water chemistry and pH:
at neutral to acidic pH, direct molecular ozonation dominates, whereas in alkaline
#YUT RqRY (39), Lhysrckidéll ign¥ (OHa) accelerate ozone decomposition into
radicals. § A Y Udélk-decomposition is base-catalyzed, so higher pH or the presence of
radical-promoting substances (e.g, OHw H.O,, certain metal catalysts) shifts the
mechanism toward °OH generation, enhancing norselective oxidation of
micropollutant s. This dual mechanism means ozonation alone is often classified as an
Advanced Oxidation Process (AOP) when operated under conditions favoring radical

production.

_ +OMP
Applied Ozone | ——, @ — OMP,_4izea (Directoxidation)
(gas or liguid)
I

I Initiators/
i Promoters

AT oMp
'0H‘r'f}_._\_—-—-> OMP’ .dizea (Radical oxidation)

PAVANAN
VINSNS TN
SARANY

v
+OMP
....... » OMP (Inhibition)

Figure 1.2 Conceptual pathways for direct and indirect oxidation of organic micropollutants
(OMPs)when ozone is applied

In wastewater applications, ozonation is typically considered aguaternary treatment

(fourth stage) aimed at refining effluents by removing traceOMPs such as
pharmaceuticals and personal care products. This is beyond conventional tertiary
treatments (which usually target nutrients or basic disinfection). Ozone has gained
acceptance as an effective technology for broaespectrum micropollutant abatement

and disinfection, and it is already implemented at full scale in several regions. For
instance, Switzerland enacted a 2016 law requiring advanced treatment in about 100 key

sct qUs ¢cqlll WGheUqt Allge !l NWqRUNLWE Wy YDdiEdgtal,T 2 H#q R

2022). As of 2025, 33 Swiss wastewater treatment plants have been upgraded with
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ozonation or activated carbon stages, with over 40 more in planning or construction. This
nationwide program has already shown positive environmental results, and it is funded
by a uniform wastewaterfee (9 Swiss Francs per person per yeaio be in effect until 2040
(Wunderlin & Bitterwolf, 2025) Germany has also pioneered ozonation at select plants
notably in North RhineWestphalia, as part of a regional strategy to improve river water
quality (Xylem, 2018)OLUIN G 1t IJWII¢ 1 G! WeT YGqUI + Wi 3avyut ql ¢ ql
and the approach is expected to spread across Europe following new EU regulations.
addition to that, the updated EU Urban Wastewater Treatment Directive mandage
advanced micropollutant removal (e.g, via 0zone or activated carbon) in large municipal
plants (serving >100,000 people, or >10,000 in sensitive areas) over the coming years
(Kardos et al., 2025) Thus, ozonation is becoming an established fourtistage treatment

to meet emergingwater quality standards.

Ozone is a powerful oxidant and disinfectant, so ozonation can simultaneously improve
effluent microbiological and chemical quality. Studies report multilog pathogen
reductions with ozone. For example, pilot and fullscale ozonation of secondary effluent
achieved 2r5 log unit inactivation of fecal indicator bacteria E. coli, coliforms,
Enterococcus, Salmonella) under typical doseqZimmermannet al., 2011). Chu andhis
collaborators (2009) observed that ozone causes cell lysis and sludge solubilization,
which not only disinfects butalso reduces sludge yield by partially oxidizing biomass.
This sludge reduction can lower downstream handling costs. More prominently,

ozonation targets a wide range of micropollutants

Ozone readily reacts with many pharmaceuticals, endocrine disruptors, and industrial
chemicals that are otherwise recalcitrant to biodegradation. Removal efficiencies
TUGUWUT WYUWq6JWHYGGY2UT kt WYAYUDWI WeHqR2Rq! LW
pharmaceuticals such as carbamazepine (antiepileptic) and diclofenac(analgesic) are

almost completely destroyed by ozone often >90r100% removal at sufficient ozone

doses (Hollender et al., 2009Zoe et al., 2024).For instance, a pilot study in Sweden

achieved upto 95% elimination of various drug residues by applying ~5 g @er m® of

water; especially diclofenac and carbamazepine were reduced to near or below

detection limits (Swedish EPA, 2018) Even at lower doses, these compounds show
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substantial abatement (e.g, s TME W I D& VY2 T We¢ qWad RURGcOWYAYUW
ozone-resistant molecules (Bourgin et al., 2018) Other common pharmaceuticals like
ibuprofen and naproxen (both non-steroidal anti-inflammatory drugs) that are
recalcitrant to ozone treatment T were reported to achieve >97% removal from
wastewater with an ozone dose of ~15 md_® in a hybrid ozoneconstructed wetland

system (Lancheros et al., 2019)

Furthermore, azonation typically reduces many micropollutant concentrations by 5@
90% or more, though actual performance varies by compound. Compounds with
electron-rich aromatic structures or double bonds tend to be very ozonsensitive,
whereas those lacking such moi¢ies may require the strongePOH pathway or additional
treatment for complete removal (Derco et al., 2021) Importantly, ozonation often
transforms pollutants rather than fully mineralizing them, producing oxidation by
products. Many byproducts are less harmful than parent compounds, but some
exceptions exist. For example, ozonation of diclofenac yield®,6-dichloroaniline, a
metabolite classified as toxic to aquatic life (European Chemical Agency. Likewise,
ozone can convert bromide (if present in water) to bromate, a regulatezhrcinogenic by
product, especially at higher doses and pHSoltermannet al., 2016; Soltermann et al.,
2017). Fortunately, managing ozone dose and subsequentmproving steps (like
biologically active filterssfmembranes or activated carbon) can mitigate these risks. In
practice, many full-scale systems combine ozonation with saml or granular activated
carbon (GAC) filters to adsorb residual micropollutants andby-products, ensuring a high
overall water quality(Béaluet al., 2024) This combined approach also allows using lower
ozone doses while still achieving broad micropollutant remoal, thereby limiting

bromate formation and extending GAC media lif¢Zhiteneva et al., 2021)

Besides effective micropollutant removal and disinfection, ozonation has additional
benefits. Because ozone decays to oxygen, it can increase dissolved oxygen in the
effluent and improve subsequent biotreatment or receiving water conditioriZhiteneva et
al., 2021).0zone does not significantly alter macronutrients (nitrogen, phosphorus) in
wastewater at typical dosest for example, total nitrogen and phosphorus levels remain

largely unchanged, though ammonia may oxidize partially to nitra@Vang & Chen 2020;
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Béaluet al., 2024). Thus, ozone as a postreatment preserves the nutrient content of the

effluent, valuable if water reuse is intendedwhile removing trace organics.

In terms of environmental footprint, ozonation is arenergy-driven process, so electricity
usage and associated greenhouse gas emissions are considerations. Recent
assessments report ozonation energy costs on the order of 0.681 N LUk 10iGrddtet!
water, with a corresponding climate impact of roughly 0.080.3 kg CQ-equivalent per n¥
(Zagklis & Bampos, 2022). These figures are competitive with alternative AOPS,
especially when ozone is optimally dosed. Additionally, ozonation as a purely chemical
process avoids the need for transporting reagents (ozone is generated @ite and not
stored in bulk), and modern ozone generators have improved in efficiency and reliability.
Overall, many European installations have found ozonation to be a cosiffective
upgrade for achieving the newlyl 1Jhue Rduithiqll A4 ¢ q G 1J UfgrlLhicrqpol itk

removal (Pistocchi et al., 2022)

Despite its advantages, ozonation alone may not completely oxidize certain ultra
refractory organics or may require relatively high doses for sufficienOH generation. To
address these limitations, catalytic ozonation has emerged as a promising improvement.
Ccqci! qRAWYAYUCc qRYUWRY WeUwW AW B3+ RNUWT Wa Y WIJ
through the generation of OH or by improving ozone's reactivity via catalytic pathways
(Liu et al, 2019). Similar to the Fenton process, the ozonation process can benefit from
the addition of specific catalysts that facilitate the decomposition of ozone to generate
active free radicals(Wang & Chen, 2020)This technique has gained increasing attention
for the removal of persistentmicropollutants in water and wastewater treatment due to
its ability to accelerate reaction kinetics, increase mineralization efficiency, and
potentially reduce ozone consumption. Compared to other ozondased treatment
methods, catalytic ozonation can lead to cost savings as it does not necessitate
additional energy sources like UV or expenses for pH adjustment. Additionally, catalytic
ozonation systems have demonstrated excellent performance in water treatment,

providing several advantages over ozonation alon@Vang & Chen, 2020)

Typically, catalytic ozonation processes can be categorized into two types based on the

catalysts used: (1) homogeneous catalytic ozonation, which often employs metal ions
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(e.g, Fex Coc?¢ Mr2d) as catalysts dissolved in the aqueous phase; and (2)
heterogeneous catalytic ozonation, where the catalyst like metal oxides or supported
metals exists as a separate solid phase and interacts at théhe gasrsolid or liquid Tsolid
interface when ozone is applied in gaseous or aqueous formespectively (Wang & Chen,

2020).

1.3.1 Homogeneous catalytic ozonation

Homogeneous catalytic ozonation involves the use of dissolved metal ions or soluble
compounds that react with ozone in the aqueous phase to generate reactive oxygen
species (ROS), particularly?OH and superoxide ©.°w). These radicalshave a higher
oxidation potential (2.8 V) than molecular ozone (2.07 V), enabling the naelective
degradation of a wide range of recalcitrant organic micropollutants (Beltran, 2005; von
Gunten, 2003). Transition metals such as P& Mr?*, Cu?*, and Ca* are among the most
commonly studied homogeneous catalysts. Their effectiveness is attributed to their
redox cycling capabilities, which promote the decomposition of ozone and the formation

of ROS in situ (Naumczyk et al., 2007).

In the ozonation of oxalic acid in the presence of Co(ll), a Guxalic acid complex is
formed, and ozone subsequently reacts with this complex, as documented by Nawrocki
(2013). Beltran et al. (2005) conducted a study on the ozonation of oxalic acid in wat
using an iron catalyst. Their research suggests that the ozonation mechanism likely
proceeds through the formation of iroroxalate complexes, which then react with ozone.
Importantly, this reaction occurs without the involvement of hydroxyl radicals and
follows first-order kinetics regarding both ozone and oxalic acid. In a separate
investigation, Sauleda et al. (2001) explored the mechanism for the mineralization of
aniline in an acidic solution through ozonation catalyzed with F&. Their findings indicate
that the process commences with the attack of Qand/or °OH on aniline, leading to the

production of either benzoquinone or nitrobenzene.

The addition of Fe(ll) has been shown to significantly improve the efficiency of ozonation
(Zhang et al., 2013). In the ZFe(ll) process, ferrous ions play a crucial role in promoting

the decomposition of ozone, leading to the generation of hydroxyl radicalas illustrated
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by the following equations (Ghuge & Saroha, 2018Malik et al., 2020;Mansas et al.,
2020):

"0Q 0 ©0QL 0 (Initiation; ferryl formation)
0Q U °©0Q U

"0Q0 00 ° "0Q VINOINVING® (ferryl conversion)
"0Qb 0Q O ©° ¢oQ 00 (ferryl scavenging)

Metals aid in the oxidation of organic compounds through oxidatiomeduction reactions
(Wu, 2008). In the @Fe(ll) process, ozone decomposes into hydroxyl radicals under
alkaline pH conditions. Ozone reacts with F@8l) to generate Fe®. The synergistic effect
of including Fe(ll) in the ozonation process is observed across a range of pH levels
(Rekhate & Shrivastava, 2020).

Although homogeneous catalytic ozonation has demonstrated effectiveness in
laboratory-scale studies, its practical application in full-scale water treatment is limited.

Challenges such as catalyst recovery, potential ecotoxicity of dissolved metals, and
process complexity have prompted research interest to shift toward heterogeneous

catalytic systems that offer better stability and reusability.

1.3.2 Heterogeneous catalytic ozonation

The heterogeneous catalytic ozonation process offers significant promise in enhancing
the treatment of recalcitrant organic pollutants through theaddition of a solid catalyst.
Typical catalysts used in ozonation includeinsoluble metal oxides, supported noble
metals, and various porous materials. These materials serve as potential catalysts for
the ozonation process. The efficacy of these solid catalysts primarily arises from the
active d-electronic structure inherent in metal oxides, facilitating electron transfer
between the catalyst and the target compound, thereby reducing the activation energy
required for catalytic ozonation. For instance, a variety of porous materials like activated
carbon, zeolite, and honeycomb ceramics have been developed as suppis to enhance

the mechanical robustness and stability of transition metal oxides (Gao et al., 2017).
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These catalysts have demonstrated their ability to enhance the efficiency of pollutant
removal when ozone is used. Among the array of catalysts, iron oxides and manganese
oxides have been subject to extensive research. Although manganese oxides exhibit
remarkable catalytic activity, they are susceptible to leaching, resulting in secondary

pollution (Chen et al., 2015).

A wide range of catalystshas been explored, including metal oxides (e.g., Ti) MnQ;,
AlLOs;, Ce(,), supported catalysts (e.g., metals or oxides on activated carbon or silica),
and doped materials (e.g., Cedoped TiQ) (Esplugas et al., 2002; Lee et al., 2021). Among
these, cerium-based oxides have received increasing attention due to their redox
properties and oxygen storage capacity, which promote the decomposition of ozone and
facilitate electron transfer during oxdation reactions (Lee et al., 2019; Kan et al., 2015).
The presence of a complex formed between the catalyst and an organic molecule is
essential to observe the catalytic activity of Mn®@ (Nawrocki et al., 2013). In contrast,
catalysts based on iron employ various mechanisms. Metatatalyzed ozonation has
been shown to improve the efficiency of removing organic compounds such as oxalic

acid, formic acid, and humic acids from water (Li et |, 2013).

Heterogeneous catalytic ozonation involves combining a solid catalyst with ozone to
enhance its effectiveness. This process encompasses three phases: gaseous, liquid,
and solid. The efficiency of the catalytic process depends on several factors, including
the type of catalysts, the specific target pollutants, and the pH level of the solution.
Additionally, the stability of the catalyst under operating conditions and the potential for

leaching are also critical for longterm performance (Wang & Chen, 2020).

Two primary mechanisms are commonly associated with heterogeneous catalytic
ozonation: (i) the direct oxidation of adsorbed pollutants by surfacéound reactive
oxygen species or molecular ozone, i.e., Interfacial Reaction Mechanism (Peflatus et
al., 2004; Nawrocki & KasprzykHordern, 2010), and (ii) the generation fOH from ozone

decomposition catalyzed on the surface.

In the Interfacial Reaction Mechanism, catalysts primarily function as adsorptive

materials, utilizing their extensive surface area to adsorb organic pollutants and form
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active complexes with a lower activation energy when combined with target molecules.
Subsequently, ozone or hydroxyl radicals oxidize these surface complexes, leading to the
generation of oxidation byproducts. These byproducts can either desorb into the
solution or remain adsorbed at the catalyst's surface (Sun et al., 2015). This mechanism

effectively explains catalytic ozonation systems with robust adsorptive properties.

The: OH mechanism suggests that metal oxide catalysts can improve ozone solubility
and initiate ozone decomposition (Xiao et al., 2015). Ozone reacts with reduced metals,
resulting in the generation of OH radicals. In agueous solutions, soluble ozone becomes
adsorbed onto the catalyst's surface, triggering a sequence of radical chain transfers
that generate additional- OH radicals with a high oxidation potential. TheseOH radicals

subsequently oxidize organic pollutants in wastewater. This mechanism explains
catalytic ozonation systems with limited adsorptive capabilities (Guo et al., 2012). Ikhlag
et al. (2015) have documented that the catalytic ozonation of persistenbrganic

compounds on alumina involves reactions between hydroxyl radicals and pollutants

adhered to the alumina surface, with these reactions following a radical mechanism.

1.4 Membrane filtration of water

Membrane filtration methods encompass a diverse range of processes, with pressure
driven membranes being the most common. In pressura@riven membrane filtration, a
pressure differential is applied across a sempermeable membrane, and the specific

solutes that pass through the membrane define the membrane typé-igure 13).
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Figure 1.3 Schematic representation of pressuredriven membrane processes, microfiltration (MF),
ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO), showing typical pesize ranges,
rejected components, and characteristic permeate composition(scheme adaptedfrom Sally Yin, 2024,
https://www.likefilter.com/ ).
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the rejection of suspended solids. Ultrafiltration (UF) membranes have smaller pores

and can effectively reject larger dissolved molecules. Nanofiltration (NF) membranes

with pore sizes on the order of 1 nm, are suitable for rejecting smaller dissolved
molecules, typically up to 200 Daltons(Da), as well as divalent ions. Reverse osmosis

(RO) membranes, lacking pores, function based on variations in solute diffusion rage

within the membrane polymer. RO membranes can even reject monovalent ions (Zagklis

& Bambos 2022).

An integrated pilot unit that combined UF, RO, and electrooxidation for the treatment of
municipal sewage was introduced by Urtiaga et al. (2013). All target compounds,
including naproxen, ofloxacin, furosemide, bezafibrate, and fenofibric acid, were
effectively removed with rejection rates exceeding 99%. In a separate study, Cheng et al.
(2017) assessed the efficiency of an anaerobic MF system in eliminating antibiotic
resistant bacteria (ARB) and associated antibiotic resistance genes (ARGs) from
municipal sewage, achieving a microbial load reduction of 23 log units. Furthermore,

Ren et al. (2018) investigated the removal of ARB and ARGs from secondary wastewater
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effluent using TiQ-modified polyvinylidene fluoride (PVDF) UF membrane, achieving a

98% removal rate for ARGs.

Dolar et al. (2012) studied the performance of a laboratory and piletcale RO/NF
membrane treatment process for degrading selected veterinary pharmaceuticals
present in pharmaceutical sewage. The removal rates for TOC and COD were 70.8% and
35.4%, respecively. Therejection percentages of the selectedpharmaceuticals ranged
from 94% to 100% for the NF and RO membranes, respectively. Additionally, Ho et al.
(2021) investigated the treatment of palm oil mill effluent using graphene oxide
(GO)/multi-walled carbon nanotube conductive membranes. The treatment costs for
membrane filtration can vary from 0.4 to 1 EUR™ (Perez et al., 2022). The resulting
emissions can range from 0.2 to 2.3 kg C{eqg. m™, with the total emissions depending

on the number of membrane steps and the required transmembrane pressuréTMP)

(Teow et al., 2021).

Furthermore, recent studies (20262025) confirm a clear order in pharmaceutical
rejection across pressuredriven membranes. Unmodified UF removes only a small
fraction of dissolvedpharmaceuticals: a 100 kDapolJ q 6 1IJ1 + e G n YU WO[ Wl Uq¢
carbamazepine, whereas a tight 1 kDa UF achieved 5469 % rejection of ibuprofen and
diclofenac in secondary effluent (Mahlangu et al., 2023; Iborr&lar et al., 2024). Surface
nano-engineering can raiseJF performance AgGO-modified UF reachedmore than 80

% cambamazepine removal (Mahlangu et al., 2023)but, in general, UF alone is
inadequate for trace-organic control. The polyamide NFO90 membrane reported 95 98

% rejection of carbamazepine, diclofenac and ibuprofen, while a looser NF270 achieved
80 % for the same compounds (Tasdemir et al., 2025). Reverse osmosis (RO) provides
the most robust barrier; the same study showed a brackistwater RO (BW30) retaining

K ®%W of all three pharmaceuticals. These resultsuggest that UF is typically used as
pretreatment, NF as a polishing or reuse barrier, and RO as thgpical membrane for

near-complete pharmaceutical removal in advanced watereclamation trains.

In recent years, ceramic membranes have gained attention as an alternative to polymeric
membranes due to their superior chemical and thermal stability, high mechanical

strength, and longer operational lifespan (Yang et al., 2020). Their robust nature makes
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them particularly suitable for harsh wastewater matrices and integration with oxidative

Gl YRt Dt oWi 6 JUWHEYecqUT Ws Ra6LWHEqced! qROBWGIIaqc
ceramic membranes can facilitate the degradation of recalcitrant micropollutants

through catalytic ozonation or photocatalysis (Lee & Kim, 2020; Zazouli et al., 2021).
Studies have demonstrated significant removal efficiencies for pharmaceuticals such as
carbamazepine, diclofenac, and sulfamethoxazole using modified ceramic membranes

in hybnd systems (Gabet et al., 2020; Wang et al., 2022). These systems not only enhance
pollutant degradation but also reduce membrane fouling, making them a promising

option for advanced water treatment applications.
1.5 Hybrid systems based on ozonation and filtration

Combining membrane filtration with ozonation is a promising approach for water
purification and wastewater treatment. This strategy, as emphasized by Tang et al.
(2018), is highly effective in the removal of natural organic matter (NOM) (as observed by
Harman et al., 2010), emerging micreorganic pollutants (Guo et al.,, 2018), and
precursors for disinfection by-products (DBPs) (as pointed out by Byun et al., 2011).
Ozone, possessing a notable redox potential of 2.07 V (Camel & Bermond, 1998), plays a
vital role in mitigating membrane fouling attributed to NOM, secondary effluent organic
matter (EfOM), and microorganisms in effluent by altering their molecular sizes and other
characteristics (Lee et al., 2019). As illustrated by Von Gunten (2003), the hydrafitity
and polarity of NOM undergo changes due to structural modifications induced by
ozonation. Furthermore, substances with high molecular weights (MW) are degraded

into lower MW species (Wei et al., 2016a), effectively preventing membrane fouling.

Ozonation has the additional benefit of inhibiting bacterial growth on the membrane
surface, thereby preserving membrane permeability, as reported by Wei et al. (2016a).
These findings were further substantiated by Zhang et al. (2017), who demonstrated tha
pre-ozonation enhanced the performance of ultrafiltration (UF) membranes by altering
the characteristics of organic matter in the filtrate. However, it's important to note that
ozonation may negatively affect the structure of most commercial organic polyeric

membranes, leading to a reduced operational lifespan (Fan et al., 2014). In contrast,

61



ceramic membranes are capable of withstanding ozonation and have extended lifespans
due to their robust thermal, chemical, and mechanical stability, as outlined by Guo et al.
(2016). Ceramic membranes possess hydrophilic properties and can achieve high
permeate fluxes at low transmembrane pressures, making them weluited for drinking

water and wastewater treatment (Lehman & Liu, 2009). Nonetheless, the utilization of
ceramic membranes in the water industry poses challenges related to operational costs

and the mitigation of membrane fouling, as indicated by Tang et al. (2019).

Wei et al. (2016a) reported that applying pr@zonation followed by filtration (PreO/F)
with ceramic membranes reduced hydraulically reversible fouling but did not alleviate
irreversible fouling due to the selective oxidation of high molecular weight (MW)
substances. This observation was also echoed by Tang et al. (2017a). In contrast, the in
situ ozonation filtration (in-situ-O/F) method, as described by Tang et al. (2017b), led to
improved filterability by depositing oxidized organic foulants on the memtane surface.
This approach effectively addressed both reversible and irreversible fouling issues in
drinking water and wastewater treatment, a challenge not fully overcome by P1®/F, as
noted by Wei et al. (2016Db).

Song et al. (2017) highlighted thain-situ-O/F outperformed PreO/F when it came to
addressing irreversible membrane fouling. This superior performance was attributed to
the in-situ dissolution of ozone and the resulting hydroxyl radical OH), which effectively
oxidized irreversible membrane fouling within the membrane pores and on the surface.
As a result, theconclusions in literature lean towards in-situ-O/F being more effective at
managing hydraulically irreversible fouling compared to prevzonation, regardless of the

ozone dosage.

While a significant portion of the existing literature investigates the impact of varying the
molecular weight of NOM or EfOM on membrane fouling, it is crucial to acknowledge that
membrane fouling is a multifaceted phenomenon involving inorganic, organicand
biofouling layers (Zheng et al., 2018). Further idepth examination of the role of
ozonation in mitigating membrane fouling is necessary to provide a more comprehensive
understanding. This research has the potential to offer valuable guidance for the

implementation of combined ozonation and ceramic membrane filtration, considering
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various operational modes like insitu ozonation filtration and pre-ozonation filtration

(Song et al., 2020).

1.5.1 Catalytic ozonation with ceramic membranes

Recent studies have extensively explored catalytic ozonation coupled with ceramic
membrane filtration. In these systems, ceramic UF/NF membranes are modified with
catalysts (often metal oxides) to enhance ozonation of micropollutants. For example, He
et al. (2022) embedded mixed metal oxides (Mrire, MrmmrCo, MnrCe) into a ceramic
membrane and achieved 99.99% removal of atrazine (a pesticide) in #finutes using
the MnrCe catalyst under 0.8mg min™ ozone at pH7. The MmCe modified membrane
showed the best peformance due to oxygen vacancy sites, enabling ozone
decomposition to reactive radicals. Leeet al.(2024) doped a ceramic MF membrane with
CeO; and MnQ, catalysts and tested three micropollutants: bisphenol A (BPA),
benzotriazole (BTZ), and clofibric acid (CA). In a hybrid ozonatmmembrane run, with a
dead-end configuration, the highest removal was recorded for BPA (~80%), followed by
BTZ (~60%) and C&-55%) in all cases, with the singldayer catalytic membranes. These
results underscore that catalytic ceramic membranes greatly improve the oxidation of

hard-to-ozonate pollutants by generating hydroxyl radicals.

Another ceramicH ¢+ IJT Wt qe T ! L étlall(FDA3) Gsedid ¢afdljtic ceramic
nanofiltration membrane (a TiQ NF membrane coated with a mesoporous F£; layer)
in a hybrid ozonation system to remove the pharmaceutical ibuprofen. Under continuous
ozone (11g Nn? gas dose), the catalytic NF achieved 91% ibuprofen removal within
15 minutes, compared to 76% with an unmodified NF membrane. After 9inutes,
>90% of ibuprofen was eliminated in the catalytic @NF process, and nearly complete
removal occurred by 2hours. Ozone decomposition to radicals on the Féased catalytic
layer accelerated the treatmentr at pH 8.5, the system reached ~99% removal in 9in.
Notably, the presence of the catalyst did not adversely affect membrane flux; in fact, the
catalytic reaction helped limit fouling under ozonation. This demonstrates that ceramic
membranes functionalized with catalysts (e.g., iron oxides) canenhance both

micropollutant degradation and control fouling during ozonation processes.

63
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ceramic NF membrane versus a norcatalytic NF for seven representative
micropollutants spiked at 0.5mg/L (including the drugs carbamazepine,
acetaminophen, sulfamethoxazole, caffeine, diclofenac, plus pesticide diuron and
analgesic ketoprofen). They compared standalone ozonation, standalone NF, and
combined Os; + NF (with and without the FeO; coating) in both ultrapure water and real
secondary effluent. The hybrid catalyit O; + NF using the maghemitecoated membrane
outperformed the commercial (uncoated) membrane, achieving about20% higher
removal for the most ozoneresistant compounds while consuming 70% less ozone
dose. For example, recalcitrant pollutants like diuron saw substantially improved
oxidation when the catalytic NF was used. This study shows that integrating catalytic
membranes can maintain high removaekfficiency even in real wastewater matrices, with
lower ozone requirements than noncatalytic processes. However, it also noted the
formation of toxic by-products in some cases, highlighting the need to monitor effluent

toxicity in such hybrid systems.

Pilot-scale data on catalytic ozonatiomrmembrane hybrids have begun to emerge as
well. Kaprara et al. (2023) developed a pilot continuousflow ozonation unit with a
membrane contactor and heterogeneous catalysts. In their setup, ozone was diffused
through a tubular membrane module to ensure efficient gagiquid contact, and solid
catalysts (like calcinedAJY O RqUAWRI YOWY+#RT WWm7¢! YFREF UwAWY
flow and stirred tank reactor sequence. They examined the removal of four probe
micropollutants: pCBA and atrazine (ozoneresistant), benzotriazole (moderately
reactive), and carbamazepine (highly ozoneeactive). The pilot achieved >99%
degradation of pCBAunder optimal catalytic conditions (with appropriate catalyst dose,
pH ~8, and sufficient contact time). This represents nearly complete removal of a
compound that ozone alone barely oxidizes, thanks to catalytic generation of hydroxyl
radicals. For atraine, which has intermediate ozone reactivity, the study found ~85%
removal by single ozoation in the pilot (at 2mg/L O<sub>3</sub>)rin fact slightly higher
than with certain catalysts, indicating that not all catalysts improved atrazine oxidation
in that setup. These pilot results confirm that catalytic ozonation can be scaled up, and

they6 RD6 G RN qWUadé¢c qWGUI nYl dcURIW2¢!I Rt Ws Rad Waéb
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and lab studies concur that coupling ceramic membrane filtration with catalytic
ozonation yields high removal (often >90%) for many pharmaceuticals, personal care
products, and pesticides, especially when those compounds are otherwise recalcitrant

to direct ozone alone.

1.5.2 Catalytic Ozonation with Polymeric Membranes

On the other hand, polymeric membranes are less chemically robust in ozonation
environments; nonetheless, some studies have explored hybrid processes involving
polymer-based membranes. One strategy has been sequential processes (e.g.,
ozonation as a pretratment or post-treatment to membrane filtration) using standard

polymeric membranes. For instance, recent surveys note that combining ozonation (or

0Os/H20,) with nanofiltration can remove a wide spectrum of pharmaceuticals, achieving

>97% removal insome ¢+ 1Jt Ws 6 JUW [ WRt WnYaaVYs T WAH! WYAYU¢
However, these setups did not always use a catalytic membrane; rather, ozone was

coupled before or after a polymeric NF to improve overall removal. Due to potential

ozone degradation of polymeic materials, truly catalytic polymer membranes (where a

catalyst is deposited on or in the membrane) are less common.

That said, there have been efforts to create catalytic polymeric membranes. One
remarkable example is the concept of using a gapermeable polymer membrane coated
with a catalyst to generate hydroxyl radicals directly in water. In 2024, researchers
(Yecheel et al., 2024) demonstrated a Mn@coated hollow-fiber membrane contactor
that delivers ozone into water and simultaneously catalyzes its decomposition t6OH

| ¢T RAcOt oW N6 Rt W mWUEHGUT WAaWGHI ¢cUwW ¢ GGl Y A
exposure to shortlived radicals, thereby enhancing micropollutant degradation in the
water phase. Such membranes, often made of ozoneesistant polymers or composites,
act as both ozone diffusers and catalytic reactors. While detailed removal percentages
for specific compounds were not reported in that brief communication, the study
suggested that direct radical delivery via a catalytic polymer membrane could markedly

improve oxidation efficiency relative to conventional bubble contactors.

More traditional polymeric membrane systems have also been tested in hybrid

configurations. For example, thirfilm composite (TFC) nanofiltration membranes have
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been used in tandem with catalytic ozonation by circulating a solid catalyst in the
YAYUecqRYUWI WeHqY! OWf UWqd6 3t WWHet It Allgé-1JW [ W
products and any catalyst particles, while ozone/catalyst in solution degrade
micropollutants . Such a configuration was implicitly studied by Seabrat al.(2025) using

a ceramic membrane (as discussed above), and earlier work in 2022022 demonstrated
analogous benefits with polymeric NF in pilotscale water reuse applications (e.g., high
rejections of >80% for dozens of micropollutants by NF, combined with oxidation to
tackle more ozoneresistant species). It is important to note that fuliscale
implementations of catalytic ozonation with membranes are still very limited as 02025.
Most research remains at laboratory or pilot scale. The few fulicale ozone-based
treatments for micropollutants (e.g., ozone + activated carbon processes in drinking
water plants (Ullberg et al., 2021) do not yet incorporate membranes as an integral
catalytic element. Nonetheless, over the last five years, research clearly demonstrates
that both ceramic and polymeric membrane systems, when augmented with catalytic
ozonation, can achieve high removal efficienciest often 80T1100% for many
pharmaceuticals, personal care products, and endocrine disruptors T while also
controlling membrane fouling and minimizing ozone consumption (Seabra et al., 2025).
The hybrid process is thus a promising route for advanced water reuse and
micropollutant removal, merging the separaton capability of membranes with the

oxidative power of catalytic ozonation.

1.5.3 Gaps in research

Hybrid systems that couple catalytic ozonation with membrane filtration have shown a

notable rise and considerable promise for the removal of recalcitrant organic
micropollutants from water and wastewater. This hybrid approach, particularly when

ceramic membranes are used, holds promise for improving degradation efficiencies and
mitigating membrane fouling. A bibliographic analysis (Figurel.4) of peerreviewed

literature revealed two key trends. First, publications combining the keyworda H1J1 ¢ 0 RH IO
ala Al ¢ 03t a0 ? IOy H chave Grovwa RtebDIY fin¢d)ad 1 RivtiJaCsharp
increase starting in 2021, reaching a peak of 20 publications annually from 2021 to 2024.

Second, broader research encompassingy 6! Al RT e CO0y YAYU¢ qRY Ue CIO
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n R0 q IshowskafliérGid more consistent growth, reflecting a foundational interest in
ozonationtmembrane processes. However, the specific focus on catalytic ceramic
membranes, as reviewed by Xie et al. (2024), remains relatively recent and

underexplored.

According to the review, the hybrid ozonatioomembrane filtration (HOMF) process is
still in its beginning, with growing evidence pointing to the potential of nanoconfinement
and membrane-embedded catalysts to enhance ozone utilization, reduce
transmembrane pressure (TMP), and improve overall system performance.
Nevertheless, the mechanisms underlying theseimprovements remain incompletely
understood, and longterm stability studies under realworld conditions are still lacking.
This stresses the need fosystematic research to evaluate catalyst loading strategies,

pore size effects, and radical generation dynamics in HOMF systems.
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Figure 1.4 Bibliographic analysis (Web of Science, May 2025) of peegviewed publications from
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Therefore, in this PhD thesiswe address those knowledge gaps by systematically
evaluating how ceramicmembrane characteristics and catalytic surface modifications
influence hybrid ozonationrmembrane performance. We combinal ceramic
membranes of fourdifferent cut-offs (50 kDa, 150 kDa, 300 kDand 200 nm) with CeQ,

CeTiQ, and a combination of CeO,+CeTiQ nanolayers, and we operate them under
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crossflow conditions with ozone in a hybrid reactor called the HOMF reactor The

removal efficiency of three pharmaceuticals (carbamazepine, CBZ; diclofenac DCF;

ibuprofen, IBP) and one probe compound (para-chlorobenzoic acid, pCBA) was
evaluated in two matrices: (i) deionized water, tested both with and without a radical

b A 2130011 AWe UT WelRRb WI 1J¢ 0 W 3# Y Gtiedtrheht pléhh n @ 2 13 U q

The selection of the threemodel OMPs, carbamazeping(CBZ) diclofenac (DCF) and

ibuprofen (IBP), was based ontheir widespread use, frequent detection in treated
wastewater, and resistance to conventional biological degradationCBZ is a commonly
prescribed anticonvulsant and mood stabilizer while DCF and IBP araon-steroidal anti-

inflammatory drugs (NSAID9, extensively used to treat pain and inflammatiofvVan et al.,
1995). These compoundshave also beenassociated with negative effects on aquatic
organisms (Schnell et al., 2009) with DCFbeingincluded in the European Union Watch
List of 2015(2015/495/EV).

Of the aforementioned pollutants, ibuprofen has a similar behaviour towards the
reaction with molecular ozone and hydroxyl radicalsas pCBA, whereas diclofenac and
carbamazepine also readily react with molecular ozone. Together, these four
compounds cover a spectrum of physicochemical properties, hydrophobicity and
ozone/hydroxyl radical reactivities, making them suitable indicators for evaluating the
degradation performance of catalytic ozonation in hybrid membrane systemslable 1.1
summarizes the physicochemical characteristics of the four model micropollutants
selected for this study: CBZ DCF, IBP, andoCBA Each compound is presented along
with its molecular structure, molecular formula, molar mass, octanolwater partition
coefficient (log Ko), acid dissociation constant (Ka), solubility in water and ethanol,
density, and LD, value indicating acute toxicity. Carbamazepine exhibits relatively low
water solubility (0.017r0.18 mg mls) and moderate hydrophobicity (logKow 2.45),
whereas diclofenac is highly hydrophobic (lod<,w 4.51) with moderate water solubility
(0.00237 mg midd). Ibuprofen shows intermediate hydrophobicity (logKow 3.97) and
similarly low water solubility (0.021 mg mi@). In contrast,pCBAhas a lower molar mass
(156.57 g motd), moderate hydrophobicity (logkow 2.65), and relatively higher solubility

in water (1.4r2.5 mg mlmd). The selected compounds collectively represent a range of
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physicochemical behaviors relevant to their fate and treatability in ozonation and

advanced oxidation processes.
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Table 1.3 Physicochemical characteristics of the model organic micropollutants

Micropollutant  Molecular structure Molecular Molar Log pKa* Solubility Solubility  Density  LDsg
Formula mass Kow* in water in ethanol  [gecm™]  [mg kg™]
[g mol™]* [mg mi™] [mg mi™]
Carbamazepine -~ /= \ - 9 HbY cBbh 236.27 2.45 13.9 0.017710.18 21 1.35 3850
(CBZ) A
OA\NHQ
Diclofenac cl C1sH11CLNO, 296.15 4.51 4.15 0.00237 30150 1.34 53
(DCF) NH
Cl OH

O
Ibuprofen ™ N 9 KK ¢ Hob | 206.29 3.97 5.3/4.4 0.021 907100 1.03 636
para-chloro C7HsCIO, 156.57 2.65 3.98 147125 157130 1.54 1960
benzoic acid ) 2
(PCBA “ g

* Datareceived from the National Library of Medicine USA, https://pubchem.ncbi.nim.nih.gov/
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The principal goal of this research is to establish an efficient technologyased on a
hybrid ozonation-membrane filtration (HOMF) systemto eliminate most of the
recalcitrant compounds from the final effluent of a WWTPToachieve this, the selected
organic micropollutants (OMPs) carbamazepine, diclofenac, ibuprofen, andpCBA were
degraded into smaller molecules, in order to be straightforwardly adsorbed on the

surface of the ceramic membranes (CM)

The two main objectives of thisPhD thesisare (i) selecing the appropriate material,
synthesizing and characterizing the functionalized membrangand (ii) testing different

membrane pore sizesand determining their impact on OMP degradation.
In this study, the following research questions were addressed

1. How do different metal oxides (commercial and synthesized) influence the catalytic
ozonation of selected pharmaceuticals, and what are the optimal operating conditions

(ozone dose and catalyst loading) for maximizing degradation efficiency?

2. Can the integration of Ce®@, CeTiQ-, and duatlayer (CeQ+CeTiQ)-modified ceramic
membranes into a crossflow hybrid ozonatiommembrane filtration (HOMF) system
enhance the removal of micropollutants, and how does surface modification affect

catalytic performance under continuous operation?

3. How does the pore size of ceramic membranes interact with surface modification to
influence the degradation efficiency of selected organic micropollutants, and what is the
role of hydroxyl radical versus molecular ozone pathways as assessed through rall

scavenger experiments?
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This thesis follows a structured, stepby-step experimental approach(Figure3.1) aimed
at understanding and optimizing catalytic ozonation processes in combination with
ceramic membrane filtration. The research began with smalscale experiments and
gradually evolved into more complex system integrations, membrane modifications, and
performance evaluations. Each phase built upon the insights gained from the previous
one, with the ultimate goal of enhancing micropollutant removal efficiency while

addressingoperational challenges like fouling and ozonaisage.

The first step of the research focused on gaining a fundamental understanding of
catalytic ozonation by conducting preliminary experiments in batch reactors. These
experiments explored the degradation of selected pharmaceuticals using varying ozone
doses in the presence of catalytic nanomaterials in powdered form. This stage helped
identify promising catalyst types and reaction conditions that could later be translated
to more complex systems. Once the catalytic potential was confirmed, a labscale
membrane filtration unit that could support hybrid ozonatiorrmembrane processes
under continuous operation was designed and constructed This custombuilt setup
allowed for reattime monitoring and testing of combined ozone and CM systems,

bringing the experimental design closer to realorld water treatment scenarios.

Additionally, ceramic membranes with different pore sizes were modified using sajel
deposition techniques. Thin films of selected metal oxide nanomaterials were applied in
one and two successive layers to determine the optimal coating thickness that balances
catalytic activity and membrane permeability. These modifications aimed to enhance
the membranes' surface properties, making them more reactive toward ozone and its
decomposition products. To understand the effects of these surface modifications, a
series of advanced characterization techniques was employed. The structure,
composition, and morphology of the modified membranes were examined using
Scanning Electron Microscopy (SEM) coupled with Energy Dispersiva&ay Spectroscopy
(EDS), Xray Diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR), Atomic
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Force Microscopy (AFMand Mercury Intrusion Porosimetry (MIR)Additionally, nitrogen
adsorptiontdesorption isotherms were analyzed to estimate surface area (BET) and pore
t RADW T Rt ql RAz2 qRYUW bi7scb AW Gl Y2RT RUNW ¢ W HYGC

physicochemical properties.

Following characterization, the modified membranes were tested ircontinuous-flow
experiments to assess theimpact of pore size on ozone efficiency and micropollutants

removal under realistic conditions. This phase provided valuable insight into how the

GUGAI ¢cO0t K WGE! + RAcOWRAGE! ¢RI Rt qRHI WRUNGe2 WU

revealing possibleinteractions between permeability, catalytic activity, and selectivity.

4

3 Impact of pore size on ozone use
efficiency and micropollutants
2 Characterization of degradation in filtrate
modified ceramics
membrane's surfaces

Modification of ceramics
membrane's surface by
sol-gel metal oxide films

1

Catalytic ozonation
tests in batch
reactors

Figure 3.1 Schematic representation of the methodology followed during the currenPhD thesis
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3.1 Chemicals and materials

The model pharmaceuticals carbamazepine (CBZ), ibuprofen (IBP), and diclofenac (DCF)
were selected due to their frequent occurrence in secondary effluents. These
compounds and para-chlorobenzoic acid (PCBA), used as an ozone/hydroxyl radical
probe, were obtained from commercial suppliers.CBZ 09.8%, GsHi.N.O, CAS: 29846-

4), 1BP(98.9%, C13H150,, CAS:15687-27-1), and DCFsodium salt (98%, GsH::C.NNaO;,
CAS: 1530779-6) were purchased by SigmaAldrich (St. Louis, MO, USA), whereas the
pCBA(99%, GHsCIO,, CAS: 7411-3)was purchased by ACROS Organics (Waltham, MA,
USA).Sodium bicarbonate (NaHCQ, CAS 14455-8), used as a buffer, was obtained from
Sigma-Aldrich. All commercial metal oxides or nanoparticles (NPs), alphaluminium

§ ¥ R 1 -Hli04%178 nm, CAS: 1344£8-1), manganese Oxide (MiDs, 28 nm, CAS: 1317
34-6), and ceria Oxide (Ce@ 8-28 nm, CAS:.were purchased by Nanografi (Nanografi
Nanotechnology, Ankara, Turkey). Titanium oxide (TiOP25, CAS: 1346&%7-7) was
purchased by SigmaAldrich. Potassium indigotrisulfonate (indigo, GeH-KsN>O1:S;, CAS:
67627-18-3) was purchased by Sigma Aldrich and was used to determine ozone
HYURDUql cqRYUOW #HUOqYURq!I RGWIWNI ¢T RIUqWNI ¢T 131
CAS:7505-8) was obtained from Merck Millipore (Burlington, MA, USA).

For the synthesis of theceria-doped titania (CeTiQ), the following chemicals were used:
titanium(lV) isopropoxide (TIP, 97%, {H.sO4Ti, SigmaAldrich), cerium(lll) nitrate
hexahydrate (Ceria, 99.5%, @N:Oo-6H,§ ALl 9 ASELWSEI N¢ URAL b AdE-Raql RHEL
Aldrich), nitric acid (HNG, Sigma Aldrich) isopropanol (IPA, &0, Grammol, HR),and

CHIq! Gc¢H#H1IqY Ul WsbOttHorevikIY. Ebd iR dffilation experiments,
single-tubular commercial ceramic membranes (CM) with 10 mm outer diameter, 6 mm

inner diameter, 250 mm length, and 300 kDa molecular weight cedff (MWCO) were

utilized (INSIDECERAM TAMI Industries, France). Table 451.2 summarizes the
characteristics of the CM. For the modification of the CMs, the following chemicals were

used: titanium(IV) isopropoxide (TIP, 97%, &H.sO.Ti, SigmaAldrich), cerium(lll) nitrate
hexahydrate (Ceria, 99.5%, CebpDs-6H,8§ ALl 9 ASEWSI N¢c URFAL b AWRRalI RH
Aldrich), nitric acid (HNG, Sigma Aldrich) isopropanol (IPA, &0, Grammol, HR),
acetylacetone (AcAc, 99%, GHsO,, Honeywell) and Polyvinyl Alcohol (PVA, (E1.0)).
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Additionally, single-tubular ceramic membranes with four molecular weight cutoffs
(MWCO) and pore size cubff of 50-, 150-, 300 kDa and 200 nm (INSIBEERAM TAMI
Industries, France) were employed for filtration experiments. The membrane
characteristics are detailed in Table3.1. Surface modifications of the membranes
employed chemicals such as titanium(IV) isopropoxide, cerium(lll) nitrate hexahydrate,
citric acid, nitric acid, isopropanol, acetylacetone, and polyvinyl alcohol (PVA) (provided
by SigmaAldrich and ACROS Organics).

Table 3.1 Characteristics of the INSIDEEéRAMceramic membranes

Molecular Filtration Support Average pore Active Pore Length External Internal
Weight Cut- range material diameter of material size of  [mm] diameter  diameter
off (MWCO) the support active [mm] [mm]
/ pore size layer [nm]* layer
[nm]**
50 kDa UF TiG 4500 VAL®) ~25 250 10 6
150 kDa UF TiG 4500 Zro, ~45 250 10 6
300 kDa UF TiG 4500 VAL®) ~60 250 10 6
200 nm MF TiG 4500 Zr0G,  TiO, 200 250 10 6
(3200
kDa**)

* As provided in the manufacturer's technical specifications, this applies to all membranes.
** The pore size of the UF membranes was calculated with the equation given by Shang et al. (2015)

In all the ozonation experiments, thiosulfate (NaS,0;, Sigma Aldrich) was used to
guench the reaction with ozone and/or free radicals. For the scavenging tests, tertiary
butanol (TBA, GH10,0, Sigma Aldrich) was used as a scavenger of hydroxyl radical©H).
High-performance liquid chromatography (HPLC) analysis utilized a mobile phase
consisting of ultrapure water (Millipore), acetonitrile (Merck), and formic acid (Sigma
Aldrich).
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3.2 Synthesis of CeTiOx nanoparticles

The ceriadoped titania (CeTiQ) nanoparticles were synthesized using the segel
method ¢ 2 | t Y 2 Rh LW ddlpcepai@Hd BrisbNrEbr solution, metal nitrate salt
(CeNsOy-6H:0) and titania isopropoxide 97% (GH2;0,Ti) were dissolved in a mixture of
isopropanol, acetylacetone, and nitric acid. The Ce to Ti molar ratio was 1¢kee et al.,
2019). The solution was stirred overnight, thenransferred into glass dishes and placed

in the oven at 80 °C for 9 hourt® evaporate the solvents Subsequently, the temperature
was raised to 120 °C, and the solution was left in the oven for an additior&hours. After
the aging and drying process, the samples were brought to room temperature and
introduced into a furnace to eliminate impurities and facilitate crystal powder formation.
The furnace was set to 450 °C for 2 hours. Finally, the resulting sdid/ere collected in a
mortar and pulverized into a fine powder using a pestle. A detailed scheme is provided

below (Figure3.2).

/initiation | transparent | aging sol\ drying and heat treatment crushing
solution 1 aging time
Precursor’s solution 3 continuous stirfing | 2 days in room 1. 80 °C for 9 hours 450 °C for 2 hours Collection of the solids
-Ti(IV) isopropoxide | for 12 hours | temperature 2.120 °C for 5 hours and turn into powder
-Ce(ll) nitrate ! :
i ! : f O
- 1 - | g
[ ==
- ) ., te%e - 0 a
= | A S oo ; E u E ]
“BEumdl W]
o =5 1=} o
|
hydrolysis/ | sol formation | aging sol evaporation bulk uniformed colored
condensation | . formation powder
sol-gel preparation ng process m m
e '\ J\ AN J

Figure 3.2 Scheme of the preparation of the CeTi@hanoparticles.

3.3 Characterization of the nanoparticles
The electrical charge on the particles' surface in a liqguid medium, the zeta potential, was
determined with a Zetasizer Ultra (Malvern Panalytical, Malvern, UK). 0.1 g of the sample

was suspended in 100 mL of deionized water and subjected to ultrasonicatifor 20

minutes. The pH of the suspension was adjusted to between 2 and 12 using either HCI or
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NaOH (0.1 mol E'). Before each measurement, the suspensions were ultrasonically
treated for 30 seconds. The pH values of the solutions were determined using a digital

pH meter from Mettler Toledo (Columbus, OH, USA).

The ASAP 2000 instrument (Micromeritics Corporation in Norcross, GA, USA) was used
to determine the BE¥specific surface area, pore volume, and pore size distribution
based on nitrogen adsorption and desorption isotherms data. Before analysis, samples
were degassed at 120 °C for 10 hours until a vacuum of 50 um Hg was reached to remove
all physically adsorbed substances. Samples were placed in tubes with a 10 chibulb
and a 1/2" stem. Data were collected in the range of O to 1 relative pressure (p/p0). A total
of 40 adsorption/desorption points were collected after each equilibration interval of 5 s.
The BarretJoynerHalenda model was used to calculate the poresize distribution of the
sample using data from the adsorption and desorption branches of the nitrogen
isotherms. BET surface area was calculated using five points in the range of p/p0 from
0.05 to 0.24.

The characterization of the commercially available nanopatrticles is presented in Table
$4.1.1 (Supplementary material) as provided by the manufacturer. On the other hand,
the elemental analysis of CeTiQwas carried out using the powder Xay diffraction
method (PXRD) with a Shimadzu XRD 6000. PXRD patterns were generated using a D8
Advance Xray diffractometer (Bruker, Billerica, MA, USA). The-rdy diffractometer

2 qRORAII W9 e Wu, WI ¢ btBrevaliage BfB6 K aubdLE cudrdht dff 30 13ni,1J |

following the BraggBrentano focusing geometry. The analysis was conducted in a step

of 0.6 seconds. The analysis of the PXRD diffractogram was executed using the

HighScore Plus software package.

Additionally, the Fourier transform infrared spectroscopy (FTIR) analysis of the
synthesized CeTiQ sample was performed using a spectrometer (IRSpirit, Shimadzu,
Tokyo, Japan) equipped with an ATR (Attenuated Total Reflectance) accessory. Energy
dispersive Xxray microscopy spectrum (EDS) of the CeTi@ample was collected using

the Nano Esprit 2 detector (Bruker, Billerica, USA) at 10 kV and 15 mm working distance
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at 1000 magnification within the Vega Easyprobe 3 electron microscope (Tescan, Brno,

Czech Republic).
3.4 Response Surface Methodology

The surface response graphs for evaluating the different treatments were generated

2t RUNDWa6WW? 13t RDUWE # G q WHESSE, tns.,cMinkeHpalis, IVSA).R Y U LN
The Design of Experiments (DoE) approach was used to create an empirical
mathematical model that can forecast the result of a dependent variable in relation to a

set of independent variables. The outcomes from the degradation experiments were
acquired by employing a mixedevel factorial design, wherein three independent

variables (factors)were systematically adjusted across multiple levels (as detailed in

Table 3.2). A total of 80 experiments were carried out using a randomized design to

ensure unbiased results. These experiments covered all possible combinations of the
FRIOGUHqUT W2¢l REHGUY aWagl ¢ Ut I 3T WYAYUOQIW Yt 1w
dose (NP9, allowing for athorough exploration of the parameter space. The randomized
approach also minimized experimental errors and provided robust data for Response

Surface Methodology (RSM) analysis. The percentage (%) removal of each of the four

model compounds was used as the response variable.

Table 3.2 Selected factors and response variable

Factors Class Levels

x1: Transferred Ozone

iVt D Ws R Numerical 0 50 100 150

X2: Nanoparticles .
concentration [g L'1] Numerical 0 05 1 15

Xs: Nanoparticles type Categorical , -ALO; CeO, Mn,O; TIiO, CeTiO

y: % removal for CBZ,
DCF, IBP, anchCBA  Response

The analysis of significance was conducted using the Analysis of Variance (ANOVA)
method, employing a significance threshold of 5%, a threshold commonly used to

classify the statistical significance of the evaluated statistical properties of the model.
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Regression models were calculated and graphically represented through response

surface plots, estimating the regression coefficients.
3.5 Batch experiments with nanopatrticles

Batch experiments were performed in amber bottles of 240 mL working volume with

different doses of nanoparticles and aqueous ozone (€q). The matrix consisted of
demineralized water and bicarbonate buffer at 1 mM to keep pH stable at 7#7.6. All
experiments were conducted at room temperature using a laboratorgcale ozone

reactor (ANSEROS, COMD-04, Germany). Ozone gas was continuouglinjected into a

3 L glass bottle filled with deionized water (ifhouse production) to achieve a
concentrated stock solution of dissolved ozone (approx. 45 mg 'E). The initial
HYURDUOql ¢ qRYUWYNWaqS6WWaRHI YGYGleaaqcUaqt Wsct WNI
I ¢UNUT Wnl YOaWMALW P MSA H NAVgALE).c Thé Qfaly)Pskdek  sotutlbmi M LU
concentration was determined spectrophotometrically at 260 nm (Shimadzu UM800,

Shimadzu Corporation, Japan), and the corresponding volume was added to each

| DeHqRYUWAYqqd UWaqVYWe H6 RIJ2 I Wa 6 13 WI-ALBszMWO4) T WN § ?
Ce0,, TiQ, and CeTiQwith different particle sizes was examined using three different
concentrations: 0, 0.5, 1.0, and 1.5 mg 1X. The 240 mL bottles were left to react at

ambient temperature for four hours after ozone addition (Figur&.2). Samples were
HYGOWRqUI AUnRaql ¢qll W6l YenNSsWe WMWO==W, ~wWU0! &
thiosulfate (Na.$;0s) (Ding & Hu, 2021)and finally, analyzed in the HPLC.
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Figure 3.3 Schematic representation of the batch experiment procedure

3.6 Ozone degradation studies

To examine the ozone decomposition in different matrices, batch experiments similar to

batch experiments with nanoparticles were performed (see section 2.5). The ozonation
procedure was kept the same, but different components were added to the amber

bottlet FOW NS WS RNE It qUWYAYULIWT Yt JWeINPMW, ~b Ws ¢t W
AYURWUql ¢ qRYUWY 21U WaqRGWJOWNs YW RnnlJladdtre s ~ At |
presence or absence of 1 gt CeTiQ were examined. In addition, the effect of the
bicarbonate on ozone depletion was investigated by adding or not the buffer in the

treated matrix. The residual ozone concentration was determined by the indigo method

(Bader & Hoig®, 1981), adding 4 mL of the sampling volume into the volumetric flask
containing the 0.5 M phosphate buffer and the 1 mM indigo solutigeee Section 3.12 for

more details). The sampling points were set to every half minute for the first 3 minutes

and then every five minutes until 20 minutes, ending with 40 and 60 minutes. Indigo

solution absorbance was spectrophotometrically measured at 600 nm. An indigo Vs

ozone calibration curve (Figure 8.1.2) was constructed, and the absorption values were

converted into concentrations.
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3.7 Preparation of modified ceramic membranes

The CMs were modified by the segel method in vacuum infiltration conditions to allow

good sol dispersion (colloidal solution) through the membrane's pores and surface. Two

different sols were prepared, Ceria (Ceg) and Cedoped Ti (CeTi6) with 1% mol Ce with

regards to Ti (Lee et al., 2021). Three nanosized films were separately deposited on the
surface of each CM: one layer of CeD(Lee et al., 2019b), one layer of CeTi@TIO

bi: 2l t Y2RAWWqWe GOAW=ZMNMIb WeT Tet qlll Wawthlbs x 1313 LW 1J
additional layer of CeTiQ (CeO,+CeTiQ). The solgel-assisted wet infiltration method

was used for the modification of the CMs. The ceria precursor solution consisted of 0.5

M cerium (III) nitrate and 1.0 M citric acid in ultrapure water and was prepared and stirred
overnight to achieve collodal properties. The titania precursor solution containing 1%

mol Ce in regard to Ti, was prepared by dissolving 1.41 g cerium)(iikrate in 1:10:10 v/v

0.5 M HNQ: IPA: TIP solution by adding AcAc and IPA. Calculations were adjusted from

2l t Y2Rh WIJaWe G HOWb: 2 tby-step RdcetitendltedcriostibéBWI N M b FOW LW

Before infiltration, the ceramic membranes were thoroughly cleaned with 0.5 M NaOH
and deionized (DI) water using an ultrasonidath and then allowed to dry at room
temperature. The cleaned membranes were placed into a glass tube within a sealed
filtration flask connected to a vacuum pump. The vacuum pump was activated to
evacuate all air from the flask, enabling the membrane pores to bafiltrated by the sol
(colloidal solution). The membranes were subjected to a vacuum of 0.2 bar for 15
minutes. Sol (coloidal solution) was then gradually introduced from the top of the
filtration flask, allowing it to completely cover the membranes. The setup is illustrated in

Figure3.4.

The membranes remained submerged in the sejel under vacuum conditions for
20 minutes to ensure thorough infiltration (Figure3.4). Following this, the membranes
were removed from the sol and positioned vertically on a stand to dry. To further enhance
oxide dispersion and drying, the membranes were returned to the vacuum environment
at 0.2 bar for an additional 30 minutes. Posvacuum treatment, the membranes were

placed in an oven at 90 °C for 15 hours to age, followed by drying at 120 °C for 3 hours.
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Finally, the membranes underwent calcination, with CeQtreated at 400 °C for 5 hours
and CeTiQ at 450°C for 2 hours(Appendix; Figure S4.3.1 This multistep process
ensured effective infiltration and stabilization of the catalytic materials within the

membrane structure.

Upon completing the heat treatment of the first layer (Ceg), the membranes underwent
an additional preparation step to ensure proper infiltration of the second layer using the
CeTiQ sol. First, the membranes were placed into the vacuum for 15 minutes at 0.2 bar.
Then, a 2% PVA solution was slowly introduced into the tubes, ensuring gradual and even
filling. The vacuum was maintained at 0.2 bar for an additional 10 minutes to alloweh
PVA solution to thoroughly infiltrate the membrane pores. Afterward, #h membranes
were removed from the vacuum unit and allowed to dry at room temperature for 180
minutes. Once the PVA application was complete for all membranes, the CeTiO
infiltration process began. The same vacuum infiltration procedure was followed for the

CeTiQ sol infiltration, and finally, the membranes were heattreated.

ceramic membrane

sol-gel

filtrationflask  gas washing bottle vacuum pump

Figure 3.4 Scheme (left) and actual photo(right) of the vacuum impregnation techniquefor the
surface modification of the ceramic membranes.

3.8 Characterization of the ceramic membranes

The pristine ceramic membranes and their modified surfaces were characterized to
determine their chemical and phase composition, structure, and morphology using the

following analytical techniques: Scanning Electron Microscopy (SEM) with Energy
Dispersive X-ray Spectroscopy (EDS), Xay Diffraction Analysis (XRD), and Atomic Force
Microscopy (AFM). Mercury intrusion porosimeter (MIP) was used to evaluate porosity,

pore size distribution, and pore volume.
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The morphology of the CMs was characterized using a Tescan VEGA 3 microscope. To
enhance electrical conductivity, all samples were sputtercoated with a gold/palladium
alloy in an argon plasma for 120 seconds prior to analysis. SEM analysis was conducted
at an accelerating voltage of 20 kV. Additionally, elemental analysis of the CMs was
performed using an energy dispersive -xay spectrometry (EDS) detector (Bruker) at an

accelerating voltage of 20 kV and a working distance of 20 mm.

AA2Ws ¢t WG nY!I T Wet RUNWe W71 2t 31 W?2YWI Rnnl ¢
HYGOWUARqU! WRUOWe W quGWt e UWAYT WWs Raé6 W qlJGt WY
Il ¢cUNUWYNWNMWaqYWTP” W= IOWEECGGO It Ws 31wl eyl 1l

configuration.

AFM images were taken using Nanosurf CoreAFM under ambient conditions. Non

contact (tapping) mode was used for acquisition with a setpoint of 35%, a Tap300&il tip

with a nominal spring constant of 40 N 11, a tip radius less than 10 nm, and a nominal

resonant frequency of 300 kHzona 10 G€WNMIW, a Wt 21 nec HIWI3AWe UT We WM

Images were processed with Nanosurf software.

MIP analysis was performed with the AutoPore IV 9500 mercury porosimeter
bi~1Jl RGWJqgl RAY AlWl] AWOE v AWHY21II RUNWqS IIWGY ! 13WI
A high pressure of up to 400MPa was used to measure the pore structure parameters for

each membrane. The principle of porosimetry mercury measurements is that as mercury

is forced into a material under increasing pressure, the relationship between the
pressure and the pore diameter an be determined using the Washburn equation
(Haugen & Bertoldi, 2Q.7).

3.9 Permeability tests

Permeability tests were performed to examine the changes after the deposition of the
nanosized films. Demineralized (DI) water was used in all the tests, and the retentate
flow, the permeate flow, the temperature, and the pressure before and after the

membrane module were recorded. The transmembrane flow (or permeate water flow)
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was calculated using Eq.3.1 as given in the manual for operating the SIVALAB crossflow
filtration pilot unit.
0

0
0 - Eqg.3.1
$/t»cu4_06 (Eq )

where DE 1 25 is the permeate water flow (L™h™)for a transmembrane pressure of 1
bat at 25 °C,J, is the measured permeate water flow (L H), K is the temperature
coefficient of water to convert it at 25 °C, TMP is the transmembrane pressure as the
average of the pressures before and after the membrane (bar), adis the area of the
ceramic membrane (n¥). Additionally, the hydraulic retention time (HRT) was calculated
by Eq.3.2.

(24 —— (Eq. 3.2)

where HRT is the hydraulic retention time (S\m is the pore volume of the membrane
(M3 S liHthe porosity of the membrane, andQ is the permeate flow rate (nd s™). The

membrane resistance (R,) was estimated by the following equatior{Eg. 3.3)

(Eq.3.3)

where R, is the membrane resistance (n), TMP is the transmembrane pressure (Pa),
. is the water viscosity (8.90x1& Pa s at 25 °C), andl, is the water flux in permeate
(ms™). The HRT and Rwvere determined using the method described by Lee et g2021).

3.10 Hybrid Ozonation -Membrane Filtration (HOMF) tests

Ceramic membrane ultrafiltration experiments were carried out using a custorbuilt
crossflow filtration unit with an inside-out configuration (SIVA, France), as shown in
Figure $1.2.2. The single tubular membranes (TAMI Industries, France) were 250 mm
long, with 6 mm inner and 10 mm outer diameters, made of titanium dioxide support and
an active zirconia oxide layer. The membranes were additionally coated with a layer of
CeQ,, CeTiQ, and a combination of CeQand CeTiQ. Before each experiment, the CMs

were chemically cleaned with a 0.5 M NaOH solution and Demineralized (DI) water.
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A concentrated aqueous ozone solution (Qag) was produced using a highoutput ozone
generator (ANSEROS, COMD-04, Germany) and maintained at ~2 °C. Ozone stock
concentration was approximately 45 mg It with a continuous cold DI water supply.
Filtration experiments included: a) filtration alone and b)n-situ ozonation and filtration
at room temperature and 1 bar transmembrane pressure. Agueous o0zone was
consistently introduced before filtration, and its concentration was monitored. A
specially designed needle with a reduced diameter of inm was placed at the ozone

inlet, ensuring effective mixing with the feed stream.

During the filtration experiments, the OMPcontaining solution (feed) was mixed with DI

water rather than an ozone solution. The membrane flux varied between the tested CMs.
NSWWW+GWl RaWUqgt Ws W1 JWGSWI nYl a7 Ws Raqé WML, ~ W
important to note that the reported 14minute duration refers to the total reactor

operation time under continuous flow conditions, while the actual reaction time between

ozone and micropollutants was on the order of seconds due to the high flow rate
(200L/h) and immediate mixing of feeds before the membrane; this duration was
selected based on system design constraints and experimental feasibility within a nen

recirculating, lab-scale setup.

Permeate samples were collected every two minutes to determine residual ozone and

OMP concentrations. Feed and retentate samples were also collected and quenched

with Na;S,0; (Ding & Hu, 2021 W a6 WU WN RG q1 T Wadé!l Y2 NG WMIO= LW,
before analysis (Figure3.5).

A series ofexperimentswas performed to investigate the efficiency of the HOMF system
in different matrices, while the concentration of the OMPs was kept constant. The
following matrices were investigated: (i) demineralized water with bicarbonate, (ii)
demineralized water with bicarbonate and scavenger (TBA), and (iii) secondary effluent
from Girona WWTRaken in September 2022.
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Figure 3.5. Schematic representation of the Hybrid Ozonatiorm Membrane Filtration (HOMF)
process.

3.11 Ozonation studies

The HOMF system was evaluated as an ozonatieonly setup without the use of
membranes. The feed and aqueous &lux were maintained the same to ensure the same
transferred ozone dose (~4 mg™) as in the filtration experiments. Five different feed

solutions were prepared to study how the components of the matrix affected the

degradation of the OMPs: (a) OMPs + 1 mM NaH¢@b) OMPs + 0.05 mM TBA (1:1 molar
ratio), (c) OMPs + 0.50 mM TBA (1:10 molar ratio); (d) OMPs + 0.05 mM TBA + 1 mM

NaHCQO; and (e) OMPs+ 0.50 mM TBA + 1 mM NaHGOSamples for measuring the
residual OMPs and ozone concentration were takewvertime as described in section
3.10.

3.12 Analytical techniques

3.12.1 Micropollutants quantification

The model micropollutants were identified and quantified by higkperformance liquid
chromatography (HPLC) in reversegbhase using a liquid chromatography instrument

(HPLGUV Agilent 1200) coupled to a Quaternary pump and equipped with an ultraviolet
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visible detector and an autosampler (both from Agilent Technologies, Santa Clara, CA,

USA). Chromatographic separation was performed using a C18 column (MicroseiMV

100-5 250 x 4.6 mm) at a working temperature of 30 °C and flow of 0.8 ritl The samples

51 DWW RI WAqO! WRUTWHqUT W6l YeN6WagsDWeaaqVYt ¢0G
effluent was a combination of ACN, milkQ water, and 0.3% formic acid with 10% ACN.

The gradient varied over time (40 mins), and more information regardjrthe analytical

method is provided in the supplementary material (Section 4). The lower limit of

hue¢ UgqRNRACqRYUWNY! WedaWs~At WS)et+ WMK=ZP WA WMION X

For the quantification and qualification of the model compounds a method was
developed in the HPLCUV Agilent 1200 (Agilent Technologies, Santa Clara, CA, USA).

The instrument was equipped with a quaternary pump, an autosampler, and an
ultraviolet-visible detector. A C18 column (MicrosorbMV 1005 250 x 4.6 mm) at a

working temperature of 30 °C and flowof 0.8 ml min® was used to separate the
HYGGYaUTt OWUNSWWI W6 YT WqRGWWs ¢t W WallgY WNMWAa R
and it can successfully sepaate and quantify the following compounds: amoxicillin,

carbamazepine,pCBA diclofenac, and ibuprofen.

For the effluent, hree different solvents were used: (A) milQ water (HO), (B) 100%
Acetonitrile (ACN), and (C) a solution containing 0.3% formic acid and 10% ACN. The
selected OMPs were separated by changing the percentage of aqueous,(®) or organic
(ACN) solvent while keeping the acidic water (pH 3) always at 10%. More hydrophilic
compounds were analyzed with a higher ED:ACN mobile phase mixture, whereas more
hydrophobic compounds with a lower HO:ACN ratiowere usedto avoid elution peaks
overlapping. The HPLC gradient of the mobile phase used is giventhe Appendices
(Table S4.12).

Five different detector wavelengths were set to identify the OMPs. The retention times
and the wavelengths are given in Table® The peaks were quantified by calculating the

area under the elution peak at the corresponding detector wavelength, and the
concentration of each compound was then obtained from a calibration curve (Figure

$4.2.3).
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Table 3.3 Retention times, wavelengths, LoQ, and LoD for each tested compound

Organic micropollutant Retention Wavelength LoQ LoD
time (min)

Amoxicillin (AMX) 7.4 228 nm 0.145 0.043

Carbamazepine (CBZ2) 16.3 284 nm 0.104 0.031

para-chlorobenzoic acid pCBA 17.4 236 nm 0.141  0.042

Diclofenac (DCF) 27.6 274 nm 0.192 0.057

Ibuprofen (IBP) 29.2 222 nm 0.521 0.156

3.12.2 Ozone quantification

The transferred ozone dose (TOD) was determined by the indigo colorimetric method

using a U\VVis spectrophotometer at 600nm. The indigo solution was prepared based

on Bader & Hoigne (1981). This method is very sensitive, precise, fast, specific, and easy

to handle. It was developed for analyzing aqueous ozone and it was adjusted to the

matrix of the experiment. The ozone concemation of the saturated ozone solution

prepared in demineralized water was determined using a UVis spectrophotometer

(Shimadzu U/-1800, Shimadzu Corporation, Japan) at a wavelength of 260 nm using a

tue ¢ | qAWA2210qqllls RS WNWHGWGE q6 Wa1JUNq 643tUN 6 13 WG
3200 cm™’ ™) and theBeer-Lambert law were utilized to estimate the concentration of

the saturated solution.

For the batch experiments specific volumes of the saturated solution were transferred

to the reactor bottles using a glass pipetteto achieve the theoretical transferred ozone

dose (TOD), i.e.,50 1004 We¢ UT WNP ML, ~ WY n WRRSPA4aILAIgubtiofitheyz 1 U q
ozone solution was transferred into a 50 mL volumetric flask containing 5 mL of
phosphate buffer at pH = 2 (85% #PO, and NaH,PO:) and 1 mL of 1 mM indigo solution
(dissolved in 20 mM HPQO,). The flasks were then filled with demineralized wategnd the

absorbance of the solutions was measured at 600 nm.

For the extraction of the calibration curve, specific volumes of the saturated ozone
solution, ranging from 150T MMMMW, x AlWs J1 PJWeT T UT WagVYW2c¢el RYet
containing the buffer and the indigo solution. The different solutions were measureait

600 nm, and a calibration curve of absorbance Vs ozone molar concentratidqfigure3.6)

sct WHYUL ql eHqUl Ws RaéWe WG ¢ +FRGe 0 Whuz)oflDgRe RAC qR
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calculate the initial ozone concentration in each reactor bottle.
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Figure 3.6 Ozone-treated indigo solutions with the addition of different volumes (on the left) and
the ozone calibration curve using the indigo method (on the right).

3.12.3 Other analyses

lon analysis was performed with lon chromatographyand total organic carbon (TOC),
total nitrogen (TN) with the TOC analyzer (Shimadzu TOE€ CSH equipped with
autosampler), and metal analysis with ICPMS Agilent 7500c. All samples were filtered

via a 0.2mm nylon filter before analysis.
3.13 Data curation and statistical analysis

GraphPad Prism version 10.4.1 (GraphPad Software, Boston, Massachusetts, USA)
software was used tovisualize all the datain graphsand calculate the kinetics of each
reaction for the ozonation studies experiments Additionally, all statistical analysis was
performed using the same software. For the box plots and interaction plots, results are
presented as the mean + standard deviation of the mean. The effects of membrane
MWCO and surface modification on micropollutant degradation C/C,) were assessed
using a twoway analysis of variance (ANOVA), followed by posioc pairwise
comparisons using Tukey's honest significant difference (HSD) test. Equivalent analyses
were conducted for each micropollutant. Furthermore, a threeway ANOVA was
performed to test the factor "group” along with MWCO and surface modification using
the same package. Before applying linear regression, the normality of residuals and
homogeneity of variance were verified with the ShapirwVilk and x J2 IJUIK t W q 13t
respectively. All data were normally distributed, and the assumption of homogeneity of

variance was met across the analyses.
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Chapter 4

RESULTS AND DISCUSSIO
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This chapter presents the main findings of the research conducted within the framework
of this thesis. The results are structured into three subsections, each corresponding to a
different phase of the experimental work and reflecting the progressive devgiment of
the hybrid ozonatiomrmembrane filtration (HOMF) system Collectively, the results
presented in this chapter provide a comprehensive understanding of the catalytic
performance of metal oxidemodified ceramic membranes in ozonation systems and
highlight the potential of hybrid membraneozone processes for the treatment of

recalcitrant organic micropollutants (OMPS) in water.

Chapter 4.1 Heterogeneous Catalytic Ozonation of Pharmaceuticals: Optimization

of the Process by Response Surface Methodology focuses on the initial batch
experiments conducted to evaluate the catalytic potential of CeTiQas a powdered
catalyst. The objective was to identify optimal conditions for the removal of selected
micropollutants using heterogeneous catalytic ozonation. Four model compounds were
selected: carbamazepine (CBZ), diclofenac (DCF), ibuprofen (IBP), andana-
chlorobenzoic acid (pCBA), the latter serving as a probe compound for hydroxyl radical
activity. Several commercial and synthesized metal oxides were tested across a range of
concentrations and ozone doses. The Response Surface Methodology (RSM) was
employed to optimize the process paameters and determine the most influential

variables affecting pharmaceutical degradation.

Chapter 42 9¢ q¢ ! qRAWEAYUCc qRYULW Y™ W A &eTiOk-Ddpddie qq RH G |
Crossflow Ultrafiltration Ceramic Membranes  presents the development and
performance evaluation ofa specially designedHOMF systemin lab-scale applications.

The experimental setup consisted of a tubular ceramic membrane with a molecular

weight cut-off (MWCO) of 300 kDa operated in a crossflow configuration. The selected
pharmaceuticals (CBZ, DCF, IBP, anggCBA) were tested as a mixture, and tertiary

butanol (TBA) was used as a radical scavenger to differentiate between oxidative

mechanisms. The membranes eitherremained pristine or were modified via vacuum
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infiltration with metal oxides, such as CeQ,, CeTiQ, and a duatlayer combination
(CeO+CeTiQ), to enhance catalytic activity. The system's ability to degrade the selected
OMPs was assessed under different configurations to understand the impact of surface

modification.

Chapter 4.3 Impact of Ceramic Membrane Pore Size and Metal Oxide Modifications

on Pharmaceutical Degradation in a Hybrid Ozonation TMembrane Filtration Reactor
expands upon the previous chapter by investigating the influence of membrane pore size
and surface modification on OMP degradation efficiency. A range of ceramic membranes
with different MWCOs (50, 150-, 300 kDaMWCO, and 200 nmcut-off) were tested in the
HOMF reactor, both in the presence and absence of TBA. The interaction between pore
size and cdalytic coating was systematically examined to understand their combined
effect on degradation performance, to elucidate the mechanisms that control the

observed removal efficiencies.
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Chapter 4.1.

Heterogeneous Catalytic Ozonation of

Pharmaceuticals: Optimization of the
Process by Response Surface Methodology

This chapter was published as:
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Qurkovig. 2024. "Heterogeneous Catalytic Ozonation of Pharmaceuticals: Optimization of

the Process by Response Surface MethodologiWanomaterials 1421), 1747.
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4.1 Heterogeneous Catalytic Ozonation of Pharmaceuticals:

Optimization of the Process by Response Surface Methodology

4.1.1 Background

Organic micropollutants (OMPSs), also referred to as contaminants of emerging concern

(CECs), cover a wide range of substances, including pharmaceuticals, personal care
products, detergents, and pesticides. These compounds are frequently detected in
wastewaq) IJ | Wt ql D¢ at We quiz I ! Worhg Wb Whestidddeylatelyy RY Ut U
treated in both household and industrial wastewater, OMPs pose a significant risk to

aquatic ecosystems, with farreaching implications for human health (GarciaRodriguez

et al.,, 2014). As water covers 70% of our planet's surface, freshwater bodies are
especially vulnerable to these compounds, which exist in both soluble and insoluble

forms.

Wastewater contains a mixture of organic and inorganic constituents, either dissolved or
in suspension. The fate of these pollutants depends largely on the setfeaning capacity

of the receiving water bodies, where natural biodegradation can play an esstal role.
However, when the influx of pollutants exceeds this capacity, contamination occurs,
leading to water quality degradation (Wen et al., 2017). This problem is intensified by the
widespread use of chemicals in various human activities and industrie which
ultimately end up in water bodies, altering their physical, chemical, and biological
characteristics (Benson et al., 2017). To mitigate these effects and protect the

environment, wastewater must undergo thorough treatment before its release.

Conventional wastewater treatment plants (WWTPs), combining physicochemical and
biological processes, are designed to reduce nutrient and organic matter loads in
compliance with environmental regulations, such as the EU Water Framework Directive
2000/60/EC (EU, 2000). These processes help control eutrophication and excessive
oxygen consumption in water bodies when reclaimed water is disposed of into them.
However, numerous studies have shown that even higherformance WWTPs struggle to

fully eliminate OMPsdue to their recalcitrant nature (Falas et al., 2012; Gros et al., 2010).

In particular, it is welkdocumented that recalcitrant OMPSs, including antibiotics,
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corrosion inhibitors, artificial sweeteners, chelating agents, and perfluorinated
compounds, among others, exhibit significant resistance to conventional treatment

processes (Luo et al., 2014).

One promising solution for the removal of these persistent compounds is ozonbased

ql DeqGuUaqWt 't qulat WEAYUNUWBIEKs Ale Wt gl YUNRDWY #
degrading OMPs, achieving both direct oxidation and the generation of hydroxyl radicals

(®0OH) that can mineralize complex organic structures (Von Gunten, 2003, 2018). For
example, ozone can directly degrade OMPs, often achieving mineralization depending on

factors like ozone contact time and concentration. Alternatively, @oxidation generates

highly effective radicals that facilitate chemical oxidation, effectively breaking down a

broad spectrum of compounds, including pharmaceuticals and antibiotics (Antoniou et

al., 2013; lakovides et al., 2019; Von Gunten, 2018).

Its application has grown over the past two decades, especially in industrial wastewater
treatment, gradually replacing traditional chlorinebased processes due to its superior
disinfection capacity and lower energy requirements. It is also a predominantadation
technology, praised for its costeffectiveness and energy efficiency compared to other
advanced oxidation techniques, such as UV disinfection (Rizzo et al., 2019; Rodriguez et
al., 2008). In particular, the catalytic ozonation process, where ozonénteracts with
metal oxide catalysts, enhances the removal efficiency of recalcitrant OMPs, as the
catalysts promote the formation of reactive oxygen species, such as hydroxyl radicals

(®0OH), and improve overall degradation kinetics.

Heterogeneous catalytic ozonation represents a particularly promising advanced
oxidation process (AOP). By using soliphase catalysts, such as metal oxides, the
process can achieve significant pollutant mineralization at ambient temperature (X. Li et
al., 2023) while preventing catalyst degradation. This method has shown substantial
improvements in organic matter oxidation compared to conventional ozonation (Fahadi
et al., 2022; R. Y. Liu et al., 2023; J. Zhang et al., 2022). Moreover, by combining catalyt
ozonation with Response Surface Methodology (RSM), it is possible to optimize the
process conditions for the removal of pharmaceuticals. The chosen model compounds

are carbamazepine (CBZ), diclofenac (DCF), and ibuprofen (IBP), which are often found
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in wastewater streams and are notoriously resistant to traditional treatment methods
btA¢T TIWOY 2 Rh W gHldbéobielRBitLEEiVMIBA) H2aH Algolused in the study as
an Oy/°0OH probe compound (Pi et al., 2005). While previous studies have explored eat
alytic ozonation systems for AOPs (Cardoso et al., 2024; W. Li et al., 2024; Pattan
ateeradetch et al., 2022; Psaltou et al., 2021; X. Wang et al., 2024), few have applied RSM

to heterogeneous catalytic ozonation, which forms the novelty of this work.

In this study, we explore the potential of heterogeneous catalytic ozonation as an

effective strategy for the removal of recalcitrant OMPs from wastewater, offering insights
RUqYWRat WaWHEcURY Gt We¢ UT Wé G Gimee R Y U FORLIKNSG LD KLRJ
9Ng hAWeUT WOUNRE+Ws Il YW DOGWHqUT Wet WHeqed! + qt
the degradation of OMPs, including pharmaceuticals and recalcitrant compounds.

These metal oxides have been shown to facilitate the decomposition of{@nd promote

®0OH generation, leading to enhanced OMPs degradation. For instance, alumina found to

facilitate pCBA (Psaltou et al., 2021) and diethyl phthalate (Mansouri et al., 2019)
degradation. Manganese oxides have been found to significantly improved the removal

of oxalic acid (Levanov et al., 2024), ibuprofen (Betanct«€orredor et al., 2016), and

toluene (L. Liuet al., 2022). Furthermore, titania oxides in ozonation systems, have
demonstrated efficacy in the oxidation of carbamazepine (Rosal et al., 2008), aspartame

(Alver & Basturk, 2019)¢ UT WG¢ | ¢ AW UY Weix RUHGES Y WIJ g, hlith GhEdA L= M= C
redox-active surfaces, further enhance ozone activation, leading to improved
degradation of bisphenol (Lee et al., 2019), DEET (Lee et al., 2021), and ciprofloxacin

bi: 2l t Y2RhAWWJaqWe dOAW=M=Nb OWNG 13t 1 WH ¢ mrasioffdr qt A LWs
a robust approach for removing recalcitrant pollutants from wastewater. The RSM was
ultimately used to determine the optimum parameters for the catalytic ozonation of the

selected OMPs and the interaction between the studied parameters.

The catalytic activity of different metal oxides/nanoparticles (NPs), commercial and
synthesized, towards ozone was examined by comparing the degradation of recalcitrant

to ozone compounds, such as ibuprofen andpoCBA during different treatments. The
UcUYGe!l qRAEGIY Wet UT WRUWg6 WWHE qed! qREAMYOAYUC qR
Mn;Oz, Ce(, TiQ, and the synthesized CeTiQ The characterization techniques used to
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identify their catalytic potential properties as well as the degradation graphs, are listed

below.

4.1.2 Characterization of the nanoparticles

In catalysis, the zeta potential of nanoparticles can influence their catalytic activity. For
example, specific reactions may be facilitated or hindered by the surface charge of
catalyst nanoparticles. Studying the zeta potential can help identify which naoparticles
are more suitable for specific catalytic applications. The zeta potential analysis
presented in Figure4.1 offers significant insights into the surface properties of the five
NPs. The graph illustrates how the zeta potential of the selected naparticles varies
with changes in pH. This is a critical aspect of nanopatrticle behavior, as it influences their

interactions with reactants and, thus, their catalytic performance.

TiG,, MnO;, and CeQ exhibit similar pH-dependent trends, all starting as positively
charged in acidic pH and transitioning to negatively charged in basic environments. This
similarity suggests they may share similar surface chemistry or reactivity under certain
conditions. However, MnO; showed a less positive charge than TiQand CeQ. This
implies that Mn,Os; may not attract negatively charged molecules as strongly. The point
of zero charge (PZC) for TiD Mn,O;, and CeQ is 7.7, 7.2, and 6.9, respectivyy,
suggesting that the surface of the particles was slightly negative to neutral under the
experimental conditions. Due to the addition of bicarbonate as a buffer, the pH of the

working solutions was maintained stable at 7.67.8.

. -ALO; also displays a pHdependent charge, with a positive charge until pH 8.
However, it is noted as being less positively charged and less negatively charged in acidic
and basic pH, respectively, compared to all other nanoparticles. This difference implies
that it has a milder or less intense surface charge suggesting not very strong electrostatic
repulsion or attraction forces with other particles or molecules as well as it is more likely
to aggregate or flocculate. Exhibiting the higher PZC at pHE8it is the only nanopatrticle
that remains positively charged in the working solution. On the other hand, CeTiO
(synthesized nanoparticle) stands out as having a consistently negatively charged

surface across a wide pH range; from 3 to 12. Notably, CeTi@howcases a zeta
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potential value that tends to repel each other more strongly, leading to better colloidal
stability. This distinctive behavior suggests CeTithas unique catalytic characteristics,
especially when other nanoparticles might be positively charged. Similar to Lest al. (Lee
et al., 2021) CeTiQ exhibited good catalytic performance under ozonation for the

degradation of DEET; 80% removal after 10 mins.

qWagdélWs YI t RUNWGc AWlqd Wt qc¢ all HAYO: dhd) TiQY abdl 1J ¢ T L
negative for MnOs;, CeQ,, and the synthesized CeTiOx. This can be explained by the
relation of the PZC to pH (Eq4.1 1 4.3). The catalyst's surface becomes positively
charged when the PZC exceeds the solution's pH. Lower solution pH strengthens
Gl YaqYU¢cqRYUAWI BT e#RUNWq6 WU HIWNYGS6RIGRARGQ! LI
surface. Subsequently, this hinders their interation with ozone, resulting in decreased
catalytic activity. On the other hand, when the PZC is lower than the pH of the solution,
qé6 WHE qc¢ G! t q keb rdigatvelynchar et 4trEcENg @binding and radical OH
generation. In some cases, though it was reported that the catalyst sites were more
active, reaching the maximum of their catalytic activity when the catalyst was
uncharged, neither protonated nor deprotonated Chang et al., 2016; Psaltou et al., 2021,
Ren et al., 2012).

PD( B( d- /( (P- 1 ( Pl OEGAERNICAA (Eq.4.1)
Bb( B( 4- /( (/ 1TAOOOAI (Eq.4.2)

D( B( d- /1 1 (P- 1 (I 1TACAOKERICQ (Eq.4.3)
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Figure 4.1 The zeta potential of the five different nanoparticles as a function of the pH
Furthermore, understanding the pore size distribution of a catalyst is crucial in various
chemical and catalytic processes, especially in the field of heterogeneous catalysis.
Pores in catalyst materials play a significant role in determining their perforamce and
efficiency. A welkknown technique used for assessing the pore characteristics of
catalysts is BET (BrunaueEmmett-Teller). The tested nanoparticles were analyzed, and
the nitrogen adsorptiondesorption isotherms, as well as the pore size distribtion

graphs, were constructed (Figuret.2).

N6 1JWI ¢ q¢ LWt -A.9:exhibitedbtie dighest values regarding the specific area (fn
g ) and pore volume (cm g?). In addition, the isotherms are one order of magnitude
higher than the rest of the nanoparticles (the second¢ + Rt WWRUT RAC¢ q It Wad 1JL
AlbOs). On the other hand, the MgOs specific area was significantly lower than the other

At oWAUINe!l TRUNW6 WW GUARRNRHALWE | De-MDmpdiglUc UY G
CeO; > MnOs; > CeTiQe UT WI INe |l T RUN WEYDI>ITIO2 Ce0e>i0a TGS LU
Mn,Osl0l N6 Rt LWt 2 RALG:thasmidre dctive) Hites for catalysis and is a good
HcUT RT cqUWnYl WAcqcd! qRAWYAYU¢ qRY UOWEAHD; WIT Rt ¢
is mostly a macropore material (<50 nm). Macroporous materials may be advantageous
if the catalytic ozonation process involves larger reactant molecules or if mass transfer
limitations are a significant consideration. It is well documented, however, that

mesoporous materials (21 50 nm) have shown good performance in catalytic ozonation

106



due to their structure (Ghuge & Saroha, 2018; Mu et al., 2021; J. Zhang et al., 2022). They
often have high surface areas, providing a large number of active sites for catalytic

reactions (Fahadi et al., 2022; Ghuge & Saroha, 2018).

According to the pore size distribution data (Tablé.1 and Figure4.2b), CeTiOx could be
characterized as a mesoporous material, with most pores smaller than 10 nm. There is a

certain amount of micropores, but not large enough to show a significant volume of
micropores. According to the new IUPAC classificatioiThommes et al., 2015)there are

eight types of isotherms, six of which were identified in the 1985 IUPAC Manual on
Reporting Physisorption Data for Gas/Solid Systems. The type IV (a) isotherm is

c6¢cl ¢crRql Rt qRHWY N WG Wt YGY! Yet Wac¢c qlll REALD:ALWE UT L
Mn.O;, TiQ, CeQ, and CeTiQ). The presence of adsorption hysteresis in type IV (a)
isotherms (Figure 3a) is expected and is related to capillary condensation and
evaporation in the mesopores. Besides that, the shape of the adsorption hysteresis loop

correlates with the pore size disribution, pore geometry, and pore connectivity.

Additionally, the H3 6 ! + q 131 13t Rt W T Y Y GAUGs MO Ty énd WCed 1J LU
samples is observed in materials with a pore network consisting of macropores that are

not entirely filled with pore condensate. Also, the pore size distribution of all samples
showed the presence of macropores, i.e., pores larger than 50 nm. On the othkand,

the H2(a) hysteresis loop obtained for the CeTiOsample displays the presence of
bottlenecks in the pore shape. Therefore, the desorption branch of the isotherm can be

attributed to the blocking/percolation due to the narrow bottlenecks.

Table 4.1 Data from BET analysis for each tested nanoparticle.

Parameter Symbol, unit -AlbOs  MnO;  TIO, CeO; CeTiO
Specific surface Seer, Mgt 147.8  18.6 49 41.3 36.4
Pore volume Vpores, CM3 g2 0.902 0.059 0.169 0.157 0.043

Mi Vol
icropore Volume 0.0005 -

Vmicropores, Cm3 g_ 1 0.002 0.0007

(<2 nm)
Mean pore diameter dpore, NM 22.9 11.2 8.3 14.1 4.5
Mean particle size  dpaticle, NM 78 28 28 28 -
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Figure 4.2 (a) Nitrogen adsorptiondesorption isotherms, volume adsorbed as a function of the
relative pressure, and b) pore volume distribution of the nanoparticles

The decrease in surface area, pore volume, and pore size distribution observed in CefiO
compared to the other nanoparticles, as shown in Tabl&.1, can be attributed to the
structural changes caused by the incorporation of Ce ions into the T¥OCe-doping is
known to modify the surface characteristics and crystal structure of Tig) potentially
leading to a reduction in surface area due to particle agglomeration and changes in pore
structure. Specifically, CeTiQ exhibited a relatively lower specific surfa@ area (36.4 m2
gw) compared to pure TiQ(49 m? gd), and its mean pore diameter was also smaller (4.5
nm). These changes suggest that Gdoping may have led to the formation of narrower
pores (bottlenecks), as indicated by the H2(a) hysteresis loop (Figu#2a), which is
characteristic of materials with pore-blocking or percolation mechanisms. This
structural alteration can hinder gas diffusion into the deeper layers of the material,

reducing the number of active sites available for catalytic reactions.

Furthermore, the lower pore volume (0.043 cm3@) of CeTiQ compared to TiQ (0.169
cmd gud) might also indicate a decrease in porosity due to Ce incorporation. This
observation aligns with the reduced catalytic performance of CeTiQin some
experiments, as its limited surface area and pore structure may restrict the adsorption
and activation of ozone and pollutants during catalytic ozonation. Despite these
limitations, the CeTiO, sample retains mesoporous characteristics with most pores
smaller than 10 nm, which is beneficial for specific catalytic processes, though these

material property changes impact its efficiency in this specific context.
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The observed reduction in CeTiQOcharacteristics is further supported by its crystalline

b gl efAgel JOWNGEUE DWaql+gqel cadWREcUNIt WYnglUWe #
crystallinity, which can be examined through Xay diffraction analysis. The powder Xay
diffraction (PXRD) patternof CeTiQ synthesized at 450 °C, represented in Figure.2a,
provides further insight into how the Ce doping affected the crystalline phase of TiO'he
sample exhibited seven distinguished diffraction peaks at 25°, 38°, 4884°, 63°, and 70°.
According to the XRDpatterns, all diffraction peaks of the synthesized material
corresponded to TiQ anatase (ICSD 0189-4921). In addition, no impurity peaks were
observed, indicating that the Ceions were effectively doped without causing any
changes to the crystal structure of TiQ(Lee et al., 2021). For the calculations of crystal
size, the spherical shape of crystallite was assumed (Tobaldi et al., 2014), and the peaks
in the diffractogram were fitted using the Lorentzian functin. The average crystal size of
the CeTiQ was calculated at 10.3 + 1.0 nm, and a similar size was reported by Lee and
his collaborators (Lee et al., 2021). The calculations were based on the Scherrer formula
below (Muniz et al., 2016).

+1

&7 ( AIfO (Bq-44)

where D is the mean size of the crystalliteK is a shape constant (0.89); is the Xray
wavelength at 0.154 nmFWHMis the full width at haltmaximum of the diffraction peak;
, Is the Bragg angle.
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Figure 4.3 (a) PXRD pattern,lf) Energydispersive Xxray (EDS) spectrum, andd) FTIR spectrum
of CeTiQ sample.

To further confirm the successful incorporation of the Ce into the unit cell of TiO

structure (interstitial doping), Energy Dispersive Spectroscopy (EDS) was used. In Figure

4.3Db, it can be clearly seen that the elements Ti, Ce, and O were present in the CeTiO
FeOGGaUOW~YI Y201 AWqs W[ Nf AWt G1JH q3c)esolded n LW a 6 1
distinct Ti-OH vibrational stretches around 1500 and 1600 cwid (probably because of -

OH bending in THOH groups, alongside asymmetric and symmetrictOH stretches near

2900 cmad, which are likely due to adsorbed water. A notable @e-O vibration is al®©

detected at 415 cnud. These findings align well with previously reported literature

b7 RWI2¢C AW qUWE GRAW=ZMZN6Ws ¢! ¢t elc¢!| WIglle 0OAW=

Additionally, in recent research H! LI : 2 | &and Zd&borators (2024 it was
demonstrated that small amounts of Ce (up to 0.08 wt.%) can be successfully
RUAYI GYl ¢qUlT WRUqYW g6 WWNRERWITECqaqRHANDW qé1 Yea N
promoted a homogeneous precrystalline network, facilitating the substitutional doping

Y 'n LWBols3with a crystal radius of 0.092 nm) in place of Fiions (0.065 nm) within the

TiOFunit cell. This doping alters the unit cell parameters, as confirmed by XRD analysis.
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Beyond a certain threshold, excess Ce remains outside the lattice, forming separate

cerium oxide phases. Our synthesis procedure followed the same methodology,

ensuring the successful incorporation of Ce in the Ti®Blattice, consistent with the

literature bl : 2 1 t Y2 Rh WIJq Wc¢ O HOA LaFdNsSuitbetlsuppditbdl by eLicXIRBDA L= M

measurements.

4.1.3 Effect of matrix on ozone depletion

The ozone depletion in different matrices was examined tdetter understand the

exposure time of the OMPs to ozone and how the presence of bicarbonate (H€Oand

catalysts affect ozone decomposition. All tests were performed at room temperature,

¢cUT We Wagd WYl DgRHAC T WNE ? WY n LWUKN.saMidplays i degidtatignl 1J Ws ¢ |
of ozone (mole [*) over time (sec). The ozone was present for at least 20 minutes after

its addition to the solutions containing only (i) 1 mM NaHC®) (i) 1 mMNaHCGO; and

catalyst (1 g ' CeTiOb AW ¢ UT WRRRb W6 WWGEYs It queaYURIIUq
demineralized water. On the other hand, the rest of the tested matrices immediately

reacted with ozone, and a sudden drop in its concentration was observed within the first

30 seconds. In the Appendices (Figure S41.2), it is apparent that lower OMP
concentration slightly lessened the ozone decomposition; 20% of the initial ozone dose

was present after 1 minute. In other cases, less than 5% of the initial ozone was present

after 1 minute of reaction.

N6WWs YI t ROUDWHYUHWUqlI ¢ qRYUWY N WS ~At We qWUNMLL, ~ LU
q6 DWYAYOUWHYUHRDUq! ¢ qRYUWhe RAT 6! AWRG GG ! RUN W«
YAYUUWs ¢t WOARAGRqUT WaYWgs6WWnRI + quWiRUz qJWYn LWaqéb
in demineralized water decreased ozone immediately. Thus, it can be concluded that the
bicarbonate effect on ozone decomposition is negligible when the organic load is high

(Figure S41.2b) as organic compounds intensify the ozone depletion. However, whehe

YI DcURAWGY¢ET WRY WGVYs WelZW, ~b AWq6 IWG!H 13t DUHDIWY T
(Figure S43a), and this can be supported by the fact that bicarbonate is competing for

hydroxyl radicals (OH) produced by ozone decomposition. It is reported that
bicarbonate has a scavenging effect towards OH, producing bicarbonate radicals

(HCOs ") and intermediates that quench the radical chain carriefHoigné Jirg, 1998;
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Oguz & Keskinler, 2007)Moreover, it can be observed that the presence of a catalyst
when only bicarbonate is present (Figure S4.2e) can slow ozone decomposition almost

to half the speed; double the time is required to reach the same residual concentration.
This indicates that the catalyst, specifically the synthesized CeTiOx, does not facilitate
ozone decomposition, allowing more time for the ozone to react in the solution. This can
be explained by the ability of the catalyst to provide alternative redion pathways or by

adsorbing ozone molecules, effectively reducing their decomposition rate. As a result,
more ozone molecules are retained in the solution, leading to a higher residual
concentration. It can be concluded that the presence of a catalyst ca alter the kinetics

of ozone decomposition and reaction with bicarbonate, leading to a slower overall
reaction rate and allowing more ozone to persist in the solution. A similar trend is

YHAHY 31 2107 Ws 6 JUWaq8 WWHRAETI AYU¢ qlWRtatibatY a HRU T LWs

The ozone degradation results were explained using the secormtder model (Figure
4.4b). The firstorder model was also applied to the data; however, the goodnessf-fit
parameter (R®) was lower than 0.96. In the firsbrder model, the degradation rate is
primarily influenced by changes in ozone concentration. Conversely, the secondrder
model indicates that factors beyond ozone concentration, such as bicarbonate and
OMPs, also impactits degradation rate. In this case, theR? was found to be higher,
indicating that the model describes the degradation of ozone more precisely. Evaluating
the goodnessof-fit parameters for each model helps to determine which one better
describes the process and thereby provides insight into the reaction mechanism. The
experimental second-order kinetic constants of ozone for the three matrices were as
follows: Kos, Naricos= 135.40 M'S™, Ks o qw= uw, =163-38 M* s™, andKos, Naricos + 1 gt ceTicr 62.72
M™ s™. The constants were determined from the slope of the plot of (/-1/Co) against
reaction time. Findings for secondorder fitting align with the research of Panda and

Mathews (2008)as well as Yershov and his collaborator§2009).
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catalyst concentration = 1 g%).

To better explain the decomposition of ozone in water, the different reactions occurring
(Sonntag & Gunten, 2020; Staehelln & Holgné, 1982; Yershov et al., 2009¢ given
below. The presence of hydroxyl ions (Ofprimarily catalyzes the ozone decomposition,
and for the production of a hydroxyl radical-(©OH), two molecules of Q need to be
consumed. The series of reactions leading to ozone decomposition is initiated by the
involvement of hydroxyl {OH), hydroperoxyl (H@ ), and superoxide (@ ") radicals. This

sequence ends when these radicals recombine, and the chain reaction stops.

I 1 (©° (/ / h E xm® O (Eq.4.5)
I (1l o/ 1B IR E c@spmn- O (Eq.4.6)
I 1 (o (/% | R E pps pm- O (Eq.4.7)
(/8P /B (R D+ ATg (Eq.4.8)
/| Bo B R E p®s pm- O (Eq.4.9)
/B o (/1% E vgs pmt- O (Eq.4.10)
(/%0 /1 (% | h E pds pm- O (Eq.4.11)
/I (/%0 1 (B ¢/ h E pgis pmt- O (Eq.4.12)
/B (1% (7 I h E pgis pi- O (Eq.4.13)
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(1 ( °(/ (Eq.4.14)

Besides direct decomposition,- OH can be produced through the decomposition of ©
on the catalyst surface. The exact mechanism ofOH formation can vary depending on
the type of catalyst and reaction conditions; however, the most possible mechanism is
the adsorption of ozone onto the catalyst surface, followed by its dissociation into
reactive oxygen species. Adsorption occurs througla weak chemical interaction, such
as Van der Waals and electrostatic, between the agueous or gaseous; ®olecules and
the catalyst's surface. The catalyst can facilitate the @ decomposition by providing
active sites on its surface where the adsorbed wate(H.O) molecules can form- OH.
These reactive species can subsequently react with organic pollutants either adsorbed
on the catalyst surface or in the surrounding solution. It is important to note that the
catalyst itself does not directly produce®OH. Instead, it acts as a facilitator, providing a
favorable environment for Q decomposition to *OH. The following reactions can
describe the reaction mechanism when the catalyst (M) is presenti 7 R0 Rt t ¢ WIJq LWE

X. Li et al., 2020; Nawrocki & Kasprzyordern, 2010)

- (19 - 1 ( (Eq.4.15)
- 1 1 o°o- JE E (Eq.4.16)
- 1 1o - (1B (Eq.4.17)
- /(% Pili1 OGOATEDT AOAD (Eq.4.18)
- (/B Pill OGATEDI ABAD (EqQ.4.19)

Nevertheless, the reaction mechanism when gaseous ¢is applied differs. Many studies
have revealed the effectiveness of gaseous ozone in accelerating the generation of free
radicals by a catalyst (Chang et al., 2016; Mansouri et al., 2019; Ndabankulu et al., 2019).
When O is applied in wet environments, the presence of water molecules can influence
catalyst deactivation during ozone decomposition (X. Li et al., 2020; R. Y. Liu et al., 2023).
Studies have shown a significant decrease in MnOx activity undsuch conditions, with
observations of Mn oxidation and structural changes in the catalyst due to water

molecules (X. Li et al., 2018, 2020; Zhu et al.,, 2017\ proposed reaction pathway
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involves water molecules forming surface-OH,* groups that interact with ozone, leading

to catalyst deactivation. One possible explanation is that the absorbed water molecules
resist desorbing and accumulate over time, reducing ozone decomposition rates since
active sites are already occupied. However conflicting views exist regarding the
inhibition of ozone molecule adsorption by water molecules. Zhwet al (2017) proposed

that water molecules can orm a complex with Q and release HQ- that can react and

give - OH. Given the practical conditions, encountering humidity in such processes is
unavoidable. Consequently, addressing the issue of deactivation in humid environments
remains imperative, necesstating further exploration of strategies to enhance the water
resistance of the catalysts or to innovate new materials with superior water resistance

properties.

4.1.4 Surface Response Methodology for Pharmaceutical Degradation

A mixture of micropollutants consisting of three pharmaceuticals (carbamazepine,
diclofenac, and ibuprofen) and thepCBA as OJ/°OH probe was used to evaluate the
efficiency of the potential catalysts/nanoparticles. The initial concentration of each

GYT DaWwrYAGGYa Ul Wsct WUNMW, ~AWe U7 W6 WRI W K3aYz2ced
relation to ozone and catalyst dose. A response stace methodology (RSM) was applied

to reveal the important variables of their degradation. For the RSM, 80 experiments were
performed (five nanoparticles, four ozone doses, and four nanoparticle doses). Before
constructing the models, the data were examined to confirm the normality of the
externally studentized residuals using the normal probability plot. In Figuré.5, it can be

observed that residuals from all tested compounds were normally distributed,

suggesting the adequacy of the predicted models.

U w §¢ WcUcu!t Rt Wsct WRYUT emqll WagVYLWet t 134+ Wa
as the significant effects and potential interactions among variables. ANOVA is a
statistical method used to test hypotheses based on model parameters. The results of
the analysis are presented in Table S4.3 of the Appendices. The factors A, B, and C
represent O; dose, NP concentration, and NP type, respectively. There were no
interactions between variables such as ozone and nanoparticle dose or type.

Furthermore, NP type was not a significant factor in the IBP model, whereas, for the other
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three compounds, the different catalysts only altered the intercept (b) of the equation.

TheF-values for CBZ, DCF, IBP, andCBAwere 1073.35, 807.47, 491.22, and 333.73
respectively. P-values were all <0.0001, an indicator that the polynomial models were
highly significant for removing the compounds during catalytic ozonation. According to
the results, the factors that influenced the degradation of the four compounds the most

were the Q dose and the NP concentration at a lower level.
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Figure 4.5 Normal probability plots of residuals of the models used for the removal ofaj
carbamazepine, p) diclofenac, () ibuprofen, and ¢I) pCBA under the different catalytic

ozonation treatments.

To depict the mechanism of CBZ, DCF, IBP, amCBAdegradation under heterogeneous
catalytic ozonation, polynomial linear regression models were constructed using the
degradation outcomes, specifically the percentage (%) of removal in each experimental
condition. By examining the coefficients of the resulng equation, formulated in terms of
coded factors (x = A: Qdose; % = B: NP concentration) through the equations (Edt.20

T 4.23), one can determine the relative influence of the factors on the removaf each
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compound. The statistical analysis and model fitting demonstrated good predictability

and accuracy, since the correlation coefficients &) were higher than 0.950.

#"p A pp)d mnoBh 2 WYY (Eq.4.20)

$#& A p& W p@A? MWinoPc¢ ¢PD p@®GD h Eq.4.21
2 Ty Y (Ea.4.21)

) "s0 A Mwd (DT vHIT @D h 2 1L w(Eq.4L22)

" A ™1 Bg Timnm TCROD B |

n# " d o " oy n@ P 0% B p (Eq.4.23)

Table 42 illustrates the different intercept values (ky) for the models affected by the NP
type. The results of the correlation analysis suggest that OMPs degradation is mainly
explained by the Qdose with CBZ and DCF being the most affected (higher coefficients).
CBZ was the only compoundvhich NP concentration (%) did not have a significant role
in its degradation; however, the other compounds were negatively affected by that
factor.

Table 4.2 Intercept values (ky) for the models affected by the type of nanoparticles used in
catalytic ozonation experiments

Model intercept Nanoparticles type

bo ALO; Mn,Os Ce(, TiG, CeTiQ
CBZ 0.345 T1.95 1.43 1.30 T151
DCF 0.327 T1.62 1.58 1.06 T1.52
IBP* 1.79 1.79 1.79 1.79 1.79
pCBA 0.314 T2.22 1.97 1.38 1.004

* All offset values are identical for IBP becausgn the statistical analysis, no significant influenceof the catalyst was
evidenced

The effects of the independent variables (€dose and NP concentration) on the response
variable, i.e., the removal of pharmaceuticals andpCBA were presented in three
dimensional (3D) surface plots (Figuret.6). In these experiments, the ozone dose was
added at the beginning of the experiment. It was left to react for 4 hours before measuring
the residual concentration of the OMPs, and the time allowed for the complete depletion
of ozone and the inactivation ofthe radical chain pathway. Even though contet time
plays a crucial role in the effective and efficient removal of OMPs, especially in

sct aqlscqlll Wl DeqdWUagqAWgs 3w qel ! Wl RIJT Wa VY WIG
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high ozone doses. It could not predict the optimum NP concentration for the effective
degradation of each compound, and it was obvious that the higher thes@ose, the higher

the removal.

CBZ and DCF are compounds that can quickly degrade by ozonedksz= 3.00x10 M*
s®, kosipcr= 6.85%10 M* s®!) because they contain functional groups that are susceptible
to attack by ozone, such as double bonds, aromatic rings, and heteroatoms (e.g.,
nitrogen and oxygen). This is the main reason behind the complete elimination of those
two compounds in high ozond LIT Yt 13t LIThN Bdditibn ef théOiHnoparticle in the
oxidation process has not increased the degradation rates, and these findings were also
supported by LaraRamos et al.(2021) and Fan et al. (2021)l'heir studies found that
ozone dose was the mostsignificant effective parameter for DCF and thymol
degradation, respectively. Interestingly, increasing the catalyst load was found to reduce

the degradation percentages of DCF.

On the other hand, IBP anggCBAare molecules recalcitrant to ozone oxidation due to

their low reactivity with ozone Kozige= 9.6 M s, Kogpcea< 0.15 M s21). Still, they react

with hydroxyl radicals, and their incomplete degradation in high ozone doses implies the

inability of the system to produce high OH concentrations. From the surface plots, it can

be concluded that when the catalyst concentration was at 1.5 g, the removal was

lower than the 1.0 g E. This finding suggests that an excess amount of catalyst can

hinder the ozone decomposition to-§c FOW 7 ¢+ WT W YUW Gl W2RYet Wt q
performance was negatively affected under humid environmentgX. Li et al., 202Q)

Active sites on the catalyst surface could be saturated with water molecules. Another
explanation is that the available Q immediately reacted with CBZ and DCF, thus

reducing its concentration and, subsequently,, OH generation.

The application of RSM in this study enabled a thorough evaluation of the influence of
multiple variables on the degradation of pharmaceuticals during heterogeneous
catalytic ozonation. RSM identified the transferred ozone dose (TOD) as the most
significant factor, emphasizing the critical role of ozone availability in driving
pharmaceutical degradation. Remarkably, RSM demonstrated that, under the tested

conditions, the effect of TOD outweighed any catalytic enhancement provided by the
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nanoparticles, reinforcing the importance of ozone concentration. This method offered
technical advantages by simplifying the experimental desigand reducing the number of
experiments required while providing statistically robust results. Through RSM, aptal
operating conditions were identified, and the interaction effects between ozone
concentration and nanoparticle dosage were clarified. Ultimately, RSM proved to be an
efficient tool for process optimization, allowing a deeper understanding of the catgtic
ozonation process and the limited role of the catalysts in the studied system.
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Figure 4.6 Response surface plots in 3D for the removal o} carbamazepine,(b) diclofenac, ()
ibuprofen, and @) pCBAunder the different catalytic ozonation treatments

4.1.5 Degradation of Pharmaceuticals

Carbamazepine, diclofenac, and ibuprofen are considered recalcitrant compounds
because they resist degradation in natural environments. Ozone treatment effectively
breaks down these persistent compounds into less harmful byproducts, facilitating
their removal from water orwastewater (Bourgin et al., 2018; Derco et al., 2021; Piras et
al., 2020).Therefore, the degradation of those pharmaceuticals in the presence pICBA
as an- OH scavenger, in a heterogeneous catalytic system was studied. Figurds/, 4.8,
and 4.9 display the normalized degradation of the tested OMPs in three NPs

concentrations, 0.5-, 1.0-, and 1.5 g E, respectively. Theoretical ozone doses varied
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the x and z axes are noted with a grey color on tbaonation alone treatment.

[ Yel WHYGOGU]I HREGO! W ¢ 2 ¢ARM, cMhD]) Q) @hd YAEQ,| vpie B G 131 A
employed to investigate their potential catalytic effect on the degradation of selected
pharmaceuticals during the ozonation process. Additionally, we synthesized Gedoped

TiG, (CeTiQ) using the solgel method at a 1% molar ratio of Ce to Ti. The synthesized

CeTiQ, was included based on previous studies, such as Lee et al. (2021), which
demonstrated its promising performance in advanced oxidation processes (AOPS).
Specifically, in batch ozonation experiments with higher ozone doses (5 mg'), CeTi&
significantly enhanced the degradation of DEET, with negligible adsorption effects,

suggesting its potential to improve catalytic ozonation.
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treated with different ozone doses (NP ML, ~b Ws Raq6 WUec UYGe |l qREG I WHY Ut

Notably, in Figure4.7, CBZ and DCF data follow similar trends due to their affinity

towards ozonation. At the same time, IBP angCBAdemonstrate a different trend with
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lower degradation rates. It is apparent that the higher the ozone dose, the higher the
degradation for all compounds independently of the nanoparticle used. There is
J2RT WUARIWWQqG6 ¢ q LLAOIINIMGL, TIG, ICE0k &htiGemiQilid not accelerate
the removal of the compounds, especially the ones that do not directly react with ozone
(IBP andpCBA). The interaction plots (Figure &.1.3) derived from the RSM analysis also
support that there is no effect present, and the response mean (% of removal) is the same
across all factor levels (NP type). These results reflect those of Pocostalest al. (2011)
who also found that among other pharmaceuticals, DCF was quickly removed by
ozonation and the presence of the? Y G G 13| #ARD; df thé synthesized CaO4/Al,Os.
Yet, these catalysts impacted the mineralization of the pharmaceutical compounds
used. For evaluating the performance of catalytic ozonation on each pharmaceutical
compound, it would be better to test each separately. Nevertheless, this situation would
not represent the actual conditions when a mixture of compounds is present in

wastewater.
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From the adsorption experiments, the mixture of micropollutants was left for equilibrium
with NPs for one hour before the addition of ozone. No significant difference was found
in all micropollutant concentrations. Less than 1% of the compounds were adsoréd on
the surface of the catalysts suggesting that there was not an actual collision
phenomenon occurring between the material and the organic molecules. Similar
findings were reported by Lee and his collaborators when using their synthesized CeTiO
material to degrade DEET. This couldgain beexplained by the adsorption competition
G6WU0YGUWUcWYHA2I | RUNDWY ULWq6 JWHCE qc¢ G20208skotvatdc Ha R 2 |
that the catalyst's active sites were consistently taken up by water molecules that were
unable to be desorbed, consequently diminishing its catalytic activity. Likewise, Liat al
(2023) found that water vapor generated during the catalytic ozonation process
progressively accumulated on the catalyst surface, thus affecting the ability of the

catalyst to further degrade the formaldehyde.

122



To further evaluate the effect of the NPs, individual graphs of each compound with

different concentrations of the catalysts were generated (Figure41.4a). Comparing the
TRnnWI WOqUWa!l BeqaBUqt W ¥Nel T RUNDWS~AY kW JGY2¢
be seen that MnO; has a low performance at the highest dose, 1.5 g”L The catalyst

T Yt JWNR2RUNWYt GRNGEqT! WA aqldl WIifbPdlimpsgt allaNRsY U LW ¢ q LL
However, no substantial difference was observed. Interestingly, in Figur&s9c and4.9d,

ozonation itself gave better degradation results than when the NPs were present. The

higher catalyst dose (1.5 g &) declined the degradation efficiency of the compounds,

and this can be attributed to the increased turbidity of the solutionAlhumade et al.,

2022).

Optimizing the concentration of catalysts in heterogeneous catalytic ozonation proved

essential, with 1 g [* offering efficient pharmaceutical degradation at reduced costs by
minimizing turbidity and active site saturation. The enhanced degradation of compounds

GRt DWO7uWecUT W?29[ WERNBUGRNEqt WqdWWGI YHIJE + k1 LW
reactivity. Moreover, our findings point to the potential of heterogeneous catalytic
ozonation to provide additional benefits beyond micropollutant removal, includng a

reduction in membrane fouling and possible flux improvements when applied in hybrid

systems. Future work should explore catalyst reusability and integration with
continuous-flow systems to maximizethe G| Y ®#I1Jt + kKt WG| ¢ Hq RHA-GcAldMIC GGi R

treatment.

It is also well documented that the combination of noble metal oxides is more effective
when ozonation is applied as they could offer oxygen vacancies for adsorption or/and
promote the dissociation of intermediate speciesto further mineralize OMPs (X. Li et al.,
2023; R. Y. Liu et al., 2023; J. Zhang et al., 2022). It was expected that the synthesized
nanoparticle, CeTiQ, would exhibit high catalytic activity due to its attractive
characteristics, such as mesoporous structure, negative charge, and the coexistence of
the redox couples T¥"/Ti**and Ce**/Ce**(Lee et al., 2021; J. Zhang et al., 2022). Exhibiting
good performance when used for DEET degradation (Lee et al., 2021), it was believed that
it would perform the same in the degradation of IBP angiCBA It is important, though, to

understand in what kind of environments the catalyst is applied. When gaseous;@s
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applied, it is more likely to favor the @molecule adsorption, facilitating more reaction

pathways.
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Chapter 4.2:

Catalytic Ozonation of Pharmaceuticals

Using Ce®@CeTiQ Doped Crossflow
Ultrafiltration Ceramic Membranes

This chapter was published as:

Nikoletta Tsiarta, Silvia Morow, VilkoMandcb 6 " ] |[¢b Lty »r ) zGQurkovigf B =171 h
and Wolfgang Gernjak. 2024. "Catalytic Ozonation of Pharmaceuticals Using GeCeTiQ

Doped Crossflow Ultrafiltration Ceramic Membranes"Nanomaterials 1413), 1163.
https://doi.org/10.3390/nan014131163
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4.2 Catalytic Ozonation of Pharmaceuticals Using CeO ,-CeTiO.-Doped

Crossflow Ultrafiltration Ceramic Membranes

4.2.1 Graphical abstract
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Figure 4.10 Graphical abstract of chapter 4.2.
4.2.2 Background

Urbanization and industrialization have led to the generation of vast quantities of
wastewater containing diverse organic micropollutants (OMPs), including
pharmaceuticals and personal care products, which pose significant challenges to
traditional treatment methods (Kamali et al., 2023; Rizzo et al., 2019). The need for
effective wastewater treatment is further underscored by the growing water scarcity,
intensified by climate change and erratic rainfall patterns. In response to these
challenges, the concep of water reuse (also known as water recycling or water
reclamation) has gained prominence as a sustainable solution to augment declining
freshwater resources (Drechsel et al., 2022). By treating wastewater to a high standard,
it can be safely reused fowvarious nonpotable applications, such as irrigation, industrial

processes, and environmental restoration.
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Water reuse not only helps alleviate the strain on freshwater sources but also
contributes to the circular economy by conserving resources and minimizing waste
generation. In regions facing water scarcity, such as southern parts of Europe (Spain,
Cyprus, kaly, and Greece), water reuse has become integral to ensuring water security
and resilience in the face of climate variability (WFD 2000/60/EC (EU, 2000), EU
2020/2184 (EU, 2020)). Moreover, by diverting treated wastewater from discharge into
water bodies, water reuse helps mitigate pollution and protects aquatic ecosystems

from the adverse impacts of OMPs and other contaminants.

In light of these considerations, the European Union (EU) has implemented directives
and regulations to promote water reuse and establish quality standards for recycled
water (Barbosa et al., 2016; EU, 2000). These directives aim to facilitate the safe and
sustainable reuse of treated wastewater for agricultural, industrial, and urban
applications while safeguarding human health and the environment. By setting stringent
criteria for water quality and treatment processes, the EU directives ensure that recyad
water meets the required standards for its intended use, thereby promoting public

acceptance and confidence in water reuse practices.

In response to these challenges, researchers have been exploring innovative treatment
approaches to efficiently remove OMPs from wastewater. Hybrid treatment processes,
which combine multiple technologies to synergistically target different classes of
pollutants, have emerged as promising solutions (Eniola et al., 2022; Kumar et al., 2024).
Among these hybrid approaches, ozonation combined with membrane filtration has
gained traction due to its versatility and effectiveness in removing a wide range of
contaminants. Ozone (Q) is a powerful oxidizing agent that can react with organic
compounds present in wastewater, leading to their degradation into simpler, less
harmful by-products (Derco et al., 2021; Lim et al., 2022; Von Gunten, 2003). When
coupled with membrane filtration, which physically separates suspended solids and
microorganisms, ozonation offers a comprehensive treatment solution for complex

wastewater streams (Mansas et al., 2020; Psaltou & Zouboulis, 2020a).

While membrane filtration has been widely adopted in wastewater treatment plants, the

choice of membrane material significantly influences treatment efficiency and longevity
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(Samsami et al., 2022; Yang et al., 2024; Y. Zhang et al., 2020). Traditional polymeric
membranes, although costeffective, are prone to fouling, chemical degradation, and
limited lifespan under harsh operating conditions (Warsinger et al., 2018). In coatst,
ceramic membranes have garnered attention for their superior chemical and mechanical
stability, resistance to fouling, and longer service life (C. Li et al., 2020). Composed of
inorganic materials such as alumina, zirconia, or titania, ceramicmembranes (CM)
exhibit enhanced durability and reliability in wastewater treatment applications, making
them well-suited for challenging environments (Asif & Zhang, 2021; Clem & Mendonga,

2022; Sawunyama et al., 2023; Stuber et al., 2013).

A number of recent studies have investigated the heterogeneous catalytic ozonation
coupled with membrane filtration in an attend to achieve better removal of OMPs and
their transformation products, supporting a reduction in toxicity after treatment
(Asheghmoalla & Mehrvar, 2024; X. Li et al., 2023; Mustafa et al., 2022; Psaltou et al.,
2021). So far, researchers have proposed the following modifications to enhance OMPs
reduction: MnO,-Co3;0. (Guo et al., 2016), Mn@(Cheng et al., 2017), C€Tli composites
(H.Zhang & Wang, 2017), ZndS. Zhang et al., 2018), Ce@nd MnQ (Lee et al., 2019a),
and Ca;0,-AlLO; (Wang et al., 2023), supporting a reduction in toxicity after treatment. In
all of them, hydroxyl radicals fOH) exposure was drastically increased; however, fouling
was a problem. Therefore, efficient coupling of ozone to CM, adjusting the ozone dosage
and the catalytic material used, is needed to prevent severe membrane fouling. In very
recent studies, He et al (He et al., 2024) investigated the effeadf Fe(Il)/KMnQ on the
fouling of ceramic membranes and found that ozonation mitigates fouling caused by
humic acids as it is decomposed into reactive radicals. Additionally, Liangby et al. (2024)
used FeO,-modified ceramic membranes during ozonation, and fouling by humic acids

was also reduced during atrazine treatment.

Different methods exist for applying thin film layers of metal oxides to othanaterials.
Common methods include Physical Vapor Deposition (PVD), Chemical Vapor Deposition
(CVD), SolGel Processing, and Atomic Layer Deposition (ALD). PVD techniques like
sputtering and evaporation transfer material from a source to a substrate in a vacuum,

resulting in high-purity films with excellent adhesion and controlled thickness (Vasile et
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al.,, 2020). CVD involves chemical reactions of gaseous precursors on a heated
substrate, forming a solid film with excellent conformality and uniformity over complex
geometries, making it ideal for highguality films of various materials (Sabzi et al., 202).
Sol-gel processing involves hydrolysis and condensation of metal alkoxides to form a
colloidal suspension (sol) that transitions into a gel and then a thin film upon drying and
heating, producing high homogeneity and purity films at a lower cost (Tar al., 2021).
ALD is a sequential, seHimiting process that deposits films one atomic layer at a time.
It provides precise control over thickness and composition, offering excellent uniformity
and conformality at the atomic scale, making it ideal for utathin films. For instance, Liu
and He (2022) have applied ALD to create an ultthin layer of AbOs; on a membrane with

great potential for industrial H purification and recovery.

In this study, a novel approach that integrates catalytic ozonation with crossflow
ultrafiltration using tubular ceramic membranes doped with metal oxides with a vacuum
infiltration technique is proposed. Specifically, the deposition of cerium oxide (Ceg),
cerium-doped titanium oxide (CeTiG), and their combination onto ceramic substrates to
enhance the catalytic activity during ozonation(lLee et al., 2019b, 2021js investigated.
The choice of these metal oxides is motivated by their known catalytic propges, which
can potentially accelerate the degradation of pharmaceuticals and other recalcitrant
micropollutants. Herein, the degradation of carbamazepine (CBZ), diclofenac (DCF),
ibuprofen (IBP), and parachlorobenzoic acid (@CBA) in the presence or without a
scavenger, such as tertiary butanol (TBA), and in real secondary effluent from Girésa

wastewater treatment plant (WWTP) is tested.

The hypothesis guiding our research is that modifying ceramic membranes with CeO

CeTiQ, or their combination will enhance the degradation of recalcitrant OMPs, such as
IBP andpCBA during ozonation. By leveraging the catalytic activity of these metal oxides,
we aim to achieve improved pollutant removal efficiency and overall treatment

performance. Through systematic experimentation and analysis, we seek to validate this
hypothesis and contribute to the advancement of hybrid ozonatioamembrane filtration

(HOMF)systems for urban wastewater treatment.
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4.2.3 Ceramic membrane modifications and characterizations

The commercial tubular ceramic membranes purchased by TAMI Industries were
modified so they can serve as a substrate for the deposition of metal oxides that
subsequently will facilitate the decomposition of agueous ozone to radicals. The CM
with a MWCO 0f300 kDa mainly consists of Ti@(support layer) and a thin layer of Zr©
(active layer). The exact phase of the Ti@vas unknown; therefore, an XRD analysis was
performed. Furthermore, the XRD was applied to the modified three variations of
membranes: (1)one infiltration of cerium oxide (CeQ), (2) one infiltration ofCe-doped Ti
(CeTiQ), and (3) one infiltration of Ce® followed by one infiltration of CeTiQ
(CeO:+CeTiQ).

For the diffraction analysis, the tubular membranes were pulverized. Given that the
diffraction signal of the specimen is proportional to its weight content, the support layer
is the primary contributor to the signal. Consequently, the minor quantities o€eO; or
CeTiQ thin films are likely to remain undetected. This is especially true for CeTi{as its
signal would completely overlap with the titania contributions from the substrate when
both titania phases share the same polymorph. For this reason, theolid-state tubular
membranes were subjected to XRD as a whole body following the Grazing Incidence X
ray Diffraction (GIXRD) configuration with the functional part exposed to radiation. Since
the attenuation distance for the Xrays is about a few hundredmicrons for such
materials, it was possible to maximize the collection of the diffraction signal from the
upper layers and limit the signal from the bottom material, i.e., the support layer or

substrate. A comparison of the XRD and GIXRD enabled depth filiog.

XRD (Figure &2.2) revealed that all the substrates consist of titania rutile (ICDD
PDF#211276). As alleged, all other crystalline phases remained undetected. GIXRD
analysis (Figure4.11) showed that pristine (or unmodified) CM consists of a mixture of

titania rutile (ICDD PDF#211276) and predominately cubic zirconium oxide (ICDD
PDF#491642) as the main phase. Due to the splitting of the peaks, the presence of
tetragonal zirconium oxide (ICDD PDF#561089) is suggested. Also, a baddeleyite

zirconia phase (ICDD PDF#371484) was present in traces. Furthermore, Figurd.11
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slightly different rutile phases may be observed from the substrate and the functional

membrane film, confirming that the membrane film can be qualitatively observed.

Regarding the modified membranes, the metal oxides of the nanosized films were
identified as titania anatase phase (ICDD PDF#21272) and ceria (ICDD PDF#30394).
Qualitatively, it is quite difficult to differentiate the existence of the titania phases
between the substrate and the doped metal oxideas the CeTiQmainly consists of TiQ.
Considering quantitative aspects and previous analysis of the pristine membrane, it is
plausible to speculate that the substrate is rutile, as it is unclear what temperatres the
commercial substrates and membranes were exposed to. The CeTiOnust then be
anatase or brookite but in borderline detectable quantities. Interestingly, no impurity
peaks were evident in the XRIpatterns of CeTiQ, indicating that the incorporation of Ce
ions was successful and did not modify the crystal phase of TiOThis integration likely

occurred through either partial substitution of Ti ions or occupation of interstitial sites.

Similarly, from the compositional aspects of the CM, ceria might appear more easily
detectable than titania phases that are present in significant amounts in the substrate.
However, this is not the case. Cubic cerium (ICDD PDF#8@8056) and cubic cerium oxile

(CeO, ICDD PDF#3®334) heavily overlap with cubic zirconium oxide (ICDD PDF#49
1642), making them almost undetectable. Despite considerable overlap with

baddeleyite zirconia, traces of cerium oxide (Ce@ ICDD PDF#340394) were observed.
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Figure 4.11 Solid-state Xray diffraction (SSXRD) patterns of the modified ceramic membranes,
pristine (black), CeQ (green) CeTiOx (blue), and CeQ CeTiQ (red).

The catalytic layers of Ce@, CeTiQ, and CeQ+CeTiQ were deposited onto the surface
of the CM (pores and inner surface) by the acitlydrolyzed solgel vacuum infiltration
method. Scanning Electron Microscopy (SEM), a powerful imaging technique, was used
to visualize the surface morphology and structure ofmaterials at high resolution.
Preliminary trials of multiple deposited layers showed that almost all tripldayer
surfaces had a cracked and uneven appearance, suggesting borderline acceptability for
catalysis. For both titania and ceria coatings, it can be roughly generalized that single
layer and sometimes doublelayer coatings show acceptable behavior. Based on those

results, it was decided to apply up to two layers of catalytic nanomaterials.

The surface morphologies of the modified ceramic membranes are displayed in Figure 3.
The inner surface of the tubular CMs, where the active layer is located, is shown in
Figures4.12a,4.12b, and 4.12c, while the cross-sectional surface is depicted in Figures
4.12d, 4.12e, and 4.12f. The SEM micrographs clearly show three distinct layers: a
support layer composed of larger sintered particles, a dense layer composed of medium
particles, and an active layer made up of smaller particles. Additionally, all saples
exhibited similar surfaces, characteristic of porous ceramic materials with small pore

domains, indicating a welkldispersed distribution of metal oxides on the surface of the
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CMs. For all coatings, the majority of the surface appears even with minimal cracking.

This smoothing effect can be attributed to the vacuum infiltration and the drying process

prior to calcination. From the SEM pictures, it can be concluded that the actevlayer of
Zr1ois3TP W, G Wag6 RAT AWe U7 W6 W 30+ 31 wace! 131 WRUWHAII
isaround 70TY MW, G W8 REL AW WGUWUT RUNWYULWa6 WIWe ! 3¢ oWl
layer of the metal oxides is in the order of nm; however, the SEMsodution could not

quantify it.

Inner surface Cross section
(d) CeQ, * :

Figure 4.12 Surface morphologies with Scanning Electron Microscopy (SEM) of the inner surface
of the membrane (left) and crosssection (right) for the three modifications §,d) CeO2, b,e)
CeTiQ, and (c and f) Ce@+CeTiQ in various magnifications (50x, 500x, 5000%, and 10000x).

Additionally, the CMs were characterized using SEMDS to determine their elemental
composition, with the results shown in Figure 413. The deposited metal oxides on the
inner surface of the membrane, as well as the distribution of elements throughout the
support layer, are shown in Figure 43. SEMEDS analysis revealed that the primary
elements are titanium (Ti), zirconum (Zr), cerum (Ce), and oxygen (O). The presence of
titanium (Ti) is associated with both the support layer and the deposited layer, wneas
zirconium (Zr) is linked to the active layer. Oxygen (O) was found in all samples, as it is a
crucial element for forming various oxides. SEMEDS analysis further confirmed that the
layer composed of larger and medium patrticles is the support layer ade of TiQ, while

the layer consisting of the smallest particles is the active layer made of ZgOQAdditionally,
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the SEMEDS elemental mappings further confirmed the successfulnfiltration of the
GUgecaWY+RI It WeHI YL W6 WW9~t kWt el nerAIIJWe UT WGY
Ce0, and CeO+CeTiQ modification; 11.4 mass % and 7.5 mass % on the surface were
observed, respectively. The crosssection surface analysis (Figure 4.3d) confirmed that

Ce atoms were impregnated into the pores of the membrane, confirming the effective

use of the vacuum infiltration method. However, after the vacuum infiltration of CMs with

CeTiQ, Ce was not detected by EDS. In CeTiOTi is the dominant element (26% by

mass), while Ce is present in a small portion. Therefore, the likely reason Ce was not
observed is because it is only present as a doping element in CeTi@ very low
concentrations. The spectra of the EDS analysis are provided in the Supmentary

material (FigureS4.2.3).

Inner surface

(b) CeTiO,

(¢)Ce0,+CeTiO,

Cross section

Figure 4.13 SEMEDS mapping of the inner surface of the modified ceramic membranes faa)(
Ce0,, (b) CeTiQ, (c) CeQ+CeTiQ, and the crosssection for d) CeQ.

Enca Ti |
Ti

Atomic Force Microscopy (AFM) was used to depict the topography and the surface
roughness of the unmodified and modified CMs (Figuré.14). Unlike optical microscopy,

which relies on light waves, AFM operates by physically probing the surface with the tip
of the probe, allowing for the visualization of features as small as fractions of a
nanometer. AFM analysis showed similar results for all membranes, and the appearance

of the tested samples is attributed to typical porous ceramic materials with small pore
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domains. The surface roughness (RMS) was 106.4 nm, 110.6 nm, 84.9 nm, and 71.9 nm
for pristine, CeQ,, CeTiQ, and CeQ+CeTiQ, respectively. The RMS of Cefnodification
appeared comparable to that of the pristine CM, indicating that the introduction of Ce©
had not significantly affected the membrane surface topography. Conversely, the
surface roughness of CeTi@and CeQ+CeTiQ showed a reduction of 20 and 32%,
respectively, compared to the pristine CM, indicating smoother surface topographies, as
illustrated in Figures 4.14c and 4.14d. These findings align with the SEMIDS
observations, which confirmed the successful deposition of a smooth CeTiQcatalytic
layer on the membrane's inner surfaceWe focused purely on AFM topography, aiming
to elucidate the effect of the surface roughness and the homogeneity of the coating on

the overall catalytic properties of the membranes.

(a) pristine

10pum

Oum

Figure 4.14 Amplitude (top) and threedimensional (3D) representation (bottom) of the surface
of the unmodified and modified ceramic membranes &) pristine, @) CeQ, (c) CeTiQ, and @)
CeO, + CeTiQ.

Another characterization technique used on the samples was the Mercury Intrusion
Porosimetry (MIP). MIP is used to determine the pore size distribution and total porosity
in solid materials, such as ceramic membranes. Figurd.15a demonstrates the pore size
distribution (PSD) of each CM specimen, and Figurl5b shows the calculated porosity
in percentage (%). The differential intrusion curves of the pristine and modified CM
illustrate that the pores of the membranes were affected by the deposited nanosized

material. From Figure4.15a, it is apparent that the pristine membrane had more pores
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below 100 nm, probably ascribed to the active layer of ZrO Furthermore, the data
confirm that the majority of pores in all CMs are located around 4500 nm, verifying the
industrial specifications of CMs, where the support layer (Ti¢) constitutes a larger

proportion.

The addition of CeQ blocked the smaller pores of the membrane, while the addition of
the CeTiQ layer maintained the smaller pores but in lower quantity. As expected, the
double layer of CeQ+CeTiQ showed the lowest number of pores since two layers were
deposited on the membrane’s surface, causing further blocking of the small pores. The
CeTiQ modification did not obstruct the pore channels because the ionic radii of Fi Ti

4 (67 and 61 pm) are half the size of C& Ce** (115 and 101 pm), enabling ttm to
penetrate the pore channels without causing blockages. The fact that the presence of Ce
in the CeTiQ did not alter the porosity of the CM suggests that the Ce dopant was

seamlessly integrated into the lattice structure, supporting the XRD data.

Figure4.15b shows how the permeable pore volume changes with the different dopants.
As expected, CeTiQshowed the highest porosity (29.4%), followed by Cef)28.6%) and
CeO,+CeTiQ (27.4%). While it was anticipated that the pristine membrane would exhibit
the highest porosity, this was not observed due to the use of a different membrane of the
same MWCO for analysis, whereas the other three specimens were derived from the
same membrane. However, the importantthing is that the pristine membrane had more
pores in both ranges, lower than 100 nm (active layer) and 4500 nm (support layer). More

detailed data from the MIP analysis are given in the supporting material (Table.32).
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Figure 4.15 (a) Differential intrusion curves and i§) Permeable pore volume for unmodified and
modified ceramic membranes.

4.2.4 Permeability tests and properties of the ceramic membranes

Permeability tests were conducted using demineralized water, and the permeability was
measured up to six times with good reproducibility (low standard deviation). Figure16
illustrates the normalized permeability (at 1 bar and 25 °C) of the CMs. The datalicate
that the modification of the membranes has had a detrimental effect on their
permeability, with a 7% reduction observed in the case of the doubldayer film
comprising CeQ+CeTiQ. The notably reduced water permeability of the Ce@CeTiQ
CM is primarily attributed to the additional membrane resistanceR.) introduced by the
CeTiQ catalytic layer. Similarly, the permeability of the Ce@modified CM was reduced
by 69%, whereas it dropped by 40% for the CeTi@odification compared to the pristine
membrane. This implies that the permeability of the CeTiOmodification was twice as
high as that of the other two modifications. These results are consistent with the MIP
analysis, which revealed that the CeTi@modified CM was the least affected following

the deposition of metal oxide.

Furthermore, the infiltration of CeQ resulted in pore blockage, as indicated by MIP
analysis, causing a reduction in the size of the support layer pores (Figukel5a;

increased pores in the range of 106 1000 nm). Hence, it can be inferred that vacuum
infiltration effectively introduced the metal oxides into the pore structure of the CM.
However, it did not maintain the permeability unaffected, as reported in the sidy by Lee

et al. (2021). An intriguing aspect is that the membrane Lee and his collabooas$ utilized
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in their experiments operated in a deaeend outside-inside filtration mode, thereby
focusing the infiltration only on the exterior surface of the membrane by the dipoating
method. Athanasekou et al.(2015)employed a similar method, where they covered both
ends of the CM membrane with Teflon tape to prevent the solution from entering the inner
part, and the water flux of the modified membrane was even higher than the original. The
challenging part in our cae was to have the metal oxide deposited on thewner surface
of the CMs and vacuum infiltration was chosen in order to infiltrate the segel into the
active and support zone. Consequently, the obstruction of some pores was inevitable.
Alternative impregnation methods could be explored to address the ks in water flux.
For instance, adopting a layetby-layer (LbL) assembly method using the dip coating
technique might allow for a more controlled and uniform coating of the active materials.
This approach could help optimize the membrane surface propertiesHowever, since
the membrane is used in an insideout filtration mode, the risk of blocking the pores is
still high.
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Figure 4.16 Transmembrane flow at 25 °C and 1 bar (L"%h™) before and after the deposition of
the metal oxides.

Table4.3 summarizes the calculated properties of the different CMs. The lowest water
permeability and the highest membrane resistance R.) were observed in the
CeO,+CeTiQ modification, suggesting that the additional layer significantly increased

the density and thickness of the membrane (lower porosity than the other two
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infiltrations). This additional layer likely created a more compact structure, reducing
pore size and increasing the overall water flow resistance, which lowered the
permeability. The order for the water resistance was pristine CM > CeTi®© CeQ >
CeO:+CeTiQ.

Furthermore, the hydraulic retention time (HRT) varied among the different CMs. As
expected, the pristine CM exhibited the lowest HRT at 8.4 seconds, indicating a brief
contact time between the feed solution and the membrane and, consequently, with
ozone. The HRT for the CeTiOmodification was doubled, reaching 18.7 seconds.
Remarkably, the CeQ and the CeQ+CeTiQ modifications demonstrated even higher
HRTSs, at 34.3 and 35.4 seconds, respectively, which are four times longer than that of the
pristine CM. These elevated HRTs suggest a greater likelihood for OMPs to react with
ozone, thereby enhancing the catalytic activity occurring within the membrane pores or

on the membrane surface.

Table 4.3 Properties of the unmodified and modified CM.

CM Water Porosity HRT,s Ry, Surface
Permeability, &~ h 10"°m™ roughness,
L m?ht nm
Pristine 631 0.22 8.4 0.39 106.4
CeO, 196 0.29 34.3 1.23 110.6
CeTiQ 360 0.29 18.7 0.65 84.9
CeO,+CeTiQ 183 0.27 35.4 1.31 71.9

4.2.5 Performance evaluation for the removal of pharmaceuticals

The catalytic activity of the pristine and modified CMs was explored in the crossflow

hybrid ozonationrmembrane filtration (HOMF) process. The feed flow containing the
GR+qel DWYnWga6JWg~At Weqe WARYURWDUq! ¢ qRYBLWY n LN |
ozone, were kept the same in order to keep the transferred ozone dose (TOD) constant
(around 4 mg [Y) at the mixing point just before the membrane module. For the
evaluation of the process towards the degradation of the pharmaceuticals and to
understand better the efficacy of the modified membranes, three series of experiments

were performed. The adsorption and ozonation effects were investigated in all of them.

In each series, the matrix was different, while the concentration of the OMPs was kept

constant. The following matrix was used: (i) demineralized water with bicarbonate, (ii)
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demineralized water with bicarbonate and scavenger (TBA), and (iii) secondary effluent

from Girona WWTP.

The crossflow HOMF system required two minutes to stabilize, so all degradation data
are presented from 2 to 14 minutes. The operation time was limited to 15 minutes due to
the relatively high feed flow rate of 200 L™ which was designed to mimic reaworld

conditions in wastewater treatment plants (WWTP). Despite the short operational

period, the HOMFsystem-maintained stability throughout the experiment.

4.2.5.1 Effect of modified ceramic membranes on pharmaceuticals degradation

Figure4.17 displays the catalytic degradation of CBZ, DCF, IBP, armqmCBAby different
CMs. CBZ was barely adsorbed on the surface of the pristine CM. In contrast, the three
modified membranes demonstrated similar adsorption capacities, reducing the
concentration of CBZ by 20%. Interestingly, DCF was adsorbed by the modified
membranes, reaching a 60% reduction when Cef£and CeQ+CeTiQ modified CM were
used and a 40% reduction when CeTiM was utilized. Similarly, IBP angCBAshowed
the lowest degradation by adsorpion when the pristine CM was used and up to 40% by
the modified CMs. For IBP (Figurd.17c), the highest degradation by adsorption was
observed in CeQ+CeTiQ, followed by CeQ, CeTiQ, and finally by the pristine CM. For
pCBA (Figure 4.17d), the order for adsorption efficiency was CeexCeTiQ = CeTiQ >
CeQO; > pristine CM.

The enhanced ability of the modified membranes to adsorb DCF, IBP, ap@£BAcan be
attributed to the deprotonated state of these compounds in the treated solution, as their
pKa values are lower than the pH of the solutionpka < pH; Table 8.2.1). This
deprotonation increases the negative charge on the molecules, which likely enhances
their interaction with the positively charged or adsorptive sites on the modified
membrane surfaces. Consequently, this electrostatic attraction facilitates more
efficient adsorption of these compounds compared to their protonated forms.
Furthermore, this explains the low adsorption capacity of CBZ, which remains in its
protonated form and, thus, does not interact effectively with the deposited metal oxides

on the modified membranes.
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Figure 4.17 Degradation of the pharmaceuticals &) CBZ, k) DCF, ¢) IBP, andd) pCBAusing the
CM 300 kba MWCO with different surface modifications. (Operating conditions: [OMPs]in = 10
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When aqueous ozone (Qa.q) Was introduced into the system, the degradation efficiency
of organic micropollutants (OMPs) improved across all treatments. Specifically, CBZ
showed up to 80% degradation with the pristine, Cege, and CeTiQemodified ceramic
membranes (CMs). Complete mineralization of CBZ was achieved with the doublayer
modification. This trend was similarly observed for DCF, with pristine and monolayer

modifications achieving 90% degradation.

In comparison, IBP andpCBA known for their resistance to 0zonekpsse= 9.6 M* st and
Kospcea< 0.15 M?! s, exhibited the highest degradation rates with the Ce@CeTiQ
modification. This result suggests the catalytic decomposition of ozone into hydroxyl
radicals ( OH), leading to nearly 50% degradation of these recalcitrant compounds. The
presence of - OH significantly enhanced the degradation of both CBZ and DCF. The
additional CeTiQ layer proved to be an effective filtration and catalytic layer, further

improving the performance.

CBZ and DCF are more readily degraded compared to IBP an@BAdue to their higher
reactivity with ozone Kosicsz= 3.00x10 M* s, Kozipcr= 6.85%10 M® s*). The higher rate

constants for ozone reactions with CBZ and DCF explain their more efficient degradation
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under ozonation treatments. This observation aligns with findings in the literature, where
compounds with electron-rich functional groups react more readily with ozone, whereas
those with electron-withdrawing groups, such as IBP angCBA show reduced reactivity
and require additional catalytic mechanisms to enhance degradationNakada et al.,
2007).

4.2.5.2 Effect of scavenger on pharmaceuticals degradation

The following series of experiments incorporated tertiary butanol (TBA) as a hydroxyl
radical scavenger at a molar ratio of 1:1 (0.05 mM TBA) relative to the total concentration
of OMPs. This approach allowed us to isolate the effect of surface modificatis on the
degradation process. Particularly, the removal efficiencies of CBZ and DCF (Figures
4.18a and b) in the presence of the TBA scavenger followed the order of pristine CM >
CeO, > CeQ+t+CeTiQ > CeTiQ, highlighting the influence of membrane surface

modifications on the degradation performance under these specific conditions.

The factthat the pristine membrane revealed the best degradation for the compounds

easily degraded by ozone suggests that the short HRT in combination with TBA enhanced

the direct oxidation with ozone as the produced: OH reacted with the TBA. More

t GUHRNRAcOO! AW W 6 Yl quWrAYUqecHqWqRAIIWWIRG R
surface, only favoring the compounds that can be easily degraded by ozone. Again, the

97 U0Ws ¢t WHe!I Pa! WeT t YI HIIHldDCH exhiitey Gighdi @legradatibh 2 | 'n ¢
(up to 40% with Ce@+CeTiQ) due to the electrostatic interactions with the deposited

metal oxides.
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Figure 4.18 Degradation of the pharmaceuticals &) CBZ, ) DCF, ¢) IBP, and¢) pCBAusing the

CM 300 kDa MWCO with different surface modifications in the presence of TBA; a hydroxyl

radical scavenger at 1:1 molar ratio relative to the total OMPs. (Operating cof@dMPs],| WUN MW, ~ A LW
[TBA] = 0.05 mM, [NaHC¢=1 mM, [TOD] = 4 mg¥)

Ce(O, and CeG+CeTiQ modified CMs achieved high degradation rates for IBP arpCBA
up to 40-50% (Figures4.18c and d). These findings emphasize the importance of CeO
infiltration throughout the microporous structure of the CMs for effective catalytic
degradation and mineralization of IBP andoCBA significantly improving access to
catalytic sites. Additionally, the CM pores can limit reactants within the microreactor
environment, enhancing interphase mass transfer and catalytic performancéWatts &
Wilesa, 2007) Among the different modified CMs studied, Ceg*CeTiQ stands out as
ideal for hybrid process applications, with the CeTiQ catalytic layer coating the
membrane's inner surface and CeQRUN R gl ¢ qRYU W61 Ya N6 VYe qllgé 1J
This functionalization enables catalytic effects on both the membrane surface and
internal pore surfaces. Consequently, using Ce@CeTiQ in this hybrid system can
create a synergistic effect between membrane filtration and catalytic ozonation, leading

to the effective degradation and mineralization of OMPs.

The ease or difficulty of degrading an OMP with ozone depends on its chemical structure
and functional groups. Due to its electronic configuration, ozone can engage in various

reactions in water, including oxidation, cycloadditions, and electrophilic substtutions
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[48]. Compounds that are easily degradable typically possess electromich functional

groups, which readily undergo electrophilic substitution with ozone. Such functional

groups include double bonds (C=C; found in CBZ), tertiary amine$Q-NH.), aniline

bl€ 9 ©; faund in DCF), phenol (GHs§ ¢ b ALW¢ UT WG 1Jaqd6 Y+ 14 (HidgneY& Gt LU bl «
Bader, 1983; Hollender et al., 2009; Huber et al., 2003; Nakada et al., 2007).

On the other hand, OMPs that are more challenging to remove often contain electron
withdrawing groups, such as fluorotCtF), nitro fOTN=0), chloro {CTF; found inpCBA),
¢ G RT 1JLWeie 9)pahdartoxylctC(=0)OH; found in IBP angCBA) (Hollender et al.,
2009; Nakada et al., 2007)These groups decrease the electron density in the compound,
inhibiting electrophilic substitution reactions. Additionally, the electronegative nature of

these groups makes them less reactive to ozone, creating a shielding effie

Remarkably, some OMPs, like carbamazepine and diclofenac, remain reactive with
ozone despite containing electronwithdrawing groups (amide in CBZ; chloro, and
carboxylic acid in DCF). This suggests that the presence and position of high electron
density functional groups, such as the aromatic amine in DCF and the C=C double bond
in CBZ (Nakada et al., 2007), can counteract the inhibitory effects of the electron
withdrawing groups. Ibuprofen, which lacks electronrich functional groups, is resistant
to ozonetreatment. However, it can be effectively removed through intensive biological
treatment (Falds et al., 2012; Smook et al., 2008). Additionally, ozorecalcitrant
micropolultants (e.g., atrazine orpCBA) can potentially be removed through oxidation

involving hydroxyl radicals (Guo et al., 2021)

4.2.5.3 Effect of matrix on pharmaceuticals degradation only with ozonation

Experiments using the HOMF system without any ceramic membranes were conducted
to investigate the effects of ozonation alone. Five different matrices were tested to
determine, first, whether the presence of bicarbonate (1 mM NaHC$ influences the
decomposition of O into - OH, and second, how the concentration of a scavenger
impacts the degradation of organic micropollutants (OMPSs) by ozone. Figudel9 shows
the degradation of the four model compounds when only ozonation is applied under

consistent operational conditions. As expected, the hydraulic retention time (HRT) was
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identical for all runs, limited to 0.56 seconds. This short HRT indicates a challenge in

achieving the decomposition of Q into - OH, resulting in inadequate degradation of IBP

and pCBA
101@ 10 1M IMIXI{TBA] = 1:1
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Figure 4.19 Degradation of the pharmaceuticals &) CBZ, p) DCF, ¢) IBP, and ) pCBAwith
ozonation alone in the presence of bicarbonate and/or scavenger (Operating conditions:
[OMPs],| IWUINMLW, ~AWa N7 & Wl WMIOMP WG ~ Ws NaN QD] E ARWHRP WG ~ Wel N

Additionally, the CBZ and DCF degradation is primarily determined by the integral of the
ozone exposure; the higher the exposure, the higher the degradation. From Figude$9a
and 4.19b, it can be seen that the presence of TBA increased the degradation of the CBZ
up to 90%, irrespective of its concentration, as it reacts with the potential radicals,
thereby increasing the exposure of the OMPs to ozone. Similarly, DCF degraded more in
the presence of TBA, although when bicarbonate was also added to the madr the
degradation slightly decreased. The lower degradation for both compounds CBZ and
DCF (~65 %) was recorded when the mixture (MIX) of the OMPs was exposed to ozone in
the presence of bicarbonate. This is because bicarbonate acts as a radical scavenge
reducing the availability of OH radicals for further degrading the OMPs. The experiments
underscore the significance of retention time and matrix composition in the

effectiveness of ozonation for OMP degradation.
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4.2.5.4 Application of real WWTP secondary effluent on HOMF system

The crossflow HOMF system was further tested with secondary effluent (SE) obtained
from the WWTP of Girona (Catalonia, Spain) to evaluate the effect of a complex water
matrix on the hybrid process. The Ce@CeTiQ modified membrane, which
demonstrated the best performance in removing the four OMPs, was selected for these
experiments, and its performance was compared to the pristine CM. Both membranes
underwent a fourcycle filtration operation with cleanings between cycles using 0.5 M
NaOH and demineralizedwater. During the first two cycles, the adsorption effect was
assessed, while aqueous @Qwas introduced in the latter two cycles. The permeability of
the membranes was measured after each cleaning step, and subsequent experiments
were not conducted until the permeability was restored (up to 4 times cleaning). The use
of a complex matrix suchas SE was expected to result in membrane fouling, i.e. lower

permeability after each run.

Figure 4.20 illustrates the degradation of the four OMPs after either adsorption or
ozonation using the pristine and Ce®@+CeTiQ modified CMs. The results for the four
cycles are presented separately to clearly demonstrate the performance of each
experimental run. Notably, only CBZ exhibited a significant change in degradation during
adsorption using the pristine CM; degradation ws negligible in the first cycle but
increased to 15% in the second cycle. For DCF, IBP, apBA the adsorption levels
remained consistent across treatments, following similar trends. While the adsorption
effect was more pronounced in experiments with clean water, it is believed that the
numerous compounds and ions found in SE competed for electrostatic interactions with

the tested OMPs, thereby diminishing the adsorption efficiency.

Regarding ozonation, CBZ and DCF demonstrated consistent degradation rates of
approximately 50% across all runs, with no significant variations between cycles. In
contrast, IBP andpCBAexhibited lower degradation rates of around 30%. However, the
modified CeO,+CeTiQ membrane showed slightly improved performance compared to
the pristine membrane. These results confirm that the impregnated CM can maintain its
catalytic activity even in complex matrices like secondary effluent, enhancing the

degradation of OMPs despite the presence of competing compounds and ions.
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Undeniably, the removal efficiency for all OMPs was significantly lower than that of the
DI water (CBZ and DCF were almost mineralizeds the molecules would not compete
for ozone or radicals. These findings are in line with the results of Lee et al. (2021), where
DEET was degraded by ~25% in R@jected water when the modified CM was utilized.
This further highlights the potential of C®,+CeTiQ modified membranes in advanced
wastewater treatment processes where diverse and challenging water matrices are

encountered.
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Figure 4.20 Degradation of the pharmaceuticals &) CBZ, ) DCF, ¢) IBP, and¢) pCBAusing the
pristine and CeQ+CeTiQ CM 300 kDa MWCO in secondary effluent. (Operating conditions:
A8~At eRUWI WNMW ™:Alla N§?2 e Wl WhLwWa nLwx

Table4.4 summarizes the chemical characteristics of the SE and the permeate collected
from the adsorption and ozonation experiments. Notably, the Total Organic Carbon
(TOC) of the SE doubled after the addition of the OMPs. Adsorption experiments with the
pristine CM did not reduce the organic load; however, a decrease from 29.5 to 23 mg L
was observed when Qaq was applied. The Ce@+CeTiQ modified CM showed a lower
TOC during adsorption compared to the pristine CM, and an even lower TOC of 20.2 mg

Lt during ozonation.

These results indicate that the degradation of OMPs can lead to an increase in TOC, as

noted in previous studies(Lee et al., 202), and that ozonation in complex matrices can
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slightly decrease the organic load. Although a higher ozone dose would likely be more
effective, it would also increase the process cost. Additionally, Tabld.4 shows that the
concentrations of measured anions and cations were lower with the Ce@CeTiQ
treatment, suggesting ion rejection phenomena. This is further supported by a ~30%
reduction in conductivity. Thus, it can be confirmed that the tweayer modification not
only promotes the decomposition of the Q but also can increase the size exclusion of
the CM by adsorbing even small inorganic contaminants (Bromate was not detected in
the sample analysis).

Table 4.4 Chemical characteristics of the secondary effluent and the permeate from the

CTtYI GaqRYUW e UT WYAYUeqRYUWW+GUW!I RGWUqt Wet RUNWaq6 1
ceramic membrane.

pristine 918 hWEW9 UN
Seconda
Parameter Units Y Adsorption Ozonation Adsorption Ozonation
effluent
TOC mg " 13.80+1.26 29.47+046 22.99+1.08 2412+0.88 20.260.90
TN mg " 3.14+0.13 3.02+0.01 252+0.14 2.65+0.06 2.22 +0.08
N- 8§ K mg " 1.36+0.33 1.83+0.03 1.31+0.10 1.55+0.02 1.25+0.01
N- 8 h mg " 0.07£0.03 0.03£0.00 0.06 £ 0.00 0.04 £ 0.00 0.04 £0.01
N- cW mg " 0.01+0.00 0.02+0.01 0.01 £0.00 0.03 £0.02 0.01 £0.00
SEs§MN mg ' 21.63+0.05 18.70+0.37 19.21+032 18.97+0.18 18.13+1.10
Na mg ' 111.2+0.60 99.2+0.05 104 + 0.60 101.2+1.54 100.2+6.20
Ca mg " 73.64+023 6421+136 66.97+125 60.35+225 5469 6.26
K mg " 2210+0.16 18.98+029 19.37+0.37 1891+0.17 1823+ 1.07
Mg mg " 1243+0.06 11.04+0.17 11.62+022 11.15+0.12 10.660.70
F mg " 0.12+0.01 0.10 £0.00 0.11+£0.01 0.10+£0.05 0.06 £0.01
Cl mg " 153.9+0.09 1359+269 143.5+223 139.2+1.30 133.58.83
Conductivity E WH 1016 +55.7 908.5+6.5 865.5+48.,5 790+ 102 749 £ 33
pH 7.68 + 0.07 7.86 +0.15 8.22+0.12 7.81+0.06 7.87 +0.08

* Values are given in average * standard deviation (SD), n=4 for SE and n=2 for pern
* Values for the treatments correspond to the concentration of the measured parameter in permeate

During the fourcycle experiments, the permeability or transmembrane flow (L i h™)
was recorded (Figure4.21). The initial permeability of the CMs was measured before
starting the experiments using DI water, and it was found to be 280 and 173 [*hi* for
pristine and CeQ+CeTiQ CM, respectively. After the first adsorption experiment, the

permeability dropped by 33% for the pristine, while a 29% reduction was recorded for the
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CeO,+CeTiQ modification. The CMs were washed with 0.5 M NaOH, followed by three
cleanings using DI water. The permeability was partially recovered, and the second
adsorption experiment was performed. Again, the permeability was reduced at the end
of the experiment ty 15% for both membranes. The same cleaning procedure was
repeated, and the ozonation experiment was performed. Notably, the permeability of the
pristine membrane was fully recovered, reaching 290 L fhh™. Regarding the modified

CM, the permeaility was recovered when compared to the beginning of the second

cycle, but it failed to reach the initial permeability value.

Interestingly, the permeability of the pristine membrane dropped by 33% after the first
ozonation experiment, suggesting fouling likely due to pore blockage. However, after the
second cleaning, the membrane fully recovered its permeability. In contrast, #adouble-
layer modified CM did not exhibit a significant decrease in permeability after the
ozonation experiment, indicating that the catalytic layer provided antifouling properties
in the presence of Q. In the fourth and final cycle, permeability decreasd by 26% for the
pristine CM and 17% for the modified CM, reaffirming the effectiveness of the deposited
metal oxides in degrading OMP molecules into smaller compounds. After repeating the
cleaning procedure, the permeability was restored to its level beire the second cycle.
Nonetheless, some pores were inevitably permanently blocked, and a thermal treatment

would likely be necessary to return the CM to its initial state.

During the experiments, samples from the permeate were collected to test whether there
was any leaching of the metals (Ce or Ti) occurring after their deposition. Metal analysis
revealed that no leaching occurred as the C&/Ce*" and T#/Ti** concentrations were

under the detection limit.
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Figure 4.21 Permeability recovery after adsorption and ozonation experiments with Secondary
Effluent for pristine (black dots) and Ce®@+CeTiQ (red diamonds) modified ceramic membrane.

Figure4.22illustrates the ozone concentration in the permeate during the HOMF process
using a pristine and a modified CM with Ce©-CeTiQ. Three different matrices were
tested: (a) demineralized water (DI) with bicarbonate, (b) DI with the addition of TBA as a
hydroxyl radical scavenger, and (c) secondary effluent (SE). Figute€2 shows that the
pristine CM with DI water exhibited the highest ozone concentration in the permeate,
approximately 4 mg Iéd. This high concentration suggests minimal ozone decompaosition
or reaction with the membrane and matrix, probably due to the low HRT. The modified
CM also showed a high ozone concentration in the permeate, slightly lower than the
pristine CM but still around 4 mg Itd. The slight reduction indicates some catalytic

activity of the CeQ+CeTiQ layer, contributing to ozone decomposition.

When TBA, a hydroxyl radical scavenger, was added, the ozone concentration in the
permeate dropped significantly to around 1 mg @. This decrease suggests that TBA
effectively scavenged - OH, reducing ozone decomposition and thus lowering the
permeate concentration. Similar to the pristine CM, the ozone concentration with the
modified CM and TBA also dropped to around 1 mgd. This indicates that the presence
of the CeQ+CeTiQ layer did not significantly change the scavenging effect of TBA on

- OH. In the SE matrix, the ozone concentration in the permeate was lower than in the DI
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water matrix, around 2 mg . This suggests that the more complex composition of SE,
including various organic and inorganic compounds, contributed to higher ozone
consumption. The modified CM in SE showed an ozone concentration of approximately
1.5 mg b, which is lower than the pristine CM in SE. This indicates enhanced catalytic
activity of the CeQ+CeTiQ layer in the more complex SE matrix, leading to greater ozone
decomposition and reduced permeate concentration. Moreover, this can be attributed

to the higher HRT since the ozone has more time to enter the pores and decompose.

pristine (CeO,+CeTiOx) pristine (Ce0,+CeTiOx) pristine (Ce0,+CeTiOx)
+ DI +DI +SE +SE +TBA +TBA

Modifications in CM and matrix

Figure 4.22 Residual ozone concentration [mg L] in permeate flow for pristine and Ce@+CeTiQ
modified membrane with demineralized water, with TBA at 1:1 molar ratio and Girona WWTP
secondary effluent (ozone residual concentration was determined with the indigmethod at 600
nm).

The results demonstrate that both the pristine and modified CMs show high ozone
concentrations in simpler matrices (DI water), with slightly better performance by the
pristine CM. The addition of TBA significantly reduces ozone concentration, highlighting
its effectiveness in scavenging hydroxyl radicals. In the complex SE matrix, ozone
concentrations are generally lower, with the modified CM exhibiting better catalytic
performance in decomposing ozone compared to the pristine CM. This suggests that the
CeO,+CeTiQ layer enhances the catalytic ozonation process, particularly in complex
matrices, making it more effective for wastewater treatment applications where ozone

decomposition and OMP degradation are crucial.

Utilizing the HOMF process with an inside@ut configuration and tubular ceramic

membranes at a 200 L h flow rate demonstrates a high degree of universality and
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applicability for real-world WWTPs. This approach combines the oxidative strength of
ozonation, which breaks down complex contaminants, with the physical separation
capabilities of membrane filtration, resulting in highquality effluent. In addition, tubular
ceramic membranes are known for their robustness and long operational life, making
them particularly suitable for sustainable WWTP operations. Additionally, their catalytic
modification can enhance contaminant retention within the membrane, reducing foling

and increasing overall efficiency.

Studies such as Cheret al. (2015) and Psaltou& Zouboulis (2020b) have demonstrated

significant improvements in contaminant removal when combining multiple treatment

technologies, similar to the hybrid approach used in this study. Furthermore, the
research by Kisielius et al.(2023) on ozonation followed by granular activated carbon
(GACQ) filtration and the recent review of Xie et a(2024) highlight the advantages of
integrating ozonation with filtration. In this study, ceramic membranes offer a more
durable and foulingresistant alternative, enhancing both the efficiency and
sustainability of the treatment process. These findings confirm that the HOMF
methodology with tubular catalytic ceramic membranes is a robust and effective
solution for advanced wastewater treatment, capable of addressing a wide range of

contaminants while maintaining operational stability.

Interestingly, Eniola et al.(2022), in their review on conventional and advanced hybrid
technologies, concluded that hybrid technologies have demonstrated greater
effectiveness than individual methods. However, one of the drawbacks of such
technologies is the required pretreatment when matices are complex and the need for

additional treatment units, thus increasingthe operational cost. The main operational

HY! qWYnWadé WlWe §~[ Wt !+ qldd Ws<YPnlknd 0JR anddd qus 7 lidgY LA
forthe cent Rna N¢ i WGea 0 G#HdH the) dzaHddeaeatdlk Mt the cost is lower

than those of the Advanced Oxidation Processes using UV reactors that can reach more

q 6 ¢ U LUN(@ehurdlsd al., 2021)

By mimicking actual WWTP conditions, the study ensures that its findings are relevant
and applicable, supporting the scalability of this hybrid system for both smalkcale pilot

studies and largescale implementations.

153



154



Chapter 43:

Impact of Ceramic Membrane Pore Size

and Metal Oxide Modifications on
Pharmaceutical Degradation in a Hybrid
OzonatioreMembrane Filtration Reactor

This chapter wa publishedas:

Nikoletta Tsiarta, Silvia Morow, Vilko Mandi, Arijeta Bafti, Lidija Qurkovi;, and Wolfgang

Gernjak. 203. "Impact of Ceramic Membrane Pore Size and Metal Oxide Modifications on
Pharmaceutical Degradation in a Hybrid Ozonatia» | { e 2 ] | ] 3rz®2 ] ®r ~ |
Journal of the European Ceramic  Society, 45(15), 117635.

https://doi.org/10.1016/j.jeurceramsoc.2025.117635



https://doi.org/10.1016/j.jeurceramsoc.2025.117635

156



4.3 Impact of Ceramic Membrane Pore Size and Metal Oxide
Modifications on Pharmaceutical Degradation in a Hybrid

Ozonation TMembrane Filtration Reactor

4.3.1 Graphical abstract
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Figure 4.23 Graphical abstract of Chapter 4.3
4.3.2 Background

Water contamination by micropollutants, including pharmaceuticals, personal care
products, and industrial chemicals, has become a critical environmental challenge.
These contaminants are often detected in trace amounts in surface water and
wastewater effluents and can pose risks to aquatic ecosystems and human health due
to their persistence and bioaccumulation potential (Bashir et al., 2020; Das et al., 2024;
Tarigan et al., 2025). Advanced oxidation processes (AOPs) have emerged as promising
solutions for the effective degradation of such organic micropollutants (OMPs). Among
them, catalytic ozonation has gained significant attention for its ability to enhance the
production of hydroxyl radicals OH), which are highly reactive and capable of degrading
a wide range of organic pollutants (Beltth, 2004; Huber et al., 2003; Hilbner et al., 2024;
Rame et al., 2023; J. Wang & Chen, 2020).
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Pharmaceuticals such as carbamazepine (CBZ), diclofenac (DCF), and ibuprofen (IBP)
are widely used and are frequently detected in wastewater due to incomplete removal
during conventional treatment processes (Virkutyte, 2013; Zhang et al., 2008). These
compounds, along with parachlorobenzoic acid (ECBA), are often used as model
micropollutants in studies due to their varied reactivity with ozone. CBZ and DCF are
easily reactive with ozone, while IBP angpCBA are relatively recalcitrant, requiring
advanced techniques for effective degradation (Guo et al., 2020; Hoigne & Bader, 1983;
Nawrocki & KasprzykHordern, 2010; B. Wang et al., 2019). However, catalytic ozonation
alone faces challenges such as ozone selflecomposition and the formation of toxic by
products (Y. Wang et al., 2022; Wu, 2023), necessitating the development of hybrid
systems to improve treatment efficiency (Eniola et al., 2022; Loganathan et al., 2022;
Mansas et al., 2020).

The integration of membrane filtration with catalytic ozonation provides a synergistic
approach to address these limitations (Guo et al., 2016; Lee et al., 2019; Psaltou &
Zouboulis, 2020). Ceramic membranes (CMs), in particular, are highly advantageouselu
to their chemical stability, durability, and adjusted pore sizes, which facilitate pollutant
retention and mass transfer of ozone (Chen et al., 2023; Jarvis et al., 2022). Moreover,
surface modification of ceramic membranes with catalysts such as ceriunoxide (CeQ)
and cerium-titanium oxide (CeTiQ) has shown promise in enhancing hydroxyl radical
production through ozone decomposition (Huang et al., 2023; Lee et al., 2021; Tsiarta, et
al., 2024b). This dual functionality makes modified ceramic membranes ideal for hybrid

ozonation-membrane filtration (HOMF) systems.

Despite the potential of these hybrid systems, key knowledge gaps remain. For instance,
the role of ceramic membrane pore size, characterized by molecular weight ctdff
(MWCO), in retaining micropollutants and promoting degradation is poorly understood.
Additionally, the influence of different surface modifications on hydroxyl radical
generation and degradation pathways has not been systematically studied in crossflow

reactors (Zhu et al., 2011).

The present study aims to address these gaps by investigating the impact of ceramic

membrane pore size (50 kDa, 150 kDa, 300 kDa, and 200 nm MWCO) and surface
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modification (CeO,, CeTiQ, and CeQ+CeTiQ) on the degradation of four model
micropollutants (CBZ, DCF, IBP, andoCBA). The experiments were conducted in a
continuous-flow HOMF reactor, using both demineralized (DI) water and tertiary butanol

(TBA) as a radical scavenger to explore the role of hydroxyl radicals.

We hypothesize that the interaction between molecular weight cubff (MWCO) and
surface modification will significantly influence degradation efficiency, particularly for
ozone-recalcitrant compounds. Membranes with smaller MWCQOs are expected to
enhance pdlutant retention, increasing their exposure to ozone and hydroxyl radicals.
Meanwhile, surface modifications will further improve degradation by catalyzing radical
generation. This study provides insights into optimizing HOMF systems for advanced

water treatment.

4.3.3 Ceramic membrane preparation and characterization

4.3.3.1 Physical and chemical changes

The phase composition of the modified ceramic membranes was assessed usingrdy
diffraction (XRD) to evaluate the impact of surface modification and MWCO on the
presence of crystalline phase (Figurel.24). The membranes were modified with either a
single CeTiQlayer, a dual layer consisting of Ceg followed by CeTiQ(CeQ. + CeTiQ),
and single CeQ layer. All membranes, regardless of modification or pore size, exhibited
a cubic zirconium oxide (ZrQ) phase (ICDD PDF#49642) as the main crystalline phas,

providing a stable substrate for catalytic coatings.

Traces of other zirconia polymorphs, such as tetragonallCDD PDF#561089) and
baddeleyite ZrO, (monoclinic; ICDD PDF#371484), were observed in selected samples

(e.g., 50kDa CeTiQ, 200nm CeORCeTiQ), suggesting minor phase transformations or

local variations in crystallinity due to the calcination process.This observation aligns

with previous analysessl Nt R¢ | g ¢ AW~ Y | . YierRiplshses wetd @ldordsidetsdv = M b
rutile TiO, (ICDD PDF#211276) was present in all samples, while small amounts of
anatase (ICDD PDF#211272) or brookite (ICDD PDF#291360)were identified in certain

CeTiQ and CeORCeTiQ-modified membranes, with brookite better fitting the 200nm
CeORCeTiQ sample.
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Regarding the ceriumbased phases, cubic cerium oxide (Ce@ ICDD PDF#340394) was
barely detectable due to the significant overlap with the cubic Zrgpbhase (ICDD PDF#49
1642). However, traces of Ce@were identified in 150 kDa Ce@+ CeTiQ and 50 kDa
CeTiQ. Although CeQ is present in ceriamodified samples, limited visibility is likely due

to thin coating layers or subdetection concentrations of the XRD analysis.

The presence of different crystalline phases significantly affects the catalytic
performance of the membranes. Cubic Zr@, known for its high thermal stability and
chemical resistance, is a robust substrate for catalytic coatings. At the same time, titania
phases play a crucial role in promoting the generation of reactive oxygen species (ROS).
Rutile, being the thermodynamially stable phase of titania, provides enhanced
structural integrity, whereas anatase and brookite are associated with higher
photocatalytic activity and better adsorption properties for organic pollutantgDiazReal
et al., 2016; Zerjav et al., 2022)The presence of cerium oxide is particularly important
due to its oxygen storage capacity and redox properties, which facilitate the conversion
of molecular ozone to highly reactive hydroxyl radicals, thereby improving the overall
degradation efficiency of organic micropollutants (Orge et al., 2012) Moreover, the
mixed oxide coatings (Ce®@+CeTiQ) could introduce synergistic effects that futher
enhance catalytic activity by improving the dispersion of active sites and increasing

surface reactivity (Lee et al., 2021)
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Figure 4.24 X-ray diffraction (XRD) patterns of the Ceggreen), CeTiQ(blue), and CeQ+CeTiQ
(red) modified ceramic membranes ranging from 50 kDa t0 200 nm MWCO.

To evaluate the impact of the modifications on membrane composition and elemental
distribution, energy dispersive Xray spectroscopy (EDS) was performed on both
ultrafiltration (50 kDa) and microfiltration (200nm) membranes before and after surface
modification (Figure 4.25). The results confirmed successful incorporation of Ce and Ti
species. Notably, increasing Ce was observed in samples with greater contenivith
greater pore size and more layers: the CeTi®nodification yielded 6.6% Ce in 5&kDa
membranes and 14.8% in 200bm membranes, while the duallayer CeQ+CeTiQ
modification further enhanced Ce loading to 21.4% and 30.6%, respectively. These
findings confirm that largepore membranes facilitate catalyst dispersion and that the
combined oxide coating (duatlayer) allows greater quantification of metal content

compared to single layer samples (CeTialone).

The complementary SEM images (FiguretS3.3) provided qualitative confirmation of the
surface integrity and coating homogeneity across all MWCOs. Although some cracking
was observed, especially in smallespore membranes with duallayer coatings, the
overall surface morphology remained consistent Wth expected porous ceramic
structures. These features are discussed further in the Supplementary material (Text

$4.3.1). Furthermore, based on previous SEM analysis from our groygsiarta et al.,
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2024), the thickness of the active Zr@ layer was estimated to be 35, m, with an
intermediate dense layer of approximately 7680, m; the metal oxide coatings were in
the nanometer range but could not be precisely quantified due to SEM resolution

limitations, however, multi-layer coatings are somewhat thicker.
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Figure 4.25 Elemental analysis of the 50 kDa (UltrafiltratioArUF; top) and 200 nm (Microfiltration
MF; bottom) ceramic membranes before and after the surface modifications.

Atomic force microscopy (AFM) was used to assess changes in surface topography after
modification of the ceramic membranes (Figure 4.26 and Figure S4.3.4). The images
confirm that pristine and modified membranes retain typical ceramic morphology, with
varic RYUW RUOW 6 YAGYNWUWRa! WT WGWUT RUDN Wnioditidd~i 9 § L
membranes exhibited smoother and more uniform surfaces across all MWCOs, while
CeTiQ and especially the duatli ¢ ! 131 W9 1) &FaudgslshbRedl greater roughness
and irregularities, paticularly in membranes with lower MWCOs (50 and 15KDa). This
trait suggests better dispersion and adhesion of the Cefxoating, likely due to the more
homogeneous, more stable and viscous colloidal solution used in the modification
process (more details in Tsiarta et al., 2024). These morphological differences may affect
pollutant retention, fouling behavior, and the avdability of surface-active sites for ozone
decomposition, thus influencing catalytic performance. These findings align with the
SEM reslts, which show that the duallayer coatings exhibited more pronounced

cracking, due to lower level of homogeneity of the colloidal solutions.
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Figure 4.26 Amplitude of the surface of the four MWCO and pore size ceramic membranes,
starting from left 50 kDa, 150 kDa, 300 kDa, and 200 nm for the following modificationsi-¢)
pristine, (e-h) CeQ, (i-I) CeTiQ, and (m-p) CeQ+CeTiQ. Root Mean Square Roughness RMS or
R,in nm) is noted with white color.

4.3.3.2 Porosity and Pore Size Distribution

Mercury intrusion porosimetry (MIP) was used to investigate how surface modifications
affect pore structure and permeability. Figure 27 shows the porosity and pore size
distribution of the different ceramic membranes. The differential intrusion curves (Figure
4.27 atd) revealed two ranges of pore size across all MWCOs: smaller pores below 100
nm, corresponding to the active ZrQor TiQ layer, and larger pores around 4500 nm,
which are associated with the support layer composed of Ti© Modifications with CeOR

CeTiQ, and CeORCeTiQ altered the distribution of small pores and reduced the overall
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