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Life is not easy for any of us. But what or that? We must have perseverance and above all
confidence in ourselves. We must believe that we are gifted for something, and this thing

must be attained.

— Marie Curie

To my husband, Santiago



Table of contents

ACKNOWIEAGEMENTS ...t v
ADSTFACT. ...t nreas Vil
SCIENTITIC ProAUCTION.........oiiiiicec e Xii
LISt OF TaDIES ... s Xiv
LIST OF FIQUIES....cceee e XV
List of abbreviation...........ccccoiiiiii Xviii
1. Chapter 1. INtroduCtioN .........cccoeiiieiiie e 10
1.1 Global Water SITUALION ........ccuviieiieieiie et 10

1.2 Contaminants of emerging concern: pharmaceuticals ............ccccceovverinininennnnn 11
1.2.1 Pharmaceutical effects on the environment............ccocceeeeviveiviienieenecie s 13

1.2.2 Regulations on micropollutants in Water reSOUICES...........coovererererenereniens 14

1.3 Advanced oxidation process applied to the removal of pharmaceuticals ............. 15

N @ 70 - o] o ST P RPN 16

1.5 Ozone-advanced oXidation PrOCESSES. ......ccuviviireerreiiieiriesieseesteesieseesreeseeseesreeeens 18
1.5.1 PEIOXONE PIOCESS .....uvvieiurereisreeeisieeessireessteeessseesssteesssseeessseeessseessssessssessnssessnses 18

1.5.2 PhotolytiC 0ZONALION..........eiiiieiii et 19

1.5.3 Heterogeneous catalytiC 0ZONAtioN...........cceveieiierierenineseeee e 20

1.5.4 Ozone/peroXymonOoSUITALe ... 21

1.6 ODJECTIVES ...ttt bbbt bbb e 23
1.6.1 General ODJECTIVE. .......coeiiiiiieeee e 23

1.6.2 SPECITIC ODJECHIVES. ...c.ve et 23

L7 NOVEILY .ottt e a e re e 23

1.8 TheSIS OULIING ... 24



2. Chapter 2: Materials and methods............ccccovveviiiiiiiicce e, 25

2.1 ChemiCalS rBAGENTS.......cee ettt sttt 25
2.1.1 Target pharmaceULICaLS .........ccooiiiiiieiice s 25
2.1.2 ZEONTES ... 26
2.1.3 Other chemicals and reagents employed............ccocvviiniieicnen s 27

2.2 EXPEriMENtal SEE-UPS ......oiviiiiiiiiiiieiee et 27
2.2.1 Bubble column reaCtOrS.........cceoviiiiieiieiec e 27

2.2.1.1 Bubble column NO. 1 ....ccoooiiiiiieee e 27
2.2.1.2 Bubble column NO. 2 .....ocoiiiiiieeee s 29
2.2.2 Tubular 0zone membrane CONtACTON ...........cceiiiiiiiiiisee e 31

2.3 WALEE MALITCES. ...ttt bbbt nb b nre s 33
2.3.1 Distilled water spiked with a model pharmaceutical................cccoceiiiininnns 33
2.3.2 Wastewater sample from WWTPS in SPain ..........ccoovviiiinininienenc s 33
2.3.3 Wastewater sample from WWTP in Portugal ...........ccccooviiiiiniiiicnenns 34

2.4 Analytical MEthOUS..........coviiiece e 36
2.4.1 Determination of pharmaceuticals in wastewater samples ..............cccceeueenee. 36
2.4.2 Determination of ibuprofen in distilled water .............cccccoevveiiiivie i 37
2.4.3 Identification of degradation intermediates...........cccccveiieerieiiienie e 37
2.4.4 Dissolved 0ZONne CONCENTIAtION. .........cviiiieieieicsie e 37
2.4.5 Total 0rganiC CarboN..........ccoiiiiiiiieicee e 38
2.4.6 Wastewater CharaCterization ............cocooveieienene s 39
2.4.7 Catalyst CharaCterization ...........cocuviiieiiiee e 39
2.4.8 Environmental risk aSSESSMENT ........cceoviirieiiiiieieise e 40

3. Chapter 3. Evaluation of different ozone-based AOPs in terms of

elimination of a model compound in aqueous solution................ccce....... 42
K20 A [ oo [0 od o] o ISR ORI 42
3.2 EXperimental ProCEAUIE ...........oviiiieieiesese e 44
3.3 Calculation of 0zone mass DalanCe ..o 45

3.4 RESUIES AN QISCUSSTION ...ttt e et e e e e e e e e et eeeeeeeenanaes 46



3.4.1 Ozintensified by UVC light ........ccooiiiiiiie e 46

3.4.2 Oz intensified by an OXidant.........ccocviiiiiieie e 49
3.4.2.1 Effect of H202/03 and PMS/Os molar ratios............c.ccoovveeviiiiiinnniennn 49
3.4.2.2 Comparison of O3/H202 and O3/PMS ... 51

3.4.3 Os intensified by a zeolite catalyst..........cocooviiiiiiiiiii s 54
3.4.3.1 Characterization 0f ZEOITES .........cceviiiiiiieie s 54
3.4.3.2 Removal of ibuprofen by catalytic 0zonation .............ccccceeveviveivciecnnnne, 56

3.4.4 Comparison of 0Zone Dased AOPS.........cc.cceiieieiiese e 60
3.4.4.1 Synergistic effect aSSESSMENT .........ccviiiiiiiieiir e 60
3.4.4.2 Analysis of energy consumption effiCiency .........ccccevveiiiivieiiiciie i 61
3.4.4.3 Total operational COSES .........cccuriiiiieieieie s 63

3.4.5 Identification of main degradation products of selected Os-based AOP........ 64

3.5 CONCIUSIONS ...ttt bbbttt b bbb 68

4. Chapter 4. Application of catalytic ozonation in the elimination of

pharmaceuticals in real wastewater ............ccccocevveveeiie i 69
o I T [FTox {To] ISR PSRRI 69
4.2 EXperimental ProCEAUIE ........ecciii ittt 70
4.3 ReSUILS aNd dISCUSSION......cueeiiiiieiiieie ettt 71

4.3.1 Pharmaceuticals detected in wastewater Samples ...........ccoovveveieicnencnenn. 71
4.3.2 Adsorption of pharmaceuticals on NaY zeolites.........ccoocvvvvieeienieneernene 73
4.3.3 OZONAtioN trEALMENT ......ccveeieeiieceeie et ee e 76
4.3.4 Catalytic 0Zonation treatMent...........ccovvieieieieie s 79
4.3.5 Environmental riSK aSSESSIMENT .........cccuvirierieiierieie e 82
4.4 CONCIUSTIONS ...ttt ettt b et s e e bbb sbesbenre s 85

5. Chapter 5. Evaluation of an ozone membrane contactor to enhance
gas/liquid mass transfer and its application in the removal of

pharmaceuticals in real wastewater ............cccoccvevceeviiiiniie s 86
T8 A a0 To [0 od o] o OSSR 86
5.2 Experimental setup and ProCEAUIE .........cveveiieieere e 88

5.3 Estimation of ozone mass transfer in the membrane contactor.........cccccccvveeevvenn. 89



5.4 RESUIS AN QISCUSSTON ...ttt ettt e e e e e e et eeeeeeeeaae 92

5.4.1 Effect of inlet gas stream flOW rate ...........cccooveveiiiecic e, 92
5.4.2 Effect of the ozone concentration in the inlet gas stream.............ccccceveerenee. 93
5.4.3 Effect of liquid FIOW rate .........cccooiiiiiiiice e 94
5.4.4 Estimation of membrane transfer coefficient and mass transfer resistances.. 96
5.4.5 Comparison with other gas-liquid contactor SyStems ..........cccccevevereieninnnns 99
5.4.6 Occurrence of pharmaceutiCalsS ...........ccooveeiiieiicce e 103
5.4.7 PhACs removal using the 0zone membrane contactor..............ccccceevverieennene 104
5.4.8 Effect of the ozonation process on the global parameters..............ccccceveennee. 109
5.4.9 Mass transfer by chemical reaction in the liquid phase .........ccccccevvviieenen. 111

5.5 CONCIUSIONS ...ttt 113
6. Chapter 6. Conclusions and recommendations................ccccceveenee. 115
6.1 Recommendations and fUtUre WOrK...........ccocooiiiiiiinen e 119
RETEIENCES ...t nee e 120

F AN 1 LD G 143



Acknowledgements

I would like to extend my heartfelt gratitude to my advisers, Prof. Santiago Cardona
(Universidad Nacional de Colombia, campus Medellin) and Prof. Ricardo Torres Palma
(Universidad de Antioquia) for their guidance, support and motivation throughout my PhD
study. | want to express my special thanks the Prof. Javier Silva for his important
contributions and excellent disposition during my PhD. | am also thankful to Javier Navarro
Laboulais, who generously provided knowledge and expertise in the ozonation processes.

Thanks to the Universidad Nacional de Colombia (Medellin campus) for providing me the
necessary resources, educational infrastructure and academic environment. Thanks to all my
friends and officemates, Eliana, Diana, Alexander, Luna, Camila and Natalia, for your

support and friendship during my PhD study.

I want to extend special thanks to GIRAB (Grupo de Investigacion en Remediacion
Ambiental y Biocatalisis) from Universidad de Antioquia for the opportunity of joining in
the research group and for providing additional resources that facilitated my research.
Special thanks to my fellows: Efraim, Camilo, Elizabeth, Dayana, Martica, and Marcela,
who have provided encouragement, shared valuable insights, and offered their support
during the various stages of this research. Your camaraderie and discussions have enriched

my academic experience.

I would also like to thank to Antonio Chica for giving me the opportunity to do a research
stay in the Instituto de Tecnologia Quimica (ITQ) at the Universitat Politécnica de Valencia,
likewise for his kind help and provided knowledge in zeolites. Many thanks to Bea, Lorena,

and Raul, who participated in the field and laboratory work.

I would also like to acknowledge the support from Vitor Vilar and his team for welcoming
me for six months in the Laboratory of Separation and Reaction Engineering-Laboratory of
Catalysis and Materials (LSRE-LCM) at the University of Porto, Portugal. Thanks to my



colleges there: Agustina, Fabiane, Sandra, Carla, Pedro Presumido, and specially thanks to

Mateus Pituco, for all support that was so valuable during my stay.

Thanks also to the Research Institute for Pesticides and Waters (IUPA) at Universitat Jaume
I (Spain), specially to Felix, Ana Maria, Maria Ibafiez, Elena Pitarch and Claudia Simarro to
helping me with all quantification analysis of the wastewater samples and for the
identification of transformation by-products.

Thanks to the entity who founded my doctoral studies with the programs: Scholarship
Program No. 758-2017 - National Doctorates of the Ministry of Science, Technology and
Innovation of Colombia (MINCIENCIAS).

Finally, my deepest gratitude belongs to my family, specially to my husband Santiago, who
whose love, encouragement, and understanding have been a constant source of strength. |
also express my thanks to my parents Luis y Arelis, to my brothers Ronny and Jonathan, to
my sister-in-law Tatiana, my mother in law Isabel, and to my dear friend Yurany, for their

valuable support and to kept me motivated and focused on achieving this goal.

Infinite thanks to all!!

Vi



Abstract

Due to the ever-increasing concerns about the release of contaminants of emerging concerns
(CECs) in different water compartments, the need for effective and sustainable water
treatment methods has become a significant issue. These CECs, which include various
pharmaceuticals active compounds (PhACs), personal care products, and other pollutants,
pose challenges to conventional water treatment processes. As a result, there is a growing
need to implement alternative solutions to tackle this pressing issue and ensure the protection
of our water resources. In this context, the application of advanced technologies like
ozonation water treatment processes has emerged as a promising approach to address the
removal of recalcitrant organic compounds, specially PhACs, and safeguard the quality of

our water supply.

Ozonation stands out as a versatile and powerful technology capable of directly and
selectively to attack organic compounds, particularly under low pH conditions. Additionally,
under alkaline pH conditions, ozone can undergo decomposition via a chain reaction
mechanism and generate highly reactive and less selective hydroxyl radicals (HO"). Despite
its high effectiveness as water treatment technique, conventional ozonation faces two main
drawbacks: incomplete mineralization and, consequently, accumulation of unknown

reaction by-products, as well as gas-liquid mass transfer limitations.

This PhD thesis work focuses to contribute to the existing knowledge regarding the different
ozone-based advanced oxidation processes as strategies to enhance/intensified the chemical
performance of the ozonation process towards PhACs removal. As well, to expand
knowledge regarding to the evaluation of the performance of an ozone membrane contactor
as a potential strategy for the intensification ozone—liquid mass transfer, and its application

in the removal of PhACs in real wastewater samples.

Initially, the potential of the different Os-based AOPs including Os and combinations of
03/UVC, O3/PMS, O3/H202 and Os/zeolite Y were investigated, and their ability to enhance
the removal of ibuprofen (an ozone-resistant compound) in comparison to conventional

ozonation. Process efficiency was evaluated in terms IBU mineralization level, ozone

vii



utilization efficiency, and energy consumption. The most promising Os-based process was
chosen for further investigation in the elucidation of IBU transformation products and its
application in the removal of mixture of PhACs detected in real wastewater samples. The
results indicated that Os-based AOPs not only enhanced the removal and mineralization of
IBU but also improved the transfer and consumption O3 doses during the coupled systems
compared to the single ozonation. Catalytic ozonation using NaY-60 zeolites demonstrated
greater benefits, proving to be the most cost-effective process in terms of operational costs
for both the degradation of IBU and the reduction of mineralization. Three degradation by-
products were identified for IBU in the catalytic ozonation using NaY zeolites, evidencing

the attack sites of IBU by oxidative species.

The application of catalytic ozonation using NaY zeolites with two different SiO2/Al203
molar ratios (60 and 12) was evaluated in the removal of 27 PhACs compounds present in
real effluents from two municipal wastewaters treatment plants of the Mediterranean coast
of Spain. Control experiments such as adsorption and single ozonation were performed in
order to clarify fundamental aspects of the different systems in real wastewater samples. The
results indicated that simultaneous use of ozone and NaY zeolites significantly improved the
micropollutants degradation rate. The environmental risk assessment showed that the risk
quotients of pharmaceuticals were diminished after ozonation in presence of NaY-60 and
NaY-12 zeolites.

The characterization of a tubular porous stainless steel membrane contactor in terms of
0zone-water mass transport was investigated. The volumetric mass transfer coefficient (Kra)
was evaluated as a function of ozone gas concentration, liquid, and gas flow rate. The results
showed that Kia values were substantially improved with an increment in liquid flow rate,
due to the enhanced turbulence on the membrane shell-side and annular zone. The influence
of different specific ozone doses (g Oz g DOC™) and ozone inlet gas concentration were also
investigated in the removal of 23 PhACs detected in secondary-treated municipal

wastewater. The elimination of PhACs was strongly correlated with Kinetic reaction
constants values with ozone and hydroxyl radicals (ko and kxo*), resulting in a characteristic

elimination pattern for each compound group.
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Resumen

Debido a la creciente preocupacion sobre la liberacion de contaminantes de preocupacion
emergente (CECs) en diferentes compartimentos de agua, la necesidad de métodos efectivos
y sostenibles de tratamiento de agua se ha convertido en un tema significativo. Estos CECs,
que incluyen varios compuestos activos farmacéuticos (PhACSs), productos de cuidado
personal y otros contaminantes, plantean desafios a los procesos convencionales de
tratamiento de agua. Como resultado, existe una creciente necesidad de implementar
soluciones alternativas para abordar este problema apremiante y garantizar la proteccion de
nuestros recursos hidricos. En este contexto, la aplicacion de tecnologias avanzadas como
los procesos de tratamiento de agua mediante ozonacion ha surgido como un enfoque
prometedor para abordar la eliminacion de compuestos orgéanicos recalcitrantes,

especialmente PhACs y salvaguardar la calidad de nuestro fuentes de agua.

La ozonacion se destaca como una tecnologia versatil y poderosa capaz de atacar directa y
selectivamente compuestos organicos, especialmente bajo condiciones de pH é&cido.
Simultdneamente, bajo condiciones de pH alcalino, el 0zono puede sufrir descomposicion a
través de un mecanismo de reaccion en cadena y generar radicales hidroxilo (HO") altamente
reactivos y menos selectivos. A pesar de su alta efectividad como técnica de tratamiento de
agua, la ozonacion convencional enfrenta dos desventajas principales: la mineralizacion
incompleta y, en consecuencia, acumulacion de subproductos de reaccion desconocidos, asi

como limitaciones en la transferencia de masa gas-liquido.

Este trabajo de tesis de doctorado se enfoca en contribuir al conocimiento existente sobre
los diferentes procesos avanzados de oxidacion (AOPs) basados en 0zono como estrategias
para mejorar o intensificar el rendimiento quimico del proceso de ozonacion para la
eliminacién de PhACs. Ademas, tiene como objetivo ampliar el conocimiento sobre la
evaluacion del rendimiento de un contactor de membrana para la inyeccion de 0zono como
una estrategia potencial para intensificar la transferencia de masa ozono-liquido y su

aplicacion en la eliminacién de PhACs en muestras de aguas residuales reales.



Inicialmente, se investigd el potencial de los diferentes AOPs basados en Os, incluidas las
combinaciones de O3/UVC, O3/PMS, O3/H202 y Os/zeolita Y, y su capacidad para mejorar
la eliminacion del ibuprofeno (IBU) (un contaminante resistente al 0zono) en comparacion
con la ozonacion convencional. La eficiencia del proceso se evalud en términos de nivel de
mineralizacién de IBU, eficiencia de utilizacion de ozono y consumo de energia. El proceso
basado en O3 méas prometedor se eligié para una investigacion adicional en la elucidacion de
los productos de transformacion del IBU y su aplicacion en la eliminacion de una mezcla de
PhACs detectados en muestras de aguas residuales reales. Los resultados indicaron que los
AOPs basados en O3 no solo mejoraron la eliminacion y mineralizacion del 1BU, sino que
también mejoraron la transferencia y el consumo de dosis de Os durante los sistemas
acoplados en comparacion con la ozonacion sola. Se selecciond la ozonizacién catalitica
utilizando zeolitas NaY como el tratamiento mas adecuado, tomando en cuenta diferentes
criterios como indice de sinergia, energia eléctrica por pedido (Eeo) y costos totales de
operacion. Se identificaron tres subproductos de degradacion del IBU en la ozonizacion
catalitica utilizando zeolitas NaY, evidenciando los sitios de ataque del IBU por especies

oxidativas.

Se evaluo la aplicacion de la 0zonacion catalitica utilizando zeolitas NaY con dos relaciones
molares diferentes de SiO2/Al:03 (60 y 12) en la eliminacion de 27 compuestos PhACs
presentes en efluentes reales de dos plantas de tratamiento de aguas residuales municipales
en la costa mediterranea de Esparfia. Se realizaron experimentos de control, como adsorcion
y o0zonacion Unica, para aclarar aspectos fundamentales de los diferentes sistemas en
muestras reales de aguas residuales. Los resultados indicaron que el uso simultaneo de ozono
y zeolitas NaY mejord significativamente la velocidad de degradacion de los
microcontaminantes. La evaluacion del riesgo ambiental mostro que los cocientes de riesgo
de los productos farmacéuticos disminuyeron después de la ozonacion en presencia de
zeolitas NaY-60 y NaY-12.

Se investigo la caracterizacion de un contactor de membrana de acero inoxidable poroso en
términos del transporte de masa ozono-liquido. Para la caracterizacion hidrodinamica, el

coeficiente volumétrico de transferencia de masa (Kia) se evalué en funcion de la



concentracion de gas ozono, el caudal de liquido y gas. Los resultados mostraron que los
valores de KLa mejoraron sustancialmente con un incremento en el caudal de liquido, debido
a la turbulencia mejorada en el lado de la carcasa de la membrana y la zona anular. También
se investigo la influencia de diferentes dosis especificas de ozono (g Oz g DOC?) y la
concentracion de gas de entrada de ozono en la eliminacién de 23 PhACs detectados en
aguas residuales municipales tratadas secundariamente. La eliminacion de los PhACs se
correlaciono fuertemente con los valores de constantes de reaccion cinética con ozono y
radicales hidroxilo (kos y kuno-), 0 que resulté en un patron caracteristico de eliminacion para

cada grupo de compuestos.
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Chapter 1. Introduction

1.1 Global water situation

Water is one of the natural resources indispensable for the balance of Earth and essential to
living beings. The planet surface is covered by two-thirds of water, however, despite the
large volume available of water, only 2.5 % of the total water on Earth is freshwater, and
only 0.4% is available and suitable for human consumption (Shiklomanov, 2009).

Since the 1980s, water use has increased worldwide by about 1% per year. Currently, global
water demand has been estimated to be about 4600 km?® every year, and it is projected to
increase by 20-30% to a range of 5500 km? annually by 2050 (Figure 1.1) (OCDE, 2020).
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Figure 1.1 Global water demand (as freshwater withdrawals) in 2000 and 2050 for different
regions in the world. OECD (Organization for Economic Co-operation and Development);
BRIICS (Brazil, Russia, India, Indonesia, China, South Africa); ROW (rest of world).
Source: (OCDE, 2020).
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This increase in water demand is mainly related to continuous population growth, rapid
urbanization, socio-economic development, and inefficient water management practices
(Sabale et al., 2022). The impact of climate change has further compromised the water
quality and availability for supply. Increases in the frequency of abnormal events such as
flooding, extreme temperatures, and temporary drying up of streams are affecting the
availability of freshwater around the world (Gosling and Arnell, 2016).

Current consumption rates, further expansion and growth of the human population have
exacerbated water stress and scarcity within regions. Water scarcity is a growing problem
worldwide, affecting millions of people and leading to various social, economic, and
environmental challenges (du Plessis, 2019). According to the United Nations report, 47%
of the global population (equivalent to 3.6 billion) already live in areas that suffer from water
scarcity at least one month every year. By 2050, this number is projected to increase to 5
billion people (World Water Assessment Programme, 2018). Another main cause to
increased water stress around the globe is water pollution. The release of both natural and
anthropogenic factors in the aquatic environment is affecting the quality of water bodies.
Hence, the efficient and sustainable management of water resources to provide freshwater

has become one of the main challenges that our society has to face nowadays.

1.2 Contaminants of emerging concern: pharmaceuticals

Over the past few decades, the continuous development, the production, and disposal of an
uncountable number of organic chemicals used in daily human activities have contributed
to the widespread occurrence of many of these substances in the aquatic environment,
including freshwater resources (Vasilachi et al., 2021). This group of chemicals, typically
detected in aquatic ecosystems and wastewater at low concentrations (ng L™ - pug L™?) is also
referred to as contaminants of emerging concern (CECs) or micropollutants. These
compounds have been present for a long time in environmental compartments, although
their levels and harmful impact on ecosystems, are now a matter of concern among
governmental institutions, the scientific community, and citizens (Rivera-Utrilla et al.,
2013). According to NORMAN database (https://www.norman-network.net), CECs

comprise a list of almost 1000 substances grouped into 21 classes: pharmaceutically active

compounds, personal care products, synthetic and natural hormones, surfactants, flame
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retardants, pesticides, and their degradation products, naturally occurring algal toxins, etc.
(NORMAN, 2022).

Among CECs, pharmaceutically active compounds (PhACs) have received special attention
due to their extensive consumption for human health and consequent discharge to the
environment (Nannou et al., 2015). These compounds entailing different therapeutic groups
such as: anti-inflammatories, antibiotics, hormones, anticonvulsants, anti-hypertensives,
anxiolytic, antidepressants, beta-blockers, lipid regulators, contrast agents, etc. Their
consumption has been increasing for decades, driven by a growing need for drugs to treat
age-related and chronic diseases, and the self-medication practices (aus der Beek et al.,
2016). According to the IMS Institute for Healthcare Informatics, by 2020, the use of
pharmaceuticals reached 4500 billion doses, approximately 24% more than in 2015
(QuintilesIMS and its affiliates, 2015).

This notable worldwide increase in medicines has represented a great advance of modern
society, but it has also been paralleled by the ubiquitous occurrence of these compounds in
natural ecosystems (Fent et al., 2006). Once a pharmaceutical is consumed, the human body
may only metabolize a fraction of the administered dose. The non-metabolize active
substances are excreted mainly in the urine (55-80%) and, to a lesser extent, in the feces (4-
30%), as parent compounds, conjugates, or metabolites (Jjemba, 2006). Subsequently, they
enter into the water cycle, via wastewater treatment plants (WWTPs). Some of these PhACs
are degraded during the sewage treatment process (e.g. biodegradation or adsorption onto
sludge) (H. Jones et al., 2005). Nevertheless, the complete elimination of these contaminants
in wastewater is hardly achieved, in part due these systems are designed for partial
purification of wastewater (removal suspended solids and biodegradable organic matter),
and therefore, many of them pass unchanged reaching water bodies (Jelic et al., 2011).
Hence, wide ranges of numerous pharmaceuticals, including antibiotics, analgesics,
antihypertensives, steroids, among others have been measured in low concentrations in
treated urban wastewater, surface water and even in drinking water sources across various
countries of the world (Bijlsma et al., 2021; Boyd et al., 2003; de Jesus Gaffney et al., 2015).

In the case of Colombia, Botero-Coy et al., (2018) detected 20 pharmaceuticals in WWTPs

effluents from Bogotd and Medellin. The highest concentrations were found for the
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analgesic acetaminophen (0.16-29.6 ug L), the antibiotic azithromycin (3.9 ug L), the
antihypertensives losartan and valsartan and nonsteroidal anti-inflammatory drug naproxen,
which were commonly above 1 pg L™ Those levels are higher than found in urban
wastewater. Similarly, Hernandez et al., (2015) detected several PhACs in wastewater
effluents from Bogota and surface waters (Tunjuelo River). In this area around 2.5 million
inhabitants discharge their sewage directly to this river without any treatment. The
compounds most frequently found were acetaminophen, carbamazepine, clarithromycin,

diclofenac, and ibuprofen.

1.2.1 Pharmaceutical effects on the environment

Even though pharmaceuticals are detected at very low concentrations they are still pseudo
persistent and bio-accumulate in the aquatic ecosystems due to their relatively low
degradation potential, extensive use and continuous release (Kock et al., 2023).

The presence of PhACs in the environment can generate toxic biological effects including
estrogenicity, mutagenicity and genotoxicity. In fact, the feminization of male fish has been
reported, due to exposure to endocrine disrupting compound, which can cause reproductive
abnormalities and development alterations in highly sensitive species during a chronic
exposure (Valdés et al., 2016; Wang et al., 2016). They can be absorbed by organisms and
adversely affect fundamental life functions. Organisms exposed to pharmaceuticals may
experience lower growth rates, higher mortality rates and increased oxygen consumption
(Kern et al., 2013). In addition, long-term exposure can lead to the accumulation of
compounds in organisms and their further spread through the food chain. On a similar way,
antibiotic-resistant organisms are generally increasing in the environment, which is not only
alarming from a public health standpoint but pose risk for the microbial communities and
the equilibrium of the ecosystem (Li et al., 2016). Pharmaceutical pollution has already
resulted in population-level effects on aquatic organisms stressing the need to take a whole
ecosystem approach en compassing multiple species over multiple trophic levels (Miller et
al., 2018).
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1.2.2 Regulations on micropollutants in water resources

Despite CECs represent a potential threat to ecosystem integrity, the release of CECs from
WWTPs into the environment are not traditionally monitored or regulated in water bodies.
From a legislative perspective the first steps have been taken concerning the presence of
pharmaceuticals in the water cycle in different countries (Rizzo et al., 2019).

The legislation surrounding CECs varies from country to country, and there is no universally
agreed-upon framework. Most of studies on the levels of legacy and emerging pollutants in
environmental matrices have been performed in US/Canada, Europe, and Asia, while there
is an important scarcity of investigations reporting the spatial and temporal trends of these
pollutants in Latin America (Vasilachi et al., 2021).

In the European Union, after Directive 2000/60/CE (EU, 2002), which aimed at protecting
water resources and recovering water quality in European rivers, the European Parliament
approved Decision 2455/2001/CE, which was the pioneer legal document regarding this
subject and listed 33 priority substances. Nevertheless, the legislation shared by all European
countries is still a topic of discussion, with the monitoring of CECs in WWTP effluents for
agricultural reuse being a key point of debate among scientists, policy makers, and
stakeholders (Rizzo et al., 2019). To date, the most progressive policies in regulation of
CECs have been implemented in Switzerland (Bieber et al., 2016).

For the case of Colombia, there is no specific national legislation that imposes the removal
of CEC in MWWTP to prevent surface water contamination. The existing water quality
standards and monitoring programs are designed to encompass a wide range of
contaminants. To regulate water quality, Colombia has established water quality standards
that serve as guidelines for various water uses. Resolution 0631 of 2015, issued by the
Ministry of Environment and Sustainable Development (MADS, 2015) establishes the
maximum allowable concentrations of various substances and contaminants in water bodies.
However, during the formulation of the standard, substances of priority interest, such as
CECs, were not considered, and as a result, these substances were excluded from the

establishment of permitted thresholds.
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1.3 Advanced oxidation process applied to the removal of
pharmaceuticals

Advanced Oxidation Processes (AOPs) have received growing attention due to their high
efficiency in the removal of refractory organic pollutants (Cuerda-Correa et al., 2020). AOPs
are considered as an additional and tertiary wastewater treatment as well as treatment applied
for the drinking water purification. These processes are based on the in situ generation of
powerful and relatively non—selective transient oxidizing species, such as hydroxyl radical
(HO), sulfate radical (SO4™), superoxide radicals (O2"), among others. Table 1.1 contains
some common oxidizing agents with their relative strengths. The hydroxyl radical is the
strongest oxidant after fluorine, that have proven to be efficient in the destruction of many
organic compounds due to its reactivity as a reactive electrophile. These radical species can
react rapidly and non-selectively with nearly all electron-rich organic compounds (Parsons,
2015).

Table 1.1 Redox potentials of some oxidizing agents (Parsons, 2015).

Oxidizing agent Electrochemical oxidation
potential (V, 25°C)
Fluorine (F) 2.87
Sulfate radical (SO47) 2.5-3.1

Hydroxyl radical (HO") 2.86
Oxygen atom (O) 2.42
Ozone molecule (O3) 2.07
Hydrogen peroxide (H202) 1.78
Chlorine (CI) 1.36
Chlorine dioxide (ClO2) 1.27
Permanganate (MnOa) 1.24
Oxygen molecule (O2) 1.23

AOPs offer advantages over other conventional processes as they do not transfer
contaminants to a separate phase and typically do not generate a waste stream. In addition,

they require less energy consumption that other process as incineration. Some AOPs have
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the potential to completely mineralize organic contaminants of effluents, enabling the reuse
(Parsons, 2015) .

The most common technologies used to generate free radicals for water treatment are
summarized in Figure 1.2. Most of the AOPs are conducted at near ambient temperature and
pressure. Generally, these processes involve the integration of oxidizing agents, such as
H20: or Os, catalysts, and/or radiation (e.g. ultraviolet, visible) to produce HO" radicals in
sufficient concentration to effectively achieve water purification (Khan et al., 2020).

Advanced oxidation processes

7 v v v v
ol i el B FETI R Ozone-based processes Photocatalysis — | Ultrasound (US)
oxidation processes

Anodic Oxidation > Fenton Ozonation Peroxone | UV/Catalyst < US/H:0:

L > Photo-Fenton Photolytic g UV/Catalyst/H.0, & -
Photoelectrocatalysis ozonation VRPN
| Sono-Fenton Photocatalytic US/Os
ozonation [
%  Electro-Fenton Catalytic
«

ozonation

Figure 1.2. Schematic representation and classification of different treatments based on

advanced oxidation processes (AOPS).

1.4 Ozonation

Ozonation is a very attractive technology that has long been employed in the treatment and
purification of many types of water and wastewaters. Ozone (Os) is a very powerful
oxidizing agent (E° = 2.07 V vs. SHE (standard hydrogen electrode)) able to oxidize a wide
range of organic and inorganic contaminants (Beltran, 2003). The high reactivity of ozone
can then be attributed to the electronic configuration of the molecule. Therefore, the absence
of electrons in one of the terminal oxygen atoms in certain resonance structures confirms

the electrophilic nature of ozone as shown in Figure 1.3. Conversely, the excess negative
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charge present in some other oxygen atom imparts a nucleophilic character. These properties

make ozone an extremely reactive compound (Beltran, 2003).

o+ o+
O <= OB <~ O e~ T
o N a0 Ny o e
0 o+ & 5 - 5 &+

Figure 1.3 Resonance structures of ozone molecule (Beltran, 2003)

During ozonation, the transformation of organic substances occurs through two distinct
mechanisms, direct reaction with dissolved ozone or indirectly by the generation of hydroxyl
free radical (von Sonntag and von Gunten, 2012). In the direct oxidation, molecular ozone
reacts selectively with compounds electron-rich moieties, such as phenols, activated
aromatics, non-protonated amines, and olefins with kos values typically ranging from 1 to
10 Mt st On the other hand, indirect reactions, ozone decomposes to secondary, more
reactive, and less selective oxidants, hydroxyl radicals (HO") in non-acid pHs (Eq. (1.1)-
(1.2)) and which can react with almost all organic molecules (kuo- values are in the order of
10°-10% M s for most of micropollutants) (Staehelin and Hoigne, 1982).

O3+ OH —» HOs + O2, k=70MLs? (1.1)

03+ HO7y —»HO"+ 0, + 0, k=2.8x10°M1s? (1.2)

The contribution of each pathway will depend mainly on factors such as the target
compound, the pH of the medium, the applied ozone dose, as well as the water composition
(Lee etal., 2014). The pH is one of main factors that influenced the ozone decomposition in
water. For acid pH (pH <3) hydroxyl ions do not influence in the ozone decomposition,
while at basic pH, the rates increases significantly (Beltran, 2003). Regarding the water
matrix constitutes, the presence of substances in natural water, such as HCO3~, CO3?", NOs",
NO27, CI7, Br™ and natural organic matter (NOM) may inhibit or improve the process by

scavenging or generating oxidant species, respectively (Lado Ribeiro et al., 2019).
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The major disadvantage that limit the ozone application is the low level of mineralization
and consequent accumulation of unknown reaction by-products, with stronger refractory
character towards further ozone oxidation (Gomes et al., 2017). Therefore, even if initial
contaminants can be effectively removed, a low level of mineralization of organic pollutants
is hardly achieved. Thus, the effective removal of these species would imply the application
of larger ozone doses, which can make the process unaffordable (Cruz-Alcalde et al., 2020).
To overcome this shortcoming, research efforts have centered on enhancing the action of
ozone on pollutants in order to achieve higher mineralization degrees. Hence the addition of
other oxidants, such as hydrogen peroxide, UV radiation or the use of a catalyst, appears to
be promising alternatives to promote decomposition of aqueous ozone into HO® and
consequently improve the ozone process efficiency (Fernandes et al., 2020). Details on the

process intensification are presented in the following sections.

1.5 Ozone-advanced oxidation processes

1.5.1 Peroxone process

Among the strategy well-studied to improve single ozonation performance, is the Os/H202
system (also known as peroxone). In this process, 0zone decomposition is initiated by the
ionic form of hydrogen peroxide (HO2"), by means of electron transfer to initiate the
formation of HO" precursors according to Egs. (1.3)-(1.5) (Staehelin and Hoigne, 1985). The
O3/H202 system is considered as both efficient and low-cost process (Gomes et al., 2017).

H.0, —»HO2 + H* pKa=11.8 (1.3)
HO2 + O3 —» HO2"+ O3° (1.4)
(1.5)

203 + H202 —» 2 HO" + O3

The efficiency of Os/H202 systems in the contaminants abatement highly depends on the
ratio of ozone to hydrogen peroxide (Pipolo et al., 2017).When this reagent is in excess in
the sample it could act as a radical scavenger according to Eqg. (1.6), leading to hydroperoxyl

radicals with lower reactivity and reducing the process efficiency.
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H202 + HO® — H20 + HO2', k=2.7x 10" M!s? (1.6)

On the other hand, the efficiency of peroxone can be increased by incorporating UV
radiation to the system. The three elements that constitute the system can favor the ozone
decomposition rate and enhance the HO® production. The addition of light UV to peroxone
system could improve the level of organic matter mineralization. However, the high costs
associated with UV lamps and reagents pose a notable disadvantage that limits the wide use
of this intensification process (Cuerda-Correa et al., 2016).

1.5.2 Photolytic ozonation

The UV assisted ozonation (O3/UV) also known as photolytic ozonation or photo-ozonation
has been another well-researched ozone-based AOP in the CECs removal (Cuerda-Correa
etal., 2016; Souza et al., 2018). The Os/UV may be an effective alternative to oxidize several
pollutants, since there can occurs three possible interactions: direct ozonation, photolysis of
hydrogen peroxide, and the free radicals formed from the ozone-hydrogen peroxide
(Beltran, 2003). The combination of ozone with ultraviolet radiation (A < 300 nm) directly
yields H202 due to photolysis of dissolved ozone. Alternatively, the photolysis of H202
formed and/or its reaction with ozone initiates the mechanism of free radical reactions to
form two hydroxyl radical according to Eq. (1.7) and Eq. (1.8) (Hart et al., 1983).

hv
O3+ H0 —» 02+ H202 1.7)
hv
H202 —> 2HO" (1.8)
203 + H202 —»2HO" + 302 (1.9

The Os/UVC combination produces large concentrations of hydroxyl radicals in a fast
manner, due to ozone strongly absorbs UV light of wavelength 254 nm (when low-pressure
mercury-vapor lamps are used) (von Sonntag and von Gunten, 2012), making this technique

adequate to achieve higher mineralization degrees (Cuerda-Correa et al., 2016).
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One of the main disadvantages that Os/UV processes face is the energy cost, especially when
artificial UV radiation sources are applied (Solis et al., 2019). For this reason, the study of
solar photo-ozonation has gained increasing interest as an environmentally friendly solution
and effectively to enhance ozone decomposition, since operating costs, and energy

consumption by UV lamps are avoided.

1.5.3 Heterogeneous catalytic ozonation

Catalytic ozonation (Os/catalyst) has received remarkable attention as an effective process
to enhance ozone action over CECs oxidation and mineralization (Castro et al., 2019;
Martins et al., 2015). Catalytic ozonation can be classified in homogenous catalytic
ozonation which usually metal ions are used, or heterogeneous catalytic ozonation in which
the presence of metal oxides or metal oxide on supports are employed on activation of ozone
(Kasprzyk-Hordern et al., 2003).

Recently, zeolites have gained interest in the heterogeneous catalytic ozonation of PhACs,
due to its high catalytic activity and their good availability on earth. Zeolite can act as a
catalyst in the catalytic ozonation process due to the presence of various metal oxides in its
composition (Ikhlag et al., 2012). Zeolites can be represented by the structural formula based

on a crystallographic unit cell:
Mxin[(AlO2)x(Si02)y].wH20

where n represents the valence of a cation M, w is the number of water molecules per unit

cell, x and y is the number of tetrahedra per unit cell, and the y/x ratio is most often in the

range of 1to 5 (McCusker et al., 2007). The zeolite structure consists of a three-dimensional
network of SiO4 and AlOa - tetrahedra interconnected through the silicon or aluminum atoms
in the center (T atoms) and the oxygens (O) at the vertices. These tetrahedrons (basic unit)
are linked by their oxygen atoms, originating polyhedral structures that constitute the
secondary structures. The charge is balanced by the presence of non-framework easily
exchangeable cations (McCusker et al., 2007). Among different zeolites, the Faujasite
framework is especially present for wastewater treatment due to its substantial adsorption
capacity toward different molecules (Reiprich et al., 2020). The framework structure of

faujasite zeolites is presented in Figure 1.4.
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Figure 1.4 The framework structure of FAU type zeolite (Nozue et al., 2012).

In heterogeneous catalytic ozonation using zeolites three possible reaction path have been
proposed: (i) ozone is adsorbed at the catalyst surface and decomposed to form free radicals
and reacting in bulk solution; (ii) the organic compound is adsorbed on the catalyst and is
oxide directly by ozone dissolved; or (iii) adsorption of both 0zone and organic compounds
with consequent surface reaction (Nawrocki and Kasprzyk-Hordern, 2010). Recently, a
different path was proposed by Su et al., (2022), which involves electron transfer between
free hydroxide anions and Al atom in oxygen vacancies to form a new coordination bond
(AI-OH). The AI-OH groups are also protonated, attacked by ozone molecules and the main

reactive oxygen species HO" are generated.

1.5.4 Ozone/peroxymonosulfate

In last years, sulfate radical (SO4"~ based AOPs) have gained much attention due to some
advantages compared to hydroxyl radical AOPs (Deniere et al., 2018; Yu et al., 2021). SO4™~
radical is a particularly strong oxidizing species that exhibits higher redox potential (E°=2.5-
3.1 V) (Neta and Dorfman, 1968) and longer half-life than HO" radicals (~10° s for HO®
and ~107° s for SO4™) (Yang et al., 2015). Additionally, compared to HO" radical, sulfate
radical is relatively less affected by competing constituents in water, such as bicarbonate
and NOM in real water, entailing that SO4™" is more favorable to remove high reactive

organic pollutants (Lutze et al., 2015; Yang et al., 2015).
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As a common source of sulfate radicals, the chemical oxidant peroxymonosulfate (PMS;
HSOs") is often used to produce SO4'~ radicals. Although PMS is a strong oxidant, it reacts
directly with organic compounds at a very low reaction rate (Wang and Wang, 2018). Hence,
an appropriate activation method is required. Different activation methods have been
proposed including heat, UV irradiation, ultrasound, carbon catalyst, transition metals or
metal oxides (Matzek and Carter, 2016; Ren et al., 2015; Wang and Wang, 2018). Recently,
ozone has been proven to be effective in activating PMS, demonstrating that its combined
role (Os/PMS) can significantly enhance the degradation of various organic pollutants (How
etal., 2023; Yu et al., 2021). This result has been attributed to the simultaneous generation
of HO® and SO4™" during the process (Yang et al., 2015).

The pathway of radical formation is described below (Egs. (1.10)-(1.15)) (Yang et al., 2015).
In the mechanism of reaction, ozone reacts with PMS (HSOs/SOs?") to generate SOg®",

which quickly decompose into precursors of HO® and SO4™™ (SOs"and O3™).

SOs*” + 03— SOg?” k=212x10*M1s? (1.10)
SOg> —» SOs ™+ O3 (1.11)
SOs™ +03 —» SO4~+202  k=16x10°M?s? (1.12)
SOs™+ 805~ —» 2S04+ 02  k=21x10°M*s? (1.13)
03" —» 07+ 02 (1.14)
O™+ H20 — HO" + HO" (1.15)
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1.6 Objectives

1.6.1 General objective

The main goal of this work is to evaluate the potential application of ozone-based advanced

oxidation processes for the degradation of pharmaceutical compounds from municipal

wastewater.

1.6.2 Specific objectives

1.

To evaluate on a bench-scale, the efficiency of different ozone-based AOPs
(O3/UVC, O3/H202, O3/PMS, Os/zeolite Y) in terms of the degradation of a model
compound in distilled water.

To the best ozone-based treatment, identify the main degradation products and
evaluate the extent of the treatment in terms of total organic carbon removal and
biocompatibility of the treated effluent.

To characterize a raw wastewater effluent and evaluate the performance of the
selected treatment system in terms of removal of a mixture of pharmaceuticals and

environmental risk.

4. To investigate the intensification of the ozone-liquid mass transfer using a tubular
porous stainless-steel membrane.

5. To evaluate the performance of the tubular membrane ozonation contactor in the
elimination of a mixture of pharmaceuticals in municipal wastewater matrices under
continuous flow conditions.

1.7 Novelty

The main contribution of this PhD thesis work is to evaluate, for the first time, the

application of the catalytic ozonation using faujasite-type Y zeolite in the removal of

pharmaceutical compounds present in real effluents. Additionally, it expands knowledge

regarding the evaluation of the performance of an 0zone membrane contactor as a potential

strategy for the intensification ozone—liquid mass transfer and its application in the removal

of PhCs in real wastewater samples.
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1.8 Thesis outline

This thesis comprises 5 chapters that have been logically structured to align with the research

stages, to meet the above-mentioned objectives.

Chapter 1 provides the background information about the research problem: the presence
of contaminants of emerging concerns in water, specifically related to pharmaceuticals
active compounds and their associated environmental risks. Likewise, reviews the ozonation
process to degrade CECs and compiles the several ozone-based AOPs as a alternatives to
overcome limitations of this technology.

Chapter 2 presents a description of the experimental procedures and analytical methods

followed throughout the research.

Chapter 3 presents the results of the studies conducted to achieve Objective 1 and Objective
2. Different Os-based AOPs are assessed for the elimination and mineralization of an ozone-
resistant compound (ibuprofen) in aqueous water. A comparison is also addressed in terms
of ozone transfer utilization and energy requirements. The identification of main degradation

products are presented for the selected Os intensified system.

Chapter 4 describes the application of catalytic ozonation in the removal of 27
pharmaceuticals present in real effluents from two municipal wastewaters treatment plants
of the Mediterranean coast of Spain. The environmental assessment risk associated to

pharmaceuticals is also discussed in this chapter.

Chapter 5 presents the results of the studies conducted to achieve Objective 4 and Objective
5. This chapter provides the characterization of a tubular porous stainless steel membrane
contactor in terms of ozone-water mass transport and its application for the removal of 23
pharmaceuticals (PhACs) detected in the secondary-treated municipal wastewater, under

continuous mode operation.
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Chapter 2: Materials and methods

This chapter describes in detail the commercial reagents, laboratory procedures,
methodologies, and facilities have been used to carry out the experimental plan. They are

grouped according to the purpose pursued in the present investigation.

2.1 Chemicals reagents

2.1.1 Target pharmaceuticals

In total, 37 pharmaceuticals were selected for this study based on the following criteria: (i)
occurrence at relative high concentration in the wastewater effluent, (ii) high consumption
by population, and (iii) potential toxicity to health and environment. Relevant data of
pharmaceuticals employed in the research are gathered in Table 2.1. All of them were
analytical grade standards acquired from Sigma-Aldrich.

Table 2.1 Main data of selected PhACs

Compound Chemical formula (g mol?) CAS Number
Alprazolam C17H13CINy 308.77 28981-97-7
Atorvastatin C33H3sFN20s 558.64 134523-00-5
Ciprofloxacin C17H1sFN3Os 331.35 85721-33-1
Clarithromycin CzsHeoNO13 747.95 81103-11-9
Clindamycin C18H33CIN20sS 424.98 18323-44-9
Carbamazepine CisH12N20 236.27 298-46-4
Diclofenac C14H1:CI,NO; 296.15 15307-86-5
Enalapril C20H2sN20s 376.45 75847-73-3
Erythromycin Cs7He7NO13 733.93 114-07-8
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Table 2.1 (Continued) Main data of employed PhACs

Gabapentin CoH17NO; 171.24 60142-96-3
4-hidroxy omeprazole sulfide C16H17N30.S 315.39 103876-98-8
Irbesartan CosH28NsO 428.53 138402-11-6
Ibuprofen Ci3H102 206.29 15687-27-1
lopromide C18H2413N30 791.1 73334-07-3
Losartan C22H23CINgO 422.91 114798-26-4
Levamisole C1H12N2S 204.29 16595-80-5
Lorazepam C15H10CI2N202 321.2 846-49-1
Metronidazole CsHoN3O3 171.16 443-48-1
Metoprolol C15H2sNO3 267.36 37350-58-6
Norfloxacin C16H18FN3O3 319.33 70458-96-7
O-desmethylvenlafaxine Ci6H2sNO2 263.37 142761-12-4
Primidone C12H14N20, 218.25 125-33-7
Pantoprazole C1sH15N3F2.04S 383.37 102625-70-7
Phenazone C1H1N20 188.23 60-80-0
Sulfamethoxazole C10H11N303S 253.28 723-46-6
Trimethoprim C14H18N4O3 290.32 738-70-5
Tetracycline C22H24N20s 444.44 60-54-8
Tramadol Ci16H2sNO; 263.38 27203-92-5
Valsartan C24H29Ns03 435.52 137862-53-4
Venlafaxine C17H27NO; 277.40 93413-69-5
2.1.2 Zeolites

Two commercial Y zeolites with different SiO2:Al20s ratios (denoted as 60 and 12), H-USY
(CBV760) and NH4-USY (CBV712), were supplied by Zeolyst International in powder
form. For ease of comparison, both zeolite samples were ion-exchanged to the same cation,
using an aqueous sodium chloride (NaCl) solution (2.5 mol L) with a liquid/solid ratio of
10 under stirring for 1 h at 80 °C. After that, zeolite samples were filtered, washed with
distilled water, and dried in an oven at 100 °C for 30 min. This process was repeated three

times. Finally, the resulting samples were calcined at 450 °C for 3 h. The obtained samples
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were named, NaY-60 and NaY-12. The particle size of all the zeolites was in the range of
0.2-0.4 mm.

2.1.3 Other chemicals and reagents employed

Potassium indigotrisulfonate (C16H7K3N2011S3, Sigma-Aldrich) was used to measure ozone
dissolved in the agueous phase. A phosphate-buffered solution (NaH2PO4 and H3POs,
Sigma-Aldrich) were used to adjust the pH when required. Acetonitrile (HPLC grade) were
provided by Merck. Formic acid (99.0%) and hydrogen peroxide (30% w/v) were provided
by PanReac. The ultrapure water (resistivity > 18.2 MQ cm-1 at 25 °C), supplied by a Milli-
Q water system from Millipore (Massachusetts, USA), was used to prepare all chemical
solutions. Potassium peroxymonosulfate (2KHSOsKHSO4K2S04, PMS) were purchased
from Sigma Aldrich. All chemicals used were of analytical grade and were used without
further purification.

2.2 Experimental set-ups

Treatment tests were carried out in three laboratory scale reactors: i) two different bubble
columns reactor column diameters, and ii) tubular ozone membrane contactor. Their main

characteristics are described below.

2.2.1 Bubble column reactors

2.2.1.1 Bubble column No. 1

The first part of the experimental work corresponding to objective No.1 was performed in a
1 L glass-jacketed bubble column reactor in semi-batch mode. This reactor was designed
and built for this purpose between November 2018 and July 2019 in collaboration with
Universidad Nacional de Colombia, campus Medellin, and Universidad de Antioquia.

A detailed scheme of the experimental set up is shown in Figure 2.1, and photographs are
presented in Figure 2.2. The reactor was equipped with a low-pressure mercury (40 W) lamp
emitting at 254 nm located axially and protected by a quartz sleeve. A water-cooling jacket

was placed around the reactor to remove the heat produced by the lamp and to maintain a
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constant temperature (~20-22 °C). In order to avoid radiation losses to the outside, the
reactor was covered by aluminum foil. The reactor also had three ports at the top for
sampling, venting, and measuring the temperature. The ozone stream was provided by a
generator (Pinuslongaeva model, China) fed by oxygen concentrator (Respironics EverFlo).
The ozone-oxygen mixture was controlled by a gas flow meter and fed into the reactor
through a micro-porous plate gas sparger located at the bottom of the column. Ozone
concentration in the gas phase entering and leaving the reactor was monitored using Os gas
analyzer (BMT 964). The residual ozone was collected in a squeeze bottle with a solution of
potassium iodide 2% (KI). The volumetric mass transfer coefficient (Kra) of ozone in this

reactor was estimated at 2.5 x 102 s L.

6.0 g/Nm?

Ozone analyzer

Ozone generator

Oxygen concentrator

1

— ya A\

Figure 2.1 Experimental set-up scheme-bubble column No.1.
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Figure 2.2 Photographs of bubble column No.1

2.2.1.2 Bubble column No. 2

The second part corresponding to catalytic ozonation (objective No. 1) and objectives No. 2
and 3, were conducted in a similar reactor to bubble column No.1, in semi-continuous mode.
The experiments were development in the Instituto de Tecnologia Quimica (ITQ) facilities
of the Universitat Politecnica de Valéncia in Spain. Figure 2.3 illustrates the scheme of the
laboratory scale set-up used in the tests. The ozone volumetric mass transfer coefficient of
this column reactor was 2.7 x 1072 s™%, very similar that obtained bubble column No.1.

The reactor consists of a glass bubble column with a capacity of 1 L with a diameter of
65mm. The ozone-oxygen gas was produced by an ozone generator (Ozone Solutions, TG-
20 model) fed with pure oxygen. The input gas mixture was regulated by digital mass-flow
controllers (Bronkhorst) and was continuously bubbled into the aqueous phase through a
porous glass plate diffuser located at the bottom of the column reactor. The ozone
concentrations at the inlet and the outlet gas streams were measured using a BMT 964 ozone
analyzer (BMT Messtechnik GmbH, Berlin, Germany) by switching the valves V4 and V5.

Moreover, the pressures were measured at the bottom (P1) and the top (P2) of the reactor
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and at the ozone-meter line (P3). The dissolved ozone was measured using an optical probe
(Ocean Optics HR4000) connected to the spectrophotometer placed inside the reactor and
estimated with the absolute absorbance measurements at 253.7 nm. The ozone residual gas
stream was vented through the catalytic Oz destruction unit before discharging to ambient
air. A photograph of this reactor is shown in Figure 2.4.

<
<«

Catalytic O3
destruction

OZONE ANALYZER

]

co
Total flow o . .8 o[ [ Spectrophotometer
VR1 2 0 g

D
g
3

Os+ Oz ‘ O: V3

V2

Figure 2.3 Schematic diagram of ozonation experiment-bubble column No.2
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Figure 2.4 (a) Photograph of the bubble column No. 2 and (b) screenshot of the

measurement of dissolved ozone through the optical probe.

2.2.2 Tubular ozone membrane contactor

The experimental work corresponding to the objective No. 4 and No. 5 were performed in a
tubular ozone membrane contactor in continuous mode operation, in the Laboratory of
Separation and Reaction Engineering-Laboratory of Catalysis and Materials (LSRE-LCM)
at University of Porto, Portugal.

The ozone contactor consists of an outer quartz tube (outside diameter = 42 mm; internal
diameter = 38 mm; length = 200 mm) and a concentric inner tubular membrane made of
stainless steel 316L (average pore size = 1 um; porosity = 21%; outside diameter = 20 mm;
internal diameter = 16 mm; wall thickness = 2.0 mm; useful length = 187 mm; provided by
AmesPore®). This material is known to be an austenitic grade of stainless steel highly
ozone-resistant (Sleeper & Henry, 2007). Two movable polypropylene flanges are used to
seal the membrane, and the quartz tube ends. The tangential inlet and outlet points located
in the flanges allow a helical motion of the water in the annular space between both tubes.
Ozone-resistant Viton O-rings were used to guarantee sealing conditions within the reaction
module. The membrane module was vertically fixed in a stainless-steel structure. Figure 2.5
presents a schematic representation of the experimental setup and photographs are presented

in Figure 2.6.
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Figure 2.5 Schematic diagram of the experimental setup used in (a) ozone mass transfer

experiments and (b) for PhACs removal tests.

The ozone gas was produced by an ozone generator (BMT 802 N) fed with pure oxygen (Oz,
99.995% supplied by Air Liquide). The input gas (Oz) flow rate was regulated by a digital
mass flow controller (Alicat Scientific), and the desired O3 concentration was controlled by
adjusting the power input to the ozone generator. An Oz gas analyzer (BMT 964) was used
to monitor the Os gas concentration in the inlet and outlet of the membrane reactor.
Dissolved Os concentration was monitored using the indigo method (Bader and Hoigné,
1981). The ozone-oxygen gas mixture was fed by the lumen side of the membrane,
permeating through the pores structure, and delivered to the membrane shell side.
Meanwhile, the liquid phase was pumped from a 5 L-jacketed glass vessel, connected to a
thermostatic bath for temperature control, to the ARZ of the membrane contactor, where Os

gas-water contacting occurs. The residual gas was vented through the catalytic Os
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destruction unit and sequentially to washing bottles containing a 2% K1 solution before going

into exhaustion.
T

Figure 2.6 Photograph of the tubular ozone membrane contactor.

2.3 Water matrices

2.3.1 Distilled water spiked with a model pharmaceutical

This water matrix was used to investigate the efficiency of the ozone-based processes
(Objective No.1) without any other chemical interactions, i.e., organic and inorganic
constituents commonly present in real water matrices. The non-steroidal anti-inflammatory
drug ibuprofen (IBU) was selected as the model compound due to the large consumption
and detection frequency in water environments (Chopra and Kumar, 2020). In addition, IBU
is known as ozone resistant micropollutant (kisu, 03= 9.6 M s) and presents a high second-
order constant for its reaction with hydroxy! radical (kisu, Ho- = 7.4 x 10° M s) (Dodd et al.,
2006). The initial IBU concentration in the trials was 40 uM (8.3 ppm).

2.3.2 Wastewater sample from WWTPs in Spain

These wastewater effluents were collected from two municipal WWTPs located in the
Mediterranean coast from Spain (Figure 2.7), named in this study like Effluent A and
Effluent B.
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Figure 2.7 Location of WWTPs where effluent samples were collected.

The plants have a treatment capacity of 36,988 and 38,311 m® day™* and served a population
approximately of 124,852 and 181,806 inhabitants. For both WWTPs the water line includes
a pretreatment (roughing filtration, desanding and, degreasing), a primary treatment
(primary sedimentation), a conventional activated sludge biological treatment, followed by
a tertiary treatment (operated with sand filtration, ultraviolet irradiation, and chlorination).
Samples were collected after secondary biological treatment during one typical day of
WWTP operation and used for the experimentation tests within the next 3 days. For PhACs
quantification, the samples were preserved in the dark at -20 °C until analysis. The effluent
samples were characterized by physical chemical analysis. Its main characteristics were:
total organic carbon (TOC): 49.61, 67.3 mg L%, dissolved organic carbon (DOC): 47.5, 65.4
mg L, and total inorganic carbon (TIC): 1.13, 20.3 mg L, for Effluent A and Effluent B,
respectively. The range value of pH was 7.6-7.8.

2.3.3 Wastewater sample from WWTP in Portugal

This water matrix was collected after the secondary biological treatment of a municipal
WWTP located in the North of Portugal. This WWTP serves a population of approximately
120,000 equivalent inhabitants. Furthermore, industrial discharges represent around 17% of
the estimated total in the low season, and the remaining 83% corresponds to domestic
wastewater. The studied WWTP is mainly composed of preliminary treatment (screening,

desanding, and degreasing), primary settling, activated sludge biological treatment, followed
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by final disinfection using ultraviolet (UV) radiation. The sample was collected during one
typical day of WWTP operation after secondary treatment and used for the experimentation
tests within the next three days. For PhACs quantification, the samples were preserved in
the dark at -20 °C until analysis. A summary of their main quality parameters are gathered
in Table 2.2.

Table 2.2 Physico-chemical characteristics of the municipal wastewater after secondary
treatment- WWTP located in Portugal.

Parameter (units) Values
Color Light yellow
pH 7.4
Conductivity (mS cm™) 1095
Turbidity (NTU) 3.7
Total Suspended Solids (mg L) 13
Volatile Suspended Solids (mg L™?) <0.1
Alkalinity (mg CaCOs L?) 325
Absorbance at 254 nm (AU) 0.273
Dissolved organic carbon (mg L™?) 15.7
Dissolved inorganic carbon (mg L™?) 66.4
Total dissolved carbon (mg L™?) 82.1
Specific Ultraviolet Absorbance (SUVA2s4, L mg™ m?) 1.74
Chemical oxygen demand (mg Oz L) 70.1
Ammonium — NHs* (mg L?) 1.2
Nitrite — NO2 (mg L) 0.06
Nitrate — NOs™ (mg L) 9.0
Phosphate — PO4* (mg L) 18
Chloride — CI" (mg L) 141.7
Sulfate — SO4* (mg L) 58.9
Sodium — Na* (mg L) 112.9
Potassium — K* (mg L) 54.8
Magnesium — Mg?* (mg L?) 7.7
Calcium — Ca?* (mg L™?) 31.8
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2.4 Analytical methods

2.4.1 Determination of pharmaceuticals in wastewater samples

The analysis of the samples was carried out in collaboration with the Research Institute for
Pesticides and Waters (IUPA) at Universitat Jaume | (Spain).

The quantitative determination of PhACs in wastewater was performed by liquid
chromatography coupled to tandem mass spectrometry (LC-MS/MS) with triple quadrupole
(Waters Acquity H-Class UPLC, equipped with a binary pump system, interfaced to a triple
quadrupole Xevo TQ-STM mass spectrometer, with ESI source (Waters Corp)). The
procedure was based on those previously developed by the IUPA research group (Bijlsma et
al., 2021; Botero-Coy et al., 2018), employing direct injection of the (diluted) samples,
without any pre-concentration step. In this work, a dilution x2 with ultrapure water was made
in order to reduce matrix complexity and to adjust the sample concentrations to the linear
dynamic range of the calibration curve. Three MS/MS transitions were acquired for each
compound, one for quantification and the reaming ones for confirmation of the identity of
the compound. Nearly all compounds had their own analyte-ILIS available for an efficient
matrix effects correction (36 ILIS out of 39 compounds).

The analytical procedure was as follows: 2 mL of wastewater sample was centrifuged at
12000 rpm for 3 min. Then, 500 uL aliquot of sample was taken, and 450 uL Milli-Q water
and 50 puL of ILIS mix (36 ILIS at 20 pg/L each) were added (final ILIS concentration in the
injected samples, 1 pg/L). Finally, 50 pL were injected into the LC-MS/MS. More details
about the analytical methodology can be found in (Botero-Coy et al., 2018).

A common default value of 0.020 pg L™ was used as limit of quantification (LOQ) for all
compounds. This value, obtained from the lowest calibration level (0.010 pg L™) and
considering the dilution factor of the samples in the analytical procedure (x2), was tested to
be reached in all sample’s batches analysed along this study. Quality control was performed
by analyzing Quality Control (QC) samples prepared spiking selected “blank” samples with
the target pharmaceuticals at two concentration levels, 0.1 and 1 pg L. QCs recoveries
between 60 and 140% were considered acceptable, following the spirit of guidelines for
residue analyses (European Commission, 2021). At least two QCs, at low and high level,
were analyzed together with the samples in every sample batch.
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2.4.2 Determination of ibuprofen in distilled water

The concentration of ibuprofen was quantified by means of an ultra-high performance liquid
chromatograph (UHPLC, Thermo Scientific Dionex UltiMate 3000 instrument) equipped
with an Acclaim™ 120 RP C18 column (5 pm, 4.6 x 150 mm) and a diode array detector.
The mobile phase consisted of 70:30 volumetric mixtures of acetonitrile and ultrapure water
(with formic acid 10 mM and pH 3.0. The injection volume of the sample was100 uL and a

flow rate of 1.0 mL min™. The UV detection was performed at 225 nm.

2.4.3 ldentification of degradation intermediates

The detection of ibuprofen transformation products was carried out in collaboration with the
Research Institute for Pesticides and Waters (IUPA) at Universitat Jaume I (Spain). The
transformation products were elucidated by high liquid chromatography coupled with
quadrupole-time of flight mass spectrometry (UHPLC-QTOF MS) using a Waters Acquity
UHPLC system (Waters, Milford, MA, USA). Equipment was coupled to hybrid quadrupole-
orthogonal acceleration-time of flight mass spectrometer (XEVO G2 QTOF, Waters
Micromass, Manchester, UK), with an orthogonal Z-spray electrospray interface, operated
in negative ion modes.

The mobile phases used were (A) water and (B) methanol, both containing 0.01% (v/v) acid
formic. The percentage of organic modifier (B) was changed linearly as follows: 0 min, 10%;
9 min, 90%; 11 min, 90%; 11.1 min, 10%; 14 min, 10%. The flow rate was 0.3 mL min'.
The MS apparatus was operated in positive and negative ionization modes under the
following conditions: capillary voltages of 0.7 kV and -1.7 kV, respectively, a cone voltage
of 25 V was applied, the interface temperature was set to 650 °C and the source temperature
to 130 °C. The column and sample temperatures were set at 40°C and 5°C, respectively. More

details about the analytical methodology can be found in Boix et al., (2016).

2.4.4 Dissolved ozone concentration

The ozone concentration in water was determined by the colorimetric indigo method
described by Bader and Hoigné (Bader and Hoigné, 1981) based on the reaction between
ozone and indigo trisulfonate assuming a 1:1 stoichiometry. To determine the ozone
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concentration in samples, two indigo solutions were prepared: i) Indigo stock solution,
prepared by dissolving 770 mg of potassium indigotrisulfonate in 1 L of ultrapure acid water
(0.1 % (v/v) of phosphoric acid, and storage a 4 °C. ii) Indigo reagent Il, prepared by
dissolving 10 g of monosodium phosphate (NaH2PO4) in 1 L of ultrapure acid water (0.7 %
(v/v) of phosphoric acid) containing a 10 % of Indigo stock solution. The analysis was
performed by preparing a vial with 3 mL of Indigo reagent 1l and adding 2 mL of sample.
The sample was shaken and immediately the absorbance of the mixture was measured at 600
nm using a cuvette with a 1 cm path length. As a blank, a sample prepared under identical
conditions was used but adding 2 mL of distilled water.

The concentration of ozone was determined as a function of the absorbance difference of the
indigo after and previous the reaction with ozone followed at 600 nm, according to Eq. (2.1):

(Ab5600,blank - Ab5600,sample) ﬁ (2'1)
€indigo- ! Vs

Cog,z(M) =

where Co, ; is the ozone concentration given in mol LY Abseoo piank 1S the absorbance at
600 nm of the blank; Absgoo sampie 1S the absorbance of the sample at 600 nm, &40, the

molar absorptivity of indigo trisulfonate (20000 Mt cm™), 1, the optic path length (I =1 cm);

VT, the total volume of the sample (5 mL) and Vs, the volume of the sample (2 mL).

2.4.5 Total organic carbon

The concentration of total organic carbon (TOC) was determined using a Shimadzu TOC-
VCSN TOC analyzer, coupled with autosampler system. This equipment determines the
total dissolved carbon (TDC) and the dissolved inorganic carbon (DIC) present in the
sample, providing the TOC value by difference of the previous measurements. Dissolved
organic carbon (DOC) was calculated as the difference between the TDC and the DIC values
of the same aqueous sample. The TDC analysis is based on the catalytic combustion
(Pt/Al203) of the sample at 680 °C, conditions in which the carbon that is part of the organic
and inorganic compounds is oxidized to CO2. This is subsequently analyzed using a non-
dispersive infrared (NDIR) detector, generating a peak whose area is proportional to the

amount of carbon present in the sample.
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Prior to the analysis of the samples, the equipment was calibrated using standard solutions
(in Milli-Q ultrapure water) of potassium acid phthalate (for TDC) and anhydrous sodium
carbonate (for TIC). Calibration straight lines were prepared between 0 and 20 mg L™ for
both, as well as another straight line between 0 and 100 mg L™* for potassium acid phthalate.

Each water sample in this research was measured in duplicate by two independent injections.

2.4.6 Wastewater characterization

Chemical oxygen demand (COD) was determined by the dichromate closed reflux method
according to the SMEWW - 5220 D test, digested in a WTW CR4200 thermoreactor,
followed by photometric measuring (Merck Spectroquant® Prove 300 UV/Vis
spectrophotometer).The concentration of inorganic anions and cations was measured by ion
chromatography (Dionex 1CS-2100 LC) equipped with an lonPac® AS11-HC
250 mm x 4 mm column (T = 30 °C) and a self-regenerating anion suppressor (ASRS® 300,
4 mm) under an isocratic elution of 30 mM KOH at a flow rate of 1.5 mL min*. Inorganic
cations were also evaluated by ion chromatography in a Dionex DX-120 LC coupled with
an lonPac® CS12A 250 mm x 4 mm column at ambient temperature and a CSRS® Ultra 11
cation self-regenerating suppressor (4 mm) under an isocratic elution of 20 mM
methanesulfonic acid at a flow rate of 1.0 mL min™. The ultraviolet (UV) absorbance was
determined with a Merck Spectroquant® Prove 300 UV/Vis spectrophotometer. pH,
temperature and conductivity were measured by HI 9829 Multiparameter portable meter
from Hanna Instruments. Analyses for total suspended solids (TSS) and turbidity were
carried out according to Standard Methods for the Examination of Water and Wastewater
(APHA, 1998).

2.4.7 Catalyst characterization

Textural properties of the tested zeolites were obtained from the N2 adsorption/desorption
isotherms using an ASAP 2420 apparatus (Micromeritics) at 77 K. Prior to the
measurements, 200 mg of each pelletized sample (0.25 -0.40 mm) were degassed at 673 K

with high vacuum (=5 x 10°° bar) overnight. The specific surface area (Seer) was determined
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by using the Brunauer- Emmett-Teller equation (BET), whereas micropore volume (Vmicro)
was estimated by the t-plot method.

The crystalline phase of the powder solids was detected based on the X-ray diffraction
(XRD) by a PANalytical CUBIX diffractometer using filtered CuKa radiation (A =0.1542
mm), with accelerating voltage 45 kV, intensity of 40 mA and scanned at 26 from 2 to 90°.
Acidic properties of two zeolite samples were investigated by Fourier transformed Infrared
(FTIR) spectroscopy using pyridine as a probe molecule. Pyridine adsorption—desorption
experiments were measured using on a Nicolet 710 FTIR spectrometer (Thermo Scientific,
Waltham, Massachusetts, USA). The samples (10-15 mg) were pressed to obtain a self-
supported wafer, and previously pretreated at 400 °C under vacuum overnight. Upon
activation, the samples were exposed to pyridine vapor (650 Pa) in the cell at room
temperature. The excess of pyridine was removed in vacuum and desorption process were
conducted increasing the temperature to 150, 250 and 400 °C. The IR spectrum of the
samples after activation and desorption were recorded at room temperature. Concentration
of acid sites were quantified according to (Emeis, 1993) by the integration of the band
intensities at 1545 and 1450 cm-1 for Brgnsted and Lewis sites, respectively. The pH of
point zero charge (pHpzc) of zeolites was determined using the pH drift method (Eberle et
al., 2022). The study was performed in 50 mL tubes containing suspensions of the zeolite
(0.1 g) and 25 mL of a 0.1 mol L™t NaCl solution. The pH levels of the solutions in the tubes
were adjusted to values ranging from 3 to 11, using 0.1 M HCI or 0.1 M NaOH solutions.
These initial pH values were denoted as (pHi). The tubes were agitated for 24h at room
temperature. Then, the final pH (pHs) values of solutions were then measured, and pHpzc was

then determined by plotting ApH (ApH = pHs — pHi) vs. pHi.

2.4.8 Environmental risk assessment

The toxicological risk level associated of the target pharmaceuticals released by WWTP
effluents was assessed through the determination of risk quotient (RQ). The RQ values were
calculated according to the European Community Guidelines (Commission, 2003), as the
ratio between predicted environmental concentrations (PEC) and predicted no-effect

concentration (PNEC) values, using Eq. (2.2).
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PEC (2.2)
RQ= PNEC

PNEC represents the concentration of a substance below which adverse effects will most
likely not occur during long or short-term exposure. PEC values were estimated from
measured concentration (MC) for each pharmaceutical compound in both wastewater
samples and calculated (according to Eq. (2.3)) by taking into account that the final effluents
of the WWTPs are discharged and diluted into freshwater ecosystems. In this sense, a
dilution factor (DF) is considered. In the case of Spain, the DF value correspond to 25.92
according to (Keller et al., 2014). The PNEC values used in this study were collected from
literature sources. The RQ of the mixture (total risk) was also calculated by summing the

individual RQ of each component.

MC (2.3)
PEC =

In general, the RQ value are classified into three risk levels: (i) RQ < 0.1 indicate a low
environmental risk; (i1) 0.1<RQ < 1 indicate a moderate environmental risk; and (ii1) RQ >

1 reveal a high environmental risk.

41



Chapter 3. Ozone-based AOPs

Chapter 3. Evaluation of different ozone-based
AOPs in terms of elimination of a model
compound in aqueous solution

3.1 Introduction

Pharmaceuticals have become an issue of great concern due to the increasing consumption
worldwide and their continuous discharge into the aqueous systems (Herrmann et al., 2015).
Ibuprofen (IBU), a nonsteroidal anti-inflammatory drug (NSAID), is widely used for the
treatment of inflammatory and painful diseases, listed among the essential medicines by the
World Health Organization (WHO, 2021). Their main physicochemical properties are
summarized in Table 3.1. Globally, IBU has become the third most popular highly
prescribed medicine and the second most manufactured with a production rate of 15,000 tons
per year (Chopra and Kumar, 2020). Due to this increasing demand, IBU is one of the most
commonly detected drugs in WWTP effluents, surface water, groundwater, and drinking
water (aus der Beek et al., 2016). It has been identified up to concentrations of 25 mg L™ in
WWTP effluents (Naima et al., 2022). IBU residues have been shown to act as a
carcinogenic and endocrine-disrupting compound that can reduce the viability of algae and
have adverse effects on the reproduction, kidney, and liver of fish (Brillas, 2022).

The pervasive existence of micropollutants in water and their potential toxicity underscore
the need to develop effective technologies for the removal of PhACs from wastewater.
Advanced oxidation processes (AOPs) represent an effective option to degrade a wide
variety of organic compounds, mainly characterized by the formation of powerful and non-
selective species, such as hydroxyl radicals (HO") (Miklos et al., 2018; Rizzo et al., 2019).
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Table 3.1 Physicochemical properties of ibuprofen. Taken from: www.chemicalize.org

Molecular formula C13H1802 Chemical structure:

Molar mass 206.285 g mol™ o

pKa 4.85

Water solubility 21 mg L*at 25°C oH
Log Kow 3.97

For decades, ozonation has been a widely used technology for treating refractory organic
pollutants in water/wastewater due to the high oxidative potential of ozone (Beltran, 2004).
The O3 molecule can oxidize pollutants either by direct and selective reaction or by an
indirect mechanism through the generation of HO" radicals, especially under alkaline pH
conditions (Staehelin and Hoigne, 1982; von Sonntag and von Gunten, 2012). Nevertheless,
due to its selective oxidation property, ozonation alone often results in incomplete
degradation of the organic compounds and the consequent accumulation of unknown
reaction by-products (Gomes et al., 2017). These ozone-refractory compounds can only be
removed by HO' radical due of their extremely low reaction rate constants with O3z (von
Sonntag and von Gunten, 2012). In this sense, researchers have focused their efforts on
exploring ways to intensify or improve the efficiency of ozonation processes.

There are several strategies to enhance the generation of HO radicals in ozonation, including
the addition of other oxidants (such as H202 or PMS), UV radiation, or a catalyst (Prada-
Véasquez et al., 2021). These combined processes, known as ozone-based AOPs, can reduce
operating costs, reaction time to achieve the same degradation efficiency with an increased
degradation rate and higher mineralization levels (Almeida et al., 2022).

Recently, various studies on the degradation of IBU by different ozone-based AOPs have
been reported. Jing et al., (2023) found that adding UV irradiation into 0.6 mg L of O3
increased the IBU degradation rate by 10 times, subsequently achieving a superior
mineralization result. Additionally, the authors found that the cost of O3/UV process was
most acceptable compared to the individual processes, under the same IBU degradation
target. Yuan et al., (2017) investigated the capacity oxidation of O3/PMS and found that the
combined process demonstrated a compelling degradation ability towards IBU compared

with single ozonation. This was attributed to the simultaneous generation of HO™ and SO4™"
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radicals during the process. Saeid et al., (2018) studied the degradation of IBU by non-
catalytic and catalytic ozonation using Beta zeolites. Authors found that the presence of
zeolite catalysts improved the IBU decomposition rate significantly in the aqueous
environment, probably due to the amount of Brgnsted and Lewis acid sites in the zeolite.
According to the literature, the intensification of ozone through the presence of an oxidant,
a catalyst, or UV light, has already been proven to significantly enhance the removal rate of
the micropollutant and the mineralization degree. However, comparative studies between
different ozone intensification processes in terms of chemical performance are still scarce.
Hence, this study intents to provide new insights into these systems and evaluates how
combinations of various Os-based AOPSs, enhance ozone mass transfer efficiency in the
degradation of an ozone-recalcitrant compound.

In this chapter, different Os processes intensified homogeneously (Os/UVC, Os/Hz20z,
Os/PMS) or heterogeneously intensified system (Os/zeolite) were assessed for IBU
degradation, analyzing several parameters such as IBU concentration, mineralization level,
ozone utilization efficiency, and energy consumption. Furthermore, the most promising one

was chosen for further investigation in the elucidation of IBU transformation products.

3.2 Experimental procedure

The experiments were conducted in a 1 L glass column reactor (Figure 2.1) in semi-batch
mode, containing 900 mL of aqueous solution of IBU (40 uM). The ozone-oxygen mixture
was manually controlled by a flowmeter and fed into the reactor through a micro-porous
plate gas sparger located at the bottom of the column, with a gas flow rate of 0.7 L min™ and
containing 6.0 mg Oz L. For the O3/H202 and Os/PMS combination, experiments were
performed the same way as the ozone trials with the addition of H202 or PMS to the reaction
before the addition of ozone. Different H202/O3 and PMS/O3z molar ratios (0.25, 0.5 and 1.0)
were tested. For the Os/UV experiments were performed in same reactor, equipped with a
low-pressure mercury (40 W) lamp emitting at 254 nm located axially and protected by a
quartz sleeve. The UV lamp was warm for 20 min before testing to water. More details are
described in Section 2.1.1.

For the heterogenous ozone intensification (Os/zeolite), 0.2 g L™ of zeolite was added to the

reaction prior to the addition of ozone. Adsorption experiments were performed with the
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same experimental system mentioned above, but ozone and catalyst were not used. Liquid
samples were withdrawn through a sampling port at different times, (ensuring that the
sampled volume never exceeded 10% of initial reactor volume) and quenched with the
addition of sodium thiosulfate ( 0.1 M, 1 mL) to remove residual dissolved ozone. All the
experiments were performed in duplicate to ensure reproducibility. All samples were filtered
by a 0.45 um filter membrane for further analysis. For Os, Os/UVC and catalytic ozonation,
the experiments were performed without adjustment at an initial pH value of the solution 6.0
and room temperature. In the case of Os/H202 and O3/PMS experiments, pH was adjusted to
pH 6.0 using NaOH and HCI.

3.3 Calculation of ozone mass balance

In order to compare the efficiency of the ozone intensification treatments, the IBU removal
was evaluated as a function of ozone consumption considering Egs. (3.1)-(3.4) presented by

(Gottschalk et al., 2010) for semi-batch systems as follows:

Applied ozone dose, AOsD (mg Os L)

A03D _ thG C03,g,indt (31)
0 Vi,

Transferred ozone dose, TOsD (mg Os L)

To.,0 = | t?,—f( Co,gin — Cos gour)dt 42
Consumed ozone dose, COsD (mg Os L)
COsD = TO3D — Co,yout (3.3)
Utilization ozone efficiency, UOsE , (%)
UOsE = igzg X 100 (3.4)
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where Qg is the gas flow rate (L min™), VL is the volume of the reaction mixture (L), Co,,gin
and Cop,gout are 0zone concentrations at the inlet and outlet of the reactor, (mg L)

respectively.

3.4 Results and discussion

3.4.1 Ozintensified by UVC light

In order to understand the combined effect of ozone and UVC light on the performance of
IBU degradation, UVC photolysis, Oz and Os/UVC experiments were performed (Figure
3.1). As can be observed, direct photolysis operating under UVC irradiation promoted the
removal of IBU with high efficiencies, reaching 89% of elimination after 30 min of exposure
(k = 0.07 min; Figure 3.1b inset). The high efficiency of the photolytic system can be
attributed to the overlapping of the emission spectrum of the UVC lamp (100-280 nm with
a maximum emission at 254 nm) with the absorption spectrum of IBU (absorption up to 240
nm with a Amax at 224 nm) (da Silva et al., 2014). This result is in agreement with those
reported by Adityosulindro et al., (2022). Furthermore, this behavior can also be attributed
to the formation of HO" radicals directly from the homolysis of water molecules by the 185
nm irradiation that then can react with IBU molecule (Szabo et al., 2011).

Compared with UVC photolysis, the efficiency of single ozonation was much lower, and
only 67 % of IBU was removed after 30 min (k = 0.036 min1). This can be explained by the
absence of reactive groups towards ozone in the IBU chemical structure and an aromatic
ring that is only slightly activated (Huber et al., 2003). This result was also consistent with
the low reaction rate constant of IBU with ozone (kisu, 03= 9.6 M s1) (Dodd et al., 2006).
Since the ozonation experiments were performed at an initial pH of 5.6, the direct molecular
ozone attack may have partially contributed to the oxidation of IBU.
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Figure 3.1 (a) Evolution of the normalized concentration of IBU (b) kinetics and (c)

mineralization via UVC, Os, and O3/UVC processes.

When UVC light was introduced into ozonation system, reaction rates was faster than during
ozonation and UVC alone, especially in the first 5 min. In fact, 95% removal of IBU was
reached within 5 min of reaction and above 99% after 10 min. The fast abatement of IBU is
mainly ascribed to the fact that UV irradiation (A < 300 nm), provides an additional reaction
(formation of H202 due to photolysis of dissolved Os) that accelerates ozone rate
decomposition. This, in turn, leads to the generation of more HO" radicals via Eqgs. (1.7)-
(1.9) (Hart et al., 1983).

The mineralization of IBU was also monitored through TOC analysis and the results are

shown in Figure 3.1c. Single UV and Os processes could not effectively mineralize the IBU
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compound, leading to approximately 23.8% and 7.8% TOC removal after 90 min of reaction,
respectively. The low mineralization of Oz is due to the presence of compounds resistant to
Os attack, such as carboxylic acids, in which molecular ozone cannot completely oxidize
these short-chain saturated compounds, and as a result, they remain in solution. Direct
reactions with ozone will play a minor role during ozonation processes, and the oxidation of
these compounds are mainly due to HO" radicals that originate from ozone decomposition
(Huber et al., 2003). The combination of Oz with UVC significantly improved TOC removal,
reaching 93% TOC elimination after 90 min reaction. This further confirms the extent of
HO" radical contribution in the total organic matter removal in the O3/UVC combination.
On the other hand, in the Os/UV system, the rate of Os mass transfer/consumption is
generally enhanced by the UVC light (Garoma and Gurol, 2004). Figure 3.2a displays the
measured inlet and outlet ozone gas concentrations as a function of time during IBU
oxidation in both Os systems. It can be observed, that Os concentrations in the off-gas
differed significantly during single ozonation and photolytic ozonation. At the end of the
IBU reaction (30 min), the outlet gas concentrations of the single ozonation, and photolytic
ozonation reached 5.87 and 1.5 mg L, respectively. In the same way, lower dissolved O3
concentrations were observed during Os/UVC than single ozonation (see Figure 3.2b inset).
The lower concentration of ozone in the gas and liquid phase at the Os/UVC combination
confirms that the UVC light considerably accelerated the decomposition of ozone depletion,
resulting in more ozone being absorbed in the solution and consequently the generation of
more HO' radicals.

Based on the difference between Os concentrations in the inlet and off-gas during the
experiments, the transferred Os doses (Figure 3.2¢) was 5.6 times higher during the Os/UVC
system (102 mg L) than during individual ozonation process (18 mg L™). Consequently,
Os utilization efficiencies were significantly increased from 12.4 % for conventional
ozonation to 71.3% for photolytic ozonation. These findings indicate that the Os/UVC
system not only enhances the HO" yield from O3z decomposition but also improves the ozone
transfer and consumption during photolytic ozonation. This improvement allowed for higher

IBU abatement compared to single ozonation.
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Figure 3.2 Evolution of (a) gas phase ozone concentrations at the reactor inlet and outlet,
(b) dissolved ozone concentration, (c) transfer Os doses and utilization Os efficiency as a

function of reaction time during IBU ozonation and photolytic ozonation.

3.4.2 Oz intensified by an oxidant

3.4.2.1 Effect of H.O2/O3 and PMS/O3; molar ratios

The Os intensified process by oxidants were conducted through the comparison of two

systems, O3/H202 and Os/PMS in the performance of IBU elimination. The initial set of
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experiments investigated the effect of different molar ratios H202/0s (Figure 3.3a) and

PMS/Os (Figure 3.3c) on the degradation of the model compound.
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Figure 3.3 Effect of (a) H202/03 molar ratios and (c) PMS/Os molar ratios and their the

pseudo-first-order rate constant (inset figure, (c) H202/0s, (d) PMS/Q3).

The results indicated that higher dosages of H202 and PMS led to an increased in IBU
degradation. For the case of Os/H202, after 5 min, IBU removal increased from 51%
employed the lowest H202:03 molar ratio of 0.25 (0.09 mM H202) to 77% using H202:03
molar ratio of 1.0 (0.88 mM H203). This result is consistent with previous studies that who
reported higher removal efficiency at an H202:03 ratio molar of 1.0 and 0.5 (Cruz-Alcalde

50



Chapter 3. Ozone-based AOPs

et al., 2020). For the O3/PMS system increasing PMS dosage results in higher degradation
efficiency towards IBU. As depicted in Figure 3.3, the pseudo-first-order rate constant
improved from 0.29 to 0.48 min ! with increasing PMS/O3z molar ratio from 0.25 to 1.0.
Yuan et al., (2017) observed similar results and found that increasing PMS dosage caused
the enhancement of IBU efficiencies. Authors also reported that concentrations of PMS in
excess would cause self-quenching of radical species and reducing the degradation levels.

It is important to mention that a 4-fold increase in the H202 and PMS concentration did not
improve, the same increasing factor in the removal of IBU. Hence, the following results

presented were adopted to the H202:03 and PMS:O3 molar ratio of 0.5.

3.4.2.2 Comparison of O3/H>0O, and Os/PMS

With the addition of oxidants such as H202 and PMS in the ozonation process, the IBU
removal was significantly increased by 6.4 and 13.3 times, respectively, compared to single
ozonation. In terms of the effectiveness of the two oxidants, the degradation rate of IBU was
significantly faster in Os/PMS (k = 0.48 min™) than O3/H202 combination (k = 0.23 min™),
reaching removal rates of 98% and 77 % after 5 min, respectively. Meanwhile, a low removal
of IBU was achieved under H202 alone (less than 3 % removal) and PMS alone (less than 9
% removal) after 30 min.

As depicted in Figure 3.4 the Os/PMS was found to be more efficient in enhancing the 1IBU
mineralization level (78%) when compared to the O3/H202 process (31%) after 90 min. This
results reveal that PMS in presence of O3z have obvious synergistic effects on the degradation
of total organic matter. This positive effect can be attributed to the fact that by adding PMS
during ozonation, ozone can react directly with PMS, producing both HO" and SO4"" radicals,
as shown in Egs. (1.10)-(1.15) (Yang et al., 2015). Furthermore, when HO" reacts with
organic compounds, it involves OH-addition and H-abstraction mechanism. At the same
time, SO4"~ follows a one-electron transfer mechanism, which facilitates the decarboxylation
reactions and thus results in more efficient mineralization performance (Liu et al., 2013).
Regarding the O3/H202 coupled system, the hydroxyl radicals generated were the active
species responsible during IBU oxidation (Egs. (1.3)-(1.5)). Thus, 33% more IBU was
eliminated by Os/H202 compared to the Os alone system due to the generation of HO®

radicals. Previous studies reported that during oxidation of IBU by Os/PMS and O3/H202
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systems both HO"and SO4'~ radicals were detected in O3/PMS, and only HO" radicals were
found in Os/H202 (Yuan et al., 2017).
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Figure 3.4 Mineralization level of IBU via H202, PMS, O3, O3/H202 and O3/PMS processes.

On the other hand, to explore the role of oxidants in the ozone mass transfer
efficiency/consumption, the change of gas-off and liquid ozone concentrations with time
were also recorded, and results are presented in Figure 3.5. It can be observed that the
introduction of PMS and H20: oxidants to the ozonation system decreased the off-gas O3
concentration during the first 15 min, reaching values of 4.63 mg L and 5.13 mg L7,
respectively. Interestingly, after 15 min of reaction, the outlet gas concentration for Os/H202
continued to rise, while it remained similar and almost constant for three ozone coupled
systems (5.4 mg L™). This demonstrates that the ozone utilization efficiency gradually
decreased in both systems.

The evolution of dissolved ozone concentration had a similar tendency, in which for Os/H202
and O3/PMS, a lower Oz aqueous concentration was observed peaking at 1.28 mg L™ and
0.98 mg L%, respectively. Therefore, as less ozone escapes into the air and ozone
concentrations in aqueous solutions are reduced, it demonstrates that oxidants play an
essential role in the decomposition of ozone into active radicals, particularly for the Os/PMS

system.
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Figure 3.5 Evolution of (a) gas phase Oz concentrations at the reactor inlet and outlet, (b)

dissolved ozone concentration, (c) transfer Os doses and (d) utilization Oz efficiency as a

function of reaction time during IBU ozonation.

Likewise, Figure 3.5c indicates that for the same treatment time, higher Os doses were

transferred, from 18 mg Os L™ during single ozonation to 35 mg Oz L™ and 28 mg O3 L™

during O3/PMS and Os/H20z, respectively. On comparing the ozone systems in terms of

ozone utilization efficiency ( Figure 3.5d), it was observed that adding chemical oxidants to

ozonation could also improve the ozone utilization efficiency by a factor of ~4.5-5 times

compared to ozonation alone, specifically at the beginning of the reaction (10 min).

However, at the end of reaction, UOsE decreased to reach a value of 12.4 %, 20.4% and
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24.7% for Os, O3/H202and O3/PMS, respectively. Both oxidants in the presence of ozonation
presented similar percentages of UOsE, indicating that the enhanced IBU abatement during
Os/PMS may be mainly driven by the higher HO" and SO4™ yields in the solution than by the

enhancement of Oz transfer efficiencies.

3.4.3 Oz intensified by a zeolite catalyst

In this section, the ozonation of ibuprofen was investigated in the presence of two Y zeolites
(belonging to the Faujasite family) with similar structures and different SiO2/Al20s ratios.
Firstly, the material characterization was assessed to understand its physicochemical

properties and gain better insights into its behavior during catalytic ozonation reactions.

3.4.3.1 Characterization of zeolites

The surface area, pore structure, and pore volume of the Y zeolites were investigated using
the nitrogen adsorption—desorption test, and the obtained results were analyzed using BET
isotherm (Table 3.2).

Table 3.2 Properties of NaY zeolites samples including specific surface area (Seer), external
surface area (Sext), micropore area (Smicro), micropore volume (Vmicro), mesopore volume

(Vmeso), pore size and SiO2/Al203 mol ratio.

SBET Sexternal ~ Smicro Vmicro Vimeso Pore size pszc Si102/A1203

Sample (m’g!) (m?g!) (m?’g!) (cm’g!) (em’g!) (nm) mol ratio
NaY- 60 762 92.13 670.18 0.33 0.16 2.8 7.1 60
NaY-12 587 94.13 492.99 0.24 0.13 3.0 6.5 12

The specific surface area and micropore volume of NaY-60 and NaY-12 zeolites samples
were 762 and 587 m? g1,0.33 and 0.24 cm® g2, respectively. As can be seen from the results,
the surface area and micropore volume of the zeolite samples decreased in the order of

increasing aluminum content.
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The zeolites were also characterized by XRD to determine the crystal properties and lattice
parameters of the catalyst. Figure 3.6 shows the XRD patterns of the samples prepared with
different SiO2/Al203 molar ratios (60 and 12). All samples gave similar XRD patterns and
matched well with the Faujasite-type zeolite structure (JCPDS card No. 00-045-0437). The
XRD data revealed that there is not contribution of amorphous material, indicating Y zeolite
constituent phase crystal structure as the major product obtained. The distinct diffraction
peaks observed at 26 values of 12.0°, 20.6°, 23.9°, 27.4°, 31.8°, 54.8° correspond to (311),
(440), (533), (642), (751) and (997) of the crystal planes, respectively.
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Figure 3.6 X-ray diffraction pattern of NaY zeolite with SiO2/Al.O3 mole ratio 12 and 60.

The amount of Bransted (B) and Lewis (L) acid sites of zeolites samples have been analyzed
by FTIR, and they are summarized in Table 3.3. It was observed that both zeolite samples
had Lewis (L) and Bregnsted acidity sites (B). However, the NaY-12 zeolite sample showed
the strongest surface acidity. As expected, the total amount of acid sites increases by
increasing the alumina content (Saeid et al., 2018). Moreover, for both zeolite samples, the
ratio of B/L was more than 1, indicating the total Brensted acid sites were the main acid

sites.
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Table 3.3 Brgnsted and Lewis acidities of zeolite samples.

Bronsted acidity Lewis acidity
Catalyst (umol g™ (umol g™
150 °C 250 °C 350°C  150°C 250°C  350°C

NaY-60 64 14 8 35 10 7

NaY-12 121 61 21 71 47 39

3.4.3.2 Removal of ibuprofen by catalytic ozonation

The removal efficiencies of IBU by adsorption, catalytic ozonation using NaY-60 and NaY -
12 zeolites are presented in Figure 3.7. It can be observed that IBU removal by adsorption
into NaY-60 zeolite reached the maximum of removal of 47.8% after 5 min, while NaY-12
zeolite just reached 4.1% within 30 min. One of the main reasons for the difference in
adsorption capacities of the two zeolites can be attributed to the silica (Si) and aluminum
(Al) ratios. Zeolites with a high Si/Al ratio (lower Al content) provide a greater hydrophobic
surface and exhibit a higher adsorption capacity than the zeolites of the same framework
with a low Si/Al ratio (Chen, 1976). Hence, the increased adsorption efficiency of IBU by
NaY-60 could thus be related to the hydrophobicity of this high-silica zeolite. Moreover, the
adsorption capacity of zeolites can also be well-correlated to their microporous volume
(Koubaissy et al., 2011). Indeed, NaY-60 was found to have 1.4 times larger micropore
volume than NaY-12 zeolite.
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Figure 3.7 (a) Evolution of the normalized concentration of IBU via O3/NaY-60, Os/NaY-

12, and their control experiments, (b) the pseudo-first-order rate constants.

The addition of zeolite catalysts to ozonation system indicated that the use of NaY zeolites
promoted the reaction between ozone and led to a faster IBU depletion, achieving 97.7% (k
=0.26 mint) and 92.3% (k = 0.18 min™*) of IBU removal within 15 min for Os/NaY-60 and
Os/NaY-12, respectively. This improvement in the IBU rate oxidation in catalytic ozonation
(a 5-fold increase compared to single ozonation) confirms that NaY zeolites can act as
initiators/promoters of the ozone decomposition process, enhancing the formation of HO®
radicals in the solution.

By comparing the performance of two NaY zeolites in presence of ozonation, it can be
observed that Os/NaY-12 system exhibited a lower degradation rate compared to the
Os/NaY-60 combination. However, the negligible adsorption observed with the NaY-12
control demonstrated that NaY-12 showed a higher synergistic effect in terms of I1BU
removal and mineralization level. This result can be related to the Lewis and Brgnsted acid
sites of zeolites, which have been demonstrated to promote ozone decomposition and lead
to the formation of free hydroxyl radicals (Alejandro et al., 2011; Valdés et al., 2009). For
the particular ozone resonance structure, this molecule can react as a dipole, showing an
electrophilic (Lewis acid) or nucleophilic (Lewis base) character that determines its
adsorptive behavior and reaction mechanism (Kasprzyk-Hordern et al., 2003). Therefore, in

the presence of NaY zeolites, dissolved ozone could act as a Lewis base and get adsorbed
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onto "true" Lewis acid sites, such as extra-framework aluminum species, on the zeolite
surface. Likewise, ozone might exhibit Lewis acid behavior, allowing it to be adsorbed on
deprotonated surface hydroxyl groups (Valdés et al., 2012).

As it can be seen from Table 3.3, Pyridine-FTIR analysis the NaY-12 zeolite showed the
strongest surface acidity as compared to NaY-60 zeolite. Hence, NaY-12 zeolite with a
greater Bragnsted acid sites (in the form of proton-donating OH groups) showed a higher
catalytic activity in presence of ozonation and possible favored the enhancement of the redox
process involved in ozone adsorption/decomposition. A similar feature has been observed
by Saeid et al., (2018) who tested two Beta zeolites in the catalytic ozonation of ibuprofen
in water and found that the catalyst with the higher acidity exhibited a higher degradation of
the ibuprofen removal that the zeolite with the smaller amount of acid sites.

As shown in Figure 3.8, the mineralization extent of IBU during catalytic ozonation was
enhanced, reaching 50.2% of TOC removal for Os/NaY-60 system, while 53.6% for
Os/NaY-12 during 90 min of reaction. Although the mineralization performance was better
compared to Oz alone, the results might indicate that their oxidation-produced intermediates

remained as refractory products, hard to oxidize by catalytic ozonation using NaY zeolites.
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Figure 3.8 Mineralization level of IBU via Os/NaY-60, Os/NaY-12, and their control

experiments.

On the other hand, the concentrations of Oz in the influent and effluent gas were monitored

during the reaction, as presented in Figure 3.9a. It can be noticed that the presence of NaY
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zeolites in the ozonation, resulted in lower Os off-gas concentration compared to single

ozonation. The lower ozone in the off-gas is very desirable to reduce the treatment costs and

diminish off-gas treatment requirements.
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Figure 3.9 Evolution of (a) gas phase ozone concentrations at the reactor inlet and outlet (b)
dissolved ozone concentration, (c) transfer Os doses and (d) utilization Oz efficiency as a

function of reaction time during catalytic ozonation of IBU using NaY-60 and NaY-12

zeolites.

Moreover, dissolved Os concentrations (Figure 3.9b) increased rapidly in the initial period
and then reached maximum values of 1.35 and 1.47 mg L™, for O3/NaY-12 and Oz/NaY-60,

respectively. The lower values of Oz dissolved using NaY-12 zeolite seem to indicate that
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the presence of the catalyst could have a positive effect on promoting the decomposition of
aqueous ozone into more radical species.

Similarly, Figure 3.9c indicates that the introduction of NaY zeolites improved the transfer
Os doses from gas to the liquid phase, reaching values of 29.4 mg L™ and 31 mg L7, for
Os/NaY-60 and Os/NaY-12, respectively. Consequently, Os utilization efficiency in catalytic
ozonation increased in an 8% the ozone mass transfer efficiency compared to single

ozonation.

3.4.4 Comparison of ozone based AOPs

3.4.4.1 Synergistic effect assessment

The synergy index (SI) was used to assesses the degree to which the Oz combined treatment
produced a greater effect in terms of the IBU removal or mineralization compared to their

individual process. This factor was calculated according to Eqg. (3.5).

Pcombined AOPs (35)

SI =
P, + P,

where Pcombined Aops represent the removal percentage of IBU or mineralization of the
simultaneous application of Os-based AOP, P1 and P2, the removal percentage of the
individual process. A synergy index around 1 indicates a weak synergism so that the
combined system performance is additive. A Sl higher that 1 indicates that the combined
process has positive synergic effect, while a SI lower than 1 means a negative effect.

As observed in Figure 3.10, the effect synergic was specially observed in terms of
mineralization for the majority Os intensified systems, indicating that the performance on
the combined process is greater than the sum of the performance of the individual processes,

particularly in terms of the organic matter removal.

60



Chapter 3. Ozone-based AOPs

8
[ ]1BU elimination
"7 [ Mineralization
6_
x
[«5)
©
£ 51
>
(@)
T 4
c
>
w
3_
2_
14- — - -
0

O,/UVC OyH,0, 0,PMS O, /NaY-60 Oy/NaY-12
Figure 3.10 Synergy index (SI) for the Os-based AOPs investigated

A remarkable synergy occurred in Os/PMS combination (S1=7.8) in comparison with the
accumulative effect of individual processes, likely due to the different radical species formed
in the process. It can be noticed that no synergy was observed in the Os/NaY-60 combination,
suggesting that such combination does not offer advantages over the performance of the
individual systems. This may be related to the fact that NaY-60 zeolite presented a high
adsorption capacity in the removal of IBU. Regarding SI for IBU removal, photolytic
ozonation and catalytic ozonation by NaY-12 zeolite enhanced the compound degradation
rate considerably.

3.4.4.2 Analysis of energy consumption efficiency

The energy requirement is another crucial factor to evaluate in the application of Os-based
AOPs, as the degradation of organic contaminants by these technologies has been considered
to be energy-intensive processes. For this purpose, a simple approach based on the electrical
energy per order (Eeo) was employed for comparing the energy efficiency of different
treatment systems. This parameter correspond to the electrical energy in kWh required for
reducing a pollutant by one order of magnitude in 1 m®in contaminated water or wastewater

(Bolton et al., 2001). To calculate the energy requirements when applying single Oz or Os-
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based AOPs, it is assumed an average energy consumption of 15 kWh kg™ for Ozand 10
kWh kg* for H202 production (Rosenfeldt et al., 2006). In addition, the electrical energy
required for the UV lamp power (0.040 kW) and PMS (3.28 x 1073 kwh mmol™) (Yu et al.,
2021) were also taken into account. The Eeo values (kKWh m order™) for pseudo-first-order

kinetics were calculated for batch operations using Eq. (3.6).

(kW) _ P xt x1000 (3.6)
A\ h V x log (g—;)

where, P is the rated power (kW), t is the reaction time (h), V is volume (L) of reaction, Ci
and Cr the initial and final concentration. The energy calculations were based on a 90% IBU
removal. In addition, since one of the main objectives of Os-based processes is to improve
TOC removal, Eqg. (3.6) was also adapted to calculate the energy requirements to achieve
50% of mineralization. For this case, TOC initial and TOC final were considered for the
calculation.

Table 3.4 lists the Eeo values calculated for single ozonation and Os-based AOPs required
to degrade 60% and 90% of IBU and 50% of mineralization. Taking into account that IBU
abatement for ozonation alone was below 90%, the Eeo value presented was based on a 60%
removal. Likewise, since Os and Os/H20:2 did not exceed at least 40 % of TOC removal
during the entire experiment, the Eeo values were not considered when calculating energy

for those systems.

Table 3.4 Comparison of electric energy requirements in kWh m at desired removal levels
for the different Os-based AOPs investigated.

Eeo (KWh m™)
Process IBU=60% IBU=90% TOC=50%

Os 4.27 - -
O3/H202 0.80 0.89 -
O3/PMS 0.34 0.43 17.2
Os/UVC 2.19 3.04 62.7

Os/NaY-60 0.50 0.62 18.9
Os/NaY-12 0.76 0.89 20.8
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The results apparently indicated that the energy requirement to achieve 60% of IBU removal
at the experimental conditions tested (pH 6.0 and Oz dose applied = 4.6 mg Oz L min?)
was much higher for single ozonation that for the Os-based AOPs. This fact can be attributed
to the low reactivity of IBU towards ozone under the experimental pH conditions tested.
The Os/PMS treatment exhibited the best cost-effectiveness treatment on both IBU removal
and mineralization level desired. This is attributed to the capacity of Os/PMS system to
generate both radical species, HO® and SO4™", which cause a faster IBU degradation and,
consequently, make a more profitable process.

Catalytic ozonation using NaY zeolites and Os/H202 processes also had a marked benefit
efficiency, which reduced the energy consumption by approximately 5.8-8.5 times compared
to ozonation alone for the 60% IBU removal. Similarly, the O3/UVC system represented
energy-savings around 48% of energy compared to the single ozonation.

However, if the Eeo for the different Os-based AOPs are compared in terms of a 90% IBU
removal and 50% TOC removal (excluding other cost factors chemicals, capital and
construction costs, etc.), the Os/UVC system resulted in the most energy intensive process.
This result is consistent with the general conclusions of many previous studies, which
suggest that UV-based technologies usually are less energy-efficient than ozone-based
processes in terms of micropollutant abatements. This attributed to the high energy demand
for UV irradiation (Yao et al., 2018).

3.4.4.3 Total operational costs

The ozone-based AOPs evaluated were also compared from an economical point of view to
eliminate 50% of TOC. Target economic parameters, such as reagent consumption, labor,
and electricity, were used to roughly estimate the cost of treated water in USD per m? of
wastewater. The following operating costs based on the active substances (industrial grade
prizes): PMS 14 USD g, NaY zeolites 0.15 USD kg, labor 7.81 USD h and electricity
0.17 USD kwh™.

Figure 3.11 presents the main ozonation operating and investment costs per m® of treated
water (WWTP effluent) necessary to remove 50% of mineralization. Notice the O3/PMS
reached the highest operational costs due to the high cost of the PMS reagent. Followed by
the O3/UVC system, while the catalytic ozonation using NaY zeolites was the most
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profitable processes in terms of operational costs. According to this results, the catalytic
ozonation were selected for the next analysis of objectives 2 and 3. Additionally, catalytic
ozonation can offer additional energy savings, since these zeolites could be regenerate on-
site by ozonation (Fu et al., 2021). Moreover, reusing zeolites can avoid high operational

costs associated with the single-use of the catalyst.
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Figure 3.11 Total operational cost (USD m) to eliminate 50% of TOC for Os-based AOPs

investigated.

3.4.5 ldentification of main degradation products of selected Os-based
AOP

Based on several criteria determined for the different processes such as, synergy index and
Eeo values and total operational costs, catalytic ozonation was selected as the Os-based AOP
for the study of following goals: identification of by-products and application of the process
in the elimination of various pharmaceuticals in real wastewater.

The transformations by-products (TPs) of IBU generated during the Os/NaY-60 and
Oa3/NaY-12 treatments ([IBU]=2.4 puM, catalyst = 0.2 g L?, [O3] = 6.0 mg L?) were
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identified after 90 min of reaction by LC-QTOF-MS. The chromatograms and MS/MS for
the parent compound and the identified by-products are presented in annexes in Figure A.4-

Figure A.6.
The results indicated that both zeolites tested in presence of ozonation led to the formation

of the same by-products. Three major IBU degradation products were identified, TP1a,b,

TP2a-c, and TP3a-c, as shown in Figure 3.12.
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Figure 3.12 Tentative transformation pathway of IBU degradation by catalytic ozonation
using NaY-12 and NaY-60 zeolites.
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The formation of TP1 with a molecular ion at m/z 221.1183 and elemental composition of
[C13H17027] was assumed to be the resulted of hydroxylation of the IBU molecule by HO®
radical. Hydroxylation may occur at the site of the molecule most susceptible to the attack
of the radical. This includes, one of the two benzyl positions, at the tertiary carbon atom
position or at the aromatic ring. Different isomers could be expected, taking into account the
free sites in the IBU molecule. However, the spectra fragmentation showed decarboxylation
at m/z 177.1277. In addition, the fragment at m/z 162.104, indicated the loss of isobutane
moiety. Thus, there are two possible variations for this structural TP1 by-product: either
hydroxylation on the aromatic ring or hydroxylation on the phenylcarboxylic moiety (Figure
A.5). Unfortunately, the exact structure of these TPs could not be confirmed by
fragmentation ions. Several mono-hydroxylated products of IBU have already been reported
during single ozonation (Gulde et al., 2021a), photo-Fenton (Méndez-Arriaga et al., 2010)
and sonophotocatalysis processes (Michael et al., 2014).

The TP2 by-product at m/z 177.1281, eluding at 8.66 min, may correspond to
decarboxylation and subsequent hydroxylation of the IBU molecule, or probably could also
resulted from decarboxylation of TP1. The MS spectrum showed a signal at m/z 159.1176,
indicating the loss of water and that hydroxylation did not occur in the aromatic ring. In this
sense, three possible isomers of hydroxylation of TP2a-c might be formed ( Figure A.6). The
last by-product identified, TP3, provided a molecular ion at m/z 175.1121 and an elemental
composition of [C12H1507] could be formed after resulted from decarboxylation of TPL.
Unfortunately, no fragment ions were observed in the tandem mass spectrum, maybe
because it is a relative stable molecule or due to their low relative concentration. The TP2
and TP3 intermediates observed in the present study were matched with those reported in
literature (Méndez-Arriaga et al., 2010; Michael et al., 2014).

Another important factor to be considered during the treatment of water contaminants is the
toxicity changes. Recently, it has been demonstrated that the variation of the octanol-water
partition coefficient (ALog P) could be assumed as an indirect indicator of aquatic toxicity
(Melnikov et al., 2016; Serna-Galvis et al., 2019; Wang et al., 2016). Hence, in order to
obtain an initial approach during catalytic ozonation the ALog P for the identified primary

transformations products of the IBU were calculated with respect to the parent compound
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(Table 3.5). A negative ALog P value (i.e., lower lipophilicity) indicates that the substance
has an inferior affinity for the lipid bilayer of cells (Sandermann, 2003).

The results depicted that all transformation products of IBU showed negative ALog P values,
which suggest a reduction in the toxicity of the parent compound after undergoing catalytic

ozonation using NaY zeolites.

Table 3.5 Calculated properties for the transformation products

Transformation product ALog P* AThOD** (mgO2 L™?)
TP1 -0.83 -16
TP2 -0.57 -16
TP3 -0.45 -32

*Calculated using ChemDraw software. Values were established for one isomer TP1a, TP2b and TP;
considering the similar structure of isomers, the ALog P values are expected to be close among them.

** Determined as described in annexes

In addition to ALog P, another interesting approach to consider is the estimation of the
change in the theoretical oxygen demand (AThOD), a parameter that indicates the degree of
oxidation of the organic compounds. From Table 3.5, it can be observed that AThOD values
for TPs were negative, indicating that these intermediates generated are molecules more
oxidized than the initial compound. Thus, the higher oxidation of the products (i.e., negative
AThOD values) can be associated with changes in the functional groups of 1BU, due to the
elimination of alkyl or carboxylic acid moieties (TP2, TP3), or due to the increase in the
number of oxygen—carbon bonds (TP1) (Jurowski et al., 2015; Serna-Galvis et al., 2019)

In order to complement the results obtained from AThOD, an analysis of the predicted
primary aerobic microbial biotransformation pathways was conducted for the identified
products of IBU using the EAWAG-BBD program (See Figure A.8-Figure A.10 in annexes).
The results showed that most of the predictive biotransformation pathways were referred to
as “neutral” (50% probable), suggesting that TPs generated cannot be easily transformed via
aerobic biodegradation under experimental conditions tested. This result may be suggested
that the reaction time was insufficient to break down these intermediate molecules. Probably,
prolonging the reaction time would enable HO" radicals to attack these molecules and lead

to a greater ring-opening, resulting in the formation of short-chain aliphatic acids.
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Finally, it is noteworthy to highlight that, although the above results obtained are based on
rational predictions, the corresponding experimental measurements are necessary to validate

these predictions.

3.5 Conclusions

The results of this chapter indicated that Os-based AOPs not only enhanced the removal and
mineralization of IBU but also improved the transfer and consumption O3z doses during the
coupled systems compared to the single ozonation. The Os/UVC system reached the highest
Os utilization efficiency, compared to the other Os intensified systems. This attributed that
UVC irradiation, provides an additional energy that accelerates ozone rate decomposition.
The highest mineralization was observed in the Os/UVC process (98%), while the lowest
was for single ozonation (8%). This demonstrated that combined rather than single processes
are required to achieve larger mineralization abatements.

The O3/PMS system increased by 2.0 times the IBU degradation rate compared to Os/H202
system, for PMS:03 molar ratio of 1.0. This high oxidation capacity of O3/PMS could be
related to the simultaneous generation of HO"and SO4™" radicals during the process.

The addition of zeolite catalysts to ozonation indicated that the use of NaY zeolites promoted
the reaction between ozone and led to a faster IBU depletion, achieving a 5-fold increase
compared to single ozonation. By comparing the performance of two NaY zeolites, the
Os/NaY-60 combination exhibited better effect synergic in the IBU and mineralization
removal compared to Os/NaY-12 system. This result can be related to the NaY-12 zeolite
showed a stronger surface acidity compared to NaY-60 zeolite, and possible Lewis and
Bransted acid sites of zeolites favored the decomposition of 0zone adsorption.

In terms of energy requirements, Osz-based AOPs reduced the energy required to abate the
ozone resistant micropollutant in compared to conventional ozonation. The catalytic
ozonation showed larger benefits with better cost-effective results for both IBU and
mineralization reduction. Predicted toxicity results indicated that catalytic ozonation was
able to reduce the IBU toxicity.
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Chapter 4. Application of catalytic ozonation in
the elimination of pharmaceuticals in real

wastewater

4.1 Introduction

Over the past few years, catalytic ozonation has received wide attention since the addition
of a catalyst can facilitate ozone decomposition to generate more active free radicals, such
as hydroxyl radicals (Wang and Chen, 2020). In most cases, this process can significantly
increase the degradation rate and mineralization efficiency of various organic compounds
than ozone alone system (Kasprzyk-Hordern et al., 2003; Liu et al., 2021). Among
heterogeneous catalysts, zeolites have shown good application potential in catalytic
ozonation for organic micropollutants removal from water (e.g., pharmaceuticals) (Ikhlag et
al., 2018; Ma et al., 2020; Valdés et al., 2012). Zeolites are crystalline and microporous
aluminosilicates that offer great advantages as a catalyst due to their large specific surface
area, high reusability, and chemical stability (McCusker et al., 2007). In particular, Y
zeolites, which belong to the Faujasite (FAU) family, are among the most important zeolites
in terms of industrial use and commercial availability (Reiprich et al., 2020). This zeolite
has a typical microporous structure characterized by a three-dimensional (3D) framework,
large pore diameter, and super cavities, making this material of particular interest (McCusker
et al., 2007). For instance, Dong et al., (2008) reported that the presence of dealuminated Y
zeolite in the ozonation of phenol exhibited an increase in the compound degradation and in

the removal rate of chemical oxygen demand, mainly attributed to HO".
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The catalytic properties of zeolites are mainly related to their acidic strength sites, which can
be controlled by the proportion of silica and aluminum (Si/Al) ratio (Soares et al., 2016).
Some researchers have found, Brgnsted and Lewis acid sites are claimed to play an important
role in the catalytic ozonation, suggesting these active sites promote the decomposition of
aqueous ozone to form hydroxyl radicals HO® (Alejandro-Martin et al., 2018; Su et al., 2022;
Valdés et al., 2009).

Recently, in heterogeneous catalytic ozonation using zeolites, efforts have been focused on
evaluating the efficiency of several types of natural and synthetic zeolites in the ozonation
of individual pharmaceuticals in water. Additionally, there has been a strong interest in
understanding the reaction mechanism involved and how some operational conditions affect
the process performance. However, to date, no previous works have dealt with the
application of catalytic ozonation using zeolites to eliminate PhACs in real effluents. Thus,
considering the absence of relevant studies on this issue, this work aims at taking a step
forward towards in the existing research gap.

The following chapter has focused on evaluating the application of heterogeneous catalytic
ozonation using two Y-zeolites with similar structures and different SiO2/Al2Os ratios for
the elimination of a wide group of pharmaceuticals in real wastewater samples. Furthermore,
two main aspects were also investigated: the occurrence of relevant PhACs, including an
assessment of the environmental risk associated with PhACs, and the performance of the

adsorption process and single ozonation (control experiments).

4.2 Experimental procedure

The experiments in this section were conducted in the bubble column reactor No. 2 in semi-
continuous mode (Figure 2.3). Concerning procedure in each test, the reactor was filled with
800 mL of wastewater sample collected from two WWTPs located in Spain (effluent A and
effluent B), and for catalytic ozonation experiments, 0.2 g L of zeolite was added. All tests
were performed at a room temperature of 24 °C, at the natural pH of the wastewater. The
ozone residual gas stream was vented through the catalytic Os destruction unit before
discharging to ambient air. The samples were withdrawn from the reactor through a sampling
port at different times interval (10, 30, and 60 min) and quenched immediately by bubbling

with high-purity nitrogen gas for 1 min to remove the residual dissolved ozone. All samples
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were filtered by a 0.45 um filter membrane for further analysis. Adsorption experiments
were performed with the same experimental system mentioned above, but 0zone and catalyst
were not used. In order to compare the efficiency of the ozone-driven treatments, the removal
of the mixture of pharmaceuticals detected was evaluated as a function of ozone
consumption for each treatment considering the transferred ozone dose (Eq. (3.2)). The
corresponding specific ozone dose (g O3 g DOC™ 1) based on the normalization of ozone dose
to the dissolved organic carbon (DOC) content in the wastewater could be evaluated from

TODs and the initial DOC value of each sample at each treatment.

4.3 Results and discussion

4.3.1 Pharmaceuticals detected in wastewater samples

Both samples (Effluent A and B) were firstly analyzed in order to know the initial
concentrations of pharmaceuticals before undergoing the different degradation treatments.
The main detected pharmaceuticals and their concentrations are presented in Table 4.1.

It can be seen that 21 and 25 compounds were above the LOQ for effluent A and effluent B,
respectively. The identified pharmaceuticals belong to ten different therapeutic groups: 3
analgesics, 9 antibiotics, 3 anticonvulsants, 4 anti-hypertensive, 1 anthelmintic, 1 iodized
contrast media, 1 lipid regulator, 1 B-blocker, 1 anxiolytic and 2 antidepressants.

In effluent A, the highest concentration corresponded to the analgesic phenazone (2.12 pg
L), the anti-hypertensive valsartan (1.49 ug L), the contrast media iopromide (1.04 g L-
1) and the metabolite O-desmethylvenlafaxine (1.19 pg L2), all at concentrations above 1 pg
L. As regards to effluent B, several compounds were also present at > 1 pg L™ anti-
hypertensive valsartan (9.01 pg L), the anticonvulsant gabapentin (4.54 pg L), the
analgesic tramadol (2.89 pg L™), the antidepressant venlafaxine (1.27 pg L) and its
metabolite O-desmethylvenlafaxine (2.25 pg L), and diclofenac (1.10 pg LY).

The presence of valsartan at high concentrations in both effluent samples is in agreements
with the high consumption of this pharmaceutical in Spain, as it is the most often prescribed
anti-hypertensive drug with 13.7 daily doses per 1000 inhabitants (data from Spanish Agency
of Medicines and Medical Devices (AEMPS, 2018)). Previous studies in different Spanish
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WWTPs also revealed high concentrations of valsartan in effluent wastewaters (Bijlsma et
al., 2021; Lopez et al., 2022).

Table 4.1 Initial concentration of pharmaceuticals detected in Effluent A and Effluent B.

Therapeutic group Compound Concentration (ug L)
Effluent A Effluent B
Analgesics Diclofenac 0.42 1.10
Phenazone 2.12 0.50
Tramadol 0.80 2.89
Antibiotics Ciprofloxacin 0.89 0.61
Clarithromycin 0.22 0.36
Erythromycin 0.06 0.53
Trimethoprim 0.15 0.23
Sulfamethoxazole 0.04 0.11
Clindamycin <LOQ 0.07
Norfloxacin - 0.16
Metronidazole 0.09 0.25
Tetracycline <LOQ 0.02
Anticonvulsants Carbamazepine 0.05 0.07
Gabapentin 0.21 4.54
Primidone 0.08 0.12
Anti-hypertensive Irbesartan 0.51 0.87
Losartan 0.14 0.46
Enalapril <LOD 0.03
Valsartan 1.49 9.01
Anthelmintic Levamisole 0.05 0.09
lodized contrast media lopromide 1.04 <LOQ
Lipid regulator Atorvastatin <LOQ 0.22
Beta-blocker Metoprolol 0.03 0.17
Anxiolytic Lorazepam 0.08 0.15
Antidepressants Venlafaxine 0.37 1.27
O-desmethylvenlafaxine 1.19 2.25
Total load (ug L) 10.04 26.08

The total concentration of target pharmaceuticals in effluent B almost triplicated that of
effluent A (26.08 pg L™ and 10.04 ug L™, respectively). This difference between could be

due to factors such as population served, and the activities involved in the area. While
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effluent B collects water from an urban area and a nearby hospital, effluent A is situated in
a rural area, so lower pharmaceuticals concentrations may be expected. The total
pharmaceutical concentration found in this study agrees within the ranges reported for these
therapeutic groups in other Spanish municipal WWTPs (Costa et al., 2021; Lopez et al.,
2022). As an example, gabapentin was found in effluent wastewater (EWW) samples from
a WWTP in Madrid (Spain) at average concentrations of 3.61 pug L™ and 2.66 pg L™ in two
different campaigns (Lopez et al., 2022).The antibiotics ciprofloxacin and norfloxacin, the
anticonvulsant gabapentin and the analgesic tramadol (Bijlsma et al., 2021), were found at

concentrations similar to effluent B in the current study.

4.3.2 Adsorption of pharmaceuticals on NaY zeolites

In order to gain insights into the catalytic ozonation process using Y zeolites in real effluents,
the adsorption control was firstly tested on the removal of target pharmaceuticals onto the
NaY zeolites using real wastewater. Figure 4.1 displays the percent removal of 21 and 25
compounds detected under adsorption process for effluent A and B, respectively. The results
in Figure 4.1a. shows that in effluent A, after 60 min of contact time only 7 out of 21
compounds (venlafaxine, O-desmethylvenlafaxine, tramadol, carbamazepine, levamisole,
metoprolol, and trimethoprim) were removed higher than 90% with NaY-12, whereas 9
PhACs (additional compounds removed, lorazepam and ciprofloxacin) by the NaY-60
zeolite.

In the case of effluent B, although the total load of the compounds (26.08 g L) was higher
that the effluent A (10.04 pg L), the adsorption efficiencies presented a similar pattern in
the PhACs adsorption compared to the effluent A. As shown in Figure 4.1Db, in the case of
effluent B, 9 out of 25 compounds (venlafaxine, O-desmethylvenlafaxine, enalapril,
tetracycline, tramadol, metoprolol, trimethoprim, carbamazepine, and clindamycin) were
adsorbed higher than 80% on NaY-12 zeolite and 11 compounds (additional PhACs
adsorbed were lorazepam and ciprofloxacin) on NaY-60 zeolite. The high adsorption of
these groups of PhACs in both sample wastewater could be attributed to zeolite microporous

structure, surface charge and the ionization form of the target compounds.
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Figure 4.1 Adsorption of target pharmaceuticals by NaY-60 and NaY-12 zeolites at 60 min
of reaction time in: (a) Effluent A and (b) Effluent B.

The pHpzc (point of zero charges) plays an important role in elucidating the mechanism of
PhACs adsorption on zeolites (Valdés et al., 2009). The pHpz is defined as the pH at which
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the net surface charge of the material becomes electrically neutral (Sposito, 1998). It is stated
that the catalyst surface could be positively charged if pH < pHpzc and negatively charged if
pH > pHpze. The pHpzc values of NaY-60 and NaY-12 zeolites were determined to be 7.1
and 6.5, respectively. This means that the zeolite surface for both samples are negatively
charged.

Consequently, at the natural pH of wastewater samples, pH = 7.6, compounds such as
venlafaxine, O-desmethylvenlafaxine, levamisole, tramadol, and metoprolol exist as cationic
forms (see Table Al, in annexes), and exhibited a high adsorption capacity into both NaY
zeolites (above 90% in both effluents, except for clarithromycin and erythromycin). The
high removal capacity is attributed to the larger electrostatic attraction between the
negatively charged surface of the zeolite and positively charged PhACs. Oppositely, anionic
compounds such as diclofenac, irbesartan, losartan, phenazone, sulfamethoxazole, valsartan,
as well as zwitterionic compounds (ciprofloxacin, gabapentin, and metronidazole), had a
lower adsorption capacity onto NaY zeolites compared to cationic PhACs due to the
electrostatic repulsion between the negatively charged adsorbent zeolite and these anionic
PhACs. De Sousa et al., (2018) also observed influence of charge on the adsorption of
pharmaceuticals by zeolites. They found that for FAU zeolite, sulfamethoxazole presented
a pH-dependency, with considerably lower adsorption when the molecule was in its negative
charged form compared to positively charged species.

In the case of neutral compounds (carbamazepine, trimethoprim, and lorazepam, except
iopromide and primidone), had a good adsorption capacity into both NaY zeolites. In the
adsorption of neutral compounds, mechanisms such as hydrophobic interactions and
hydrogen bonding could be taking place in the adsorption process, instead of electrostatic
interactions.

On the other side, the differences in adsorption properties can be also related to the
micropore size of the zeolite, which determines the diffusivity and accessibility of
micropollutants (Jiang et al., 2018). According to the data shown in Table A1, the molecular
dimension of valsartan, iopromide, primidone, clarithromycin and erythromycin (although
those last two molecules are positively charged), are larger than the free aperture of the 12-
ring windows in Y zeolite (open diameter 7.4 x 7.4 A) (Reiprich et al., 2020), in which
compounds cannot easily diffuse inside the micropores of NaY zeolyst.
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Comparing the efficiency between zeolite samples, it can be noted that NaY-60 zeolite had
a slightly higher adsorption capacity for pharmaceuticals compared with NaY-12. This result
could be probably attributed to the hydrophobicity of the zeolite samples, which provides
beneficial characteristics for organic micropollutants adsorption in aqueous solutions (Jiang
etal., 2018). As mentioned above in Section 3.6, zeolites with the same framework type, the
hydrophobicity increases with decreasing aluminum content. Thus, zeolites with higher
Si/Al ratios are more hydrophobic (Chen, 1976). Therefore, NaY-60 is expected to be the
most hydrophobic zeolite and NaY-12 the least hydrophobic.

4.3.3 Ozonation treatment

The removal efficiencies of detected PhACs in effluent A and effluent B by ozonation at
different reaction times (10, 30, and 60 min) are presented in Figure 4.2. The results of the
removal of the mixture of PhACs are also reported as function of the ozone consumption
considering the transferred ozone dose ( See Fig. Al, in annexes).

In general, the application of ozonation involves two reaction pathways: a direct oxidation
in which molecular Os can react selectively with compounds containing electron-rich groups
such as deprotonated amines, unsaturated double bonds, and activated aromatic; or by an
indirect reaction through the formation of secondary oxidants, hydroxyl radicals, initialized
by OH™ in aqueous phase, via Egs. (1.1) and (1.2) (Staehelin and Hoigne, 1982). Unlike
ozone, HO" is a non-specific oxidant capable of degrading a wide range of organic and
inorganic compounds via radical mechanism (kro- values are in the order of 10°-10*° M1 s™?
for most of micropollutants).

In order to understand the removal patterns of different compounds in both samples, the
categorization based on the ozone reactivity proposed by Rizzo et al., (2019) was applied
for this study. For grouping the compounds, the criteria based on the apparent second order
rate constant values (kos) was taking into account. Group A contains compounds with
electron-rich moieties and classified by a high reactivity with ozone (koz>10° M s1), Group
B compounds with have intermediate reactivities with ozone ( kosz =10% -10% M s1) and
group C compounds with a low or not reactivity with ozone and which secondary oxidants

(HO") influences in the degradation of compounds kos <102 M sX. The literature data on of
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the rate constants of the reactions of the target compounds with ozone (kos) and hydroxyl
radicals (kuo.) are presented in Table A2 in annexes.

As may be seen in Figure 4.2a, after a treatment time of 10 min, the ozonation showed partial
degradation, in which 14 out of 21 compounds were removed higher than 90% in effluent A
(28 mg Oz L* consumed). Regarding effluent B, a decreased in the removal of PhACs was
observed. A group of 17 of out 25 PhACs were removed above 90% during the first 10 min
(25 mg Oz L* consumed).

The abatement of 95% of the mixture of the PhACs was reached after 25 min of reaction,
and the ozone consumption was 41.2 mg Oz L™t and 46 mg Os L™ for effluent A and effluent
B, respectively. These results are consistent with DOC content of effluent A (47.5 mg L™?)
and effluent B (65.4 mg L) as 0.9 and 0.7 g O3 g DOC™* were needed for effluent A and B,
respectively, to reach above 90% abatement of PhACs and in agreement with a previous
study of Lee et al., (2013).

According to the data presented in Table A2 (annexes), all these PhACs that showed the
highest removals, like diclofenac, phenazone ciprofloxacin, carbamazepine, clarithromycin,
losartan, trimethoprim, venlafaxine and it is metabolite, among others, belongs to group A,
(approximately 70% of the target compounds belongs to this group). These PhACs react fast
with ozone due to electron rich moieties that contain such as, non-protonated amines, olefins,
and phenols. Therefore, it is expected that ozone reactions mainly contributed to the
abatement of these compounds. By the contrast, at 10 min of ozonation, the most refractory
compounds were iopromide, and gabapentin for the effluent A, and metronidazole,
lorazepam, primidone, gabapentin, and valsartan for the effluent B , in which reached
removal percentages lower than 50%. The previous PhACs have low reactivity towards
ozone, and belongs to group C. The low removal efficiency is consistent with their lower
Kos values. Some of the compounds contain halogen substituents (e.g. iopromide), carbonyl
groups, or amide moieties than typically decrease the ozone reactivity by an electron-
withdrawing effect (Lee et al., 2014). Considering that the experiments were conducted at
natural pH of the wastewater effluents, their oxidation was possibly driven by hydroxyl
radicals generated from the decomposition of Os, rather than the direct reaction with

molecular Os.
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Figure 4.2 Ozonation of pharmaceuticals during 10, 30 and 60 min of reaction time in: (a)

Effluent A and (b) Effluent B.
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4.3.4 Catalytic ozonation treatment

Figure 4.3 shows results of the degradation of the micropollutants detected in both effluent
samples by combining ozonation and the NaY-60 and NaY-12 zeolites at 10 min of reaction.
It can be observed from Figure 4.3a., for the case of effluent A, the presence of NaY zeolites
exerted a positive effect on the micropollutants elimination. 18 out of 21 compounds reached
above 90% removal for NaY-60 and 20 out of 21 compounds by NaY-12 zeolite, within the
early 10 min of reaction.

The elimination percentage attained for the removal of the mixture of PhACs in effluent A
were 94% and 97% for the combination of Os/NaY-60 and Os/NaY-12, respectively, after
10 min. Relating to effluent B, a slight decrease in the percentage of removal was observed
as compared with effluent A. For the aim above 90% removal, 18 out of 25 compounds were
removed by NaY-12 zeolite, while 19 out of 25 PhACs were eliminated by the NaY-60
sample after 10 min. The degradation of the mixture of PhACs reached a removal of 77 %
for Os/NaY-60 and 88% for Os/NaY-12 combination within 10 min. After 30 min, for both
samples showed nearly complete degradation of all most compounds, unlike for primidone
compound which reached 87% in effluent B.

It can be noted that the addition of NaY-12 zeolite sample in the ozonation could enhance
the degradation rate of ozone resistant compounds (koz <10? M s?) like iopromide,
gabapentin, primidone, metronidazole, and valsartan, which reached removals over 90 % in
effluent A in less than 10 min. Taking into consideration previous results in control
experiments, physical adsorption did not contribute to the removal of these compounds,
while single ozonation showed a low PhACs abatement. It can be hypothesized that NaY-
12 zeolite catalytic ozonation showed a high catalytic activity for decomposing aqueous
ozone into radical species, mainly HO". The main differences in the catalytic properties of
zeolites are related to their acidic properties, and their acid strength can be controlled by the
Si/Al ratio (Yu et al., 2020).
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Previous studies using zeolites as ozonation catalyst have found that Lewis and Bronsted
acid groups on zeolites might promote ozone decomposition and free hydroxyl radicals
formation. For instance, H. Valdés et al., (2012) reported that due to the resonance structure
of ozone, this oxidant can act as Lewis base and can be adsorbed in Lewis acid sites and
decompose to generate HO". According to previous results, Pyridine-FTIR analysis
conducted in this study allowed identifying such acidic sites. As can be seen in Table 3.3,
the NaY-12 zeolite offered a larger amount of Lewis and Brgnsted acid sites to enhance the
redox process involved in ozone adsorption/decomposition. Hence, more Lewis active acid
sites imply more aqueous ozone attracted to oxidation of PhACs. Therefore, the high PhACs
removal rates observed in the coupled treatment (Os/NaY-12) could be related to ozone
interaction with acidic sites of this zeolite sample.

When comparing the efficiency of catalytic ozonation in both effluent samples at 10 min of
treatment, effluent B had a lower removal of pharmaceuticals compared to effluent A. This
could be attributed to the presence organic and inorganic matter in this effluent which
components can react very fast with hydroxyl radicals (108-10° M S1), decreasing the
radical concentration and the direct attack of HO" to the target compounds (Rizzo et al.,
2019). Additionally, pharmaceuticals are between 2 and 3 magnitude orders more
concentrated in effluent B than the effluent A; thus, more amounts of degrading species and
treatment time are needed to degrade the micropollutants. The activity catalytic of both
zeolites in the effluent B had a slight difference in the compounds oxidation compared to the
effluent A. The addition of NaY-60 zeolite in ozonation showed a higher degradation of
micropollutants (>90% for 19 out of the 25 PhACs). However, for aim of removal >50%,
NaY-12 zeolite exhibited a great number of compounds removed compared to NaY- 60
zeolite at 10 min.

It should be noted that in terms of ozone consumption, catalytic ozonation resulted in lower
TOD compared to single ozonation in both effluents. To achieve a 95% removal of the
mixture of PhACs in effluent A, 24.4 and 31 mg Os L™ was required for NaY-12 and NaY -
60 zeolites, respectively (See Figure A.1). This Os requirements represents a saving of
around 33% (using NaY-60) and 47% (using NaY-12) of the overall ozone needs to
eliminate same level of PhACs when comparing with single ozonation. Additionally, the

specific Oz dose of these coupled system were slightly lowered working at 0.5 and 0.65 g Os
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g DOC? for Os/NaY-12 and O3/NaY-60 combination, respectively. This provides an
economic benefit to the coupled process, considering the significant cost of ozone
production, thereby making its large-scale application more practical. In the case of effluent
B, 46 and 50.2 mg Os L™ were consumed to achieve a 95% removal of the mixture of PhACs
using NaY-12 and NaY-60, respectively, while ozonation required 66 mg Os L. For the
effluent B, the Os requirements when comparing with direct ozonation, represents a saving
of 23% and 30% of the overall ozone needs for the same micropollutant degree of depletion
employing the NaY-60 and NaY-12 zeolite sample, respectively.

From a practical standpoint, the results were very promising for the removal of PhACs in
real wastewater. For a reaction time of 10 min, the catalytic ozonation system (Os/NaY-12)
exhibited synergistic effects, particularly for the elimination of ozone-recalcitrant
compounds. Furthermore, the low ozone dose used (15 mg L™ min) and the catalyst dosage

employed here make this system highly attractive for real applications.

4.3.5 Environmental risk assessment

The environmental risk assessment caused by the detected pharmaceuticals in the initial
effluents A and B, and the applied treatment in this study, like adsorption, ozonation and
catalytic ozonation using NaY zeolites was assessed using the risk quotient criteria.
Furthermore, taking into consideration that each sample presented a mixture of several
PhAC:s, the risk for the entire mixture of micropollutants (RQmixwre) in the initial wastewater
and after treatment was also evaluated. Table 4.2 displays the RQ values calculated using
Egs. (2.2) and (2.3), as early indicated in Section 2.4.5. It can be observed, the RQ
determined for 17 of the 21 compounds present in effluent A, resulted in low environmental
risk. The four exceptions were for diclofenac, phenazone, ciprofloxacin and venlafaxine,
whose exceeded the threshold of 0.1 (0.33, 0.30, 0.39 and 0.98, respectively). According to
the results of this study, these 4 pharmaceuticals should be considered as posing a moderate
environmental risk in water bodies.

Concerning to effluent B, of the 25 compounds detected, 4 PhACs present moderate risk
such as diclofenac, ciprofloxacin, clarithromycin and gabapentin (RQ values from 0.12 to
0.85), while the anti-depressant venlafaxine was the only substance in this group that poses

a high risk to the environment. The elevated risk associated with venlafaxine could be related
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to its relatively high concentration in effluent B (1.27 pg L) and its lower PNEC value
(0.038). Similarly, despite the relatively low concentration of ciprofloxacin (0.89 pug L™ in
effluent A and 0.61 pg L? in effluent B) in the wastewater samples, the moderate
environmental risk related to this antibiotic can also be attributed to its lower PNEC value
(0.00056). The previous findings of the fluoroquinolone ciprofloxacin also highlight the
potential risk associated with the proliferation of multiple antibiotic-resistance genes or
strains of bacteria (Junaid et al., 2022). This compound has been included in the mmost
recent version of the surface water Watch List under the Water Framework Directive
(European Parliament, 2018).

As can also be seen in Table 4.2, for effluent A, the RQ values for all pharmaceuticals after
the application of the coupled system ozonation and NaY zeolites (only 10 min of reaction)
were significantly diminished compared with the initial wastewater, considerably reducing
the risk in the receiving environment. Even, the single ozonation system could eliminate the
risk associated with PhACs in effluent A, thus RQmixtwre Values were also reduced.

Samples from effluent B, also RQ values were reduced when catalytic ozonation using NaY -
12 zeolite was applied. However, for the combination of ozone and NaY-60 sample, the
RQmixwre Was higher than the threshold of 0.1, indicating that the complex mixture of
pharmaceuticals in the samples had a moderate risk for the environment at 10 min of
reaction. This could suggest for this specific treatment (Os/NaY-60) that is needed more
reaction time to reduce the environmental risk related to this mixture of pharmaceuticals.

In the case of adsorption, after 1 hour of contact time, 5 and 7 compounds present moderate
environmental risk for effluent A and effluent B, respectively.

The data reveals the importance of implementing adequate regulations and develop tertiary
treatment for municipal WWTPs in order to improve water quality and avoid the
environmental risk associated with pharmaceutical drugs. In this regards, catalytic ozonation
using NaY-12 zeolites emerges as a promising alternative to address the global concern
related to CECs.
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Table 4.2 Risk Quotients calculated for effluent A and B and after different treatments applied, adsorption (1 h), ozonation and catalytic ozonation (10 min) on NaY-60 and NaY-
12 zeolites (denoted as 60 and 12, respectively). Values in color green correspond to: low risk, yellow color: moderate risk, and red color 1: high risk.

References

Initial effluent Adsorption Ozonation Catalytic ozonation PNEC
Compound A B A B (ngL?)
A B 12 60 12 A B 60 12 60 12
Diclofenac 0.22 0.91 0.90 0.05 (Loos et al., 2018)
Phenazone 0.27 0.276 (Tell et al., 2019)
Ciprofloxacin 0.27 0.35 0.089 (Loos et al., 2018)
Clarithromycin 0.17 0.08 (Tell etal., 2019)
Erythromycin 0.2 (Carvalho et al., 2015)
Trimethoprim 0.16 (Mendoza et al., 2015)
Sulfamethoxazole 0.6 (Tell et al., 2019)
Clindamycin 0.1 (Tell et al., 2019)
Norfloxacin 0.16 (Zhou et al., 2019)
Metronidazole 0.13 (Tell et al., 2019)
Tetracycline 1.0 (Tell etal., 2019)
Carbamazepine 25 (Mendoza et al., 2015)
Gabapentin 0.196 (Tell etal., 2019)
Primidone 0.069 (Tell etal., 2019)
Irbesartan 700 (Aa van der et al., 2001)
Losartan 63.7 (Godoy et al., 2015)
Valsartan 3.865 (Zhou et al., 2019)
Enalapril 21 (Tell etal., 2019)
Levamisole 1 (Chen et al., 2015)
Atorvastatin 0.19 (Tell et al., 2019)
lopromide 256 (Tell et al., 2019)
Metoprolol 61 (Mendoza et al., 2015)
Tramadol 0.959 (Zhou et al., 2019)
Lorazepam 1.683 (Mendoza et al., 2015)
Venlafaxine 0.038 (Loos et al., 2018)
2.3 (Figuieére et al., 2022)

O-desmethylvenlafaxine
Total risk (RQmixture)

1.73

421

0.73

11

1.83

2.07

0.07

0.61

0.03

0.02 0.54

0.3

Total risk decrease (%)

58%

63%

57%

51%

96%

86%

98%

99% 87%

93%
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4.4 Conclusions

The results of this chapter indicated that addition of NaY zeolites in the ozonation can be a
suitable option to degrade pharmaceutical compounds in secondary effluents from
MWWTPs, with low doses of catalyst and ozone concentration. The total mixture of PhACs
was near completed removed (above 95%) with ozonation and combined with zeolite NaY -
12 and the NaY-60 within the first minutes of treatment, 9 and 12 min, respectively, in the
effluent A. Moreover, in the catalytic ozonation of micropollutants for both NaY zeolites it
was necessary 31 mg L of TOsD, almost 27% less than in the single ozonation. This
represents an economic advantage of the combined process due to the high cost of ozone
production, making its application more viable at large scale. The amount of Brgnsted and
Lewis acid sites in the NaY zeolites influenced the degradation of PhACs compound in the
wastewater. The NaY-12 zeolite offered more amount of Lewis and Brensted acid sites on
the surface compared to NaY-60 zeolite, Hence, more Lewis active acid sites imply more
agueous ozone attracted to oxidation of PhACs to enhance the redox process involved in
ozone adsorption/decomposition. Concerning the application of individual systems, single
ozonation can lead 95% to the complete removal of the PhCs after 25 min (46.2 mg Oz L
consumed). In adsorption, only 30% and 44% removals were reached using NaY-12 and
NaY-60 zeolites, respectively, after 60 minutes of contact time. Physical-chemical properties
of pharmaceuticals influence in the efficiency of the process; positively charged
pharmaceuticals seem to be better adsorbed into the NaY zeolites when treating WWTP
effluents. Additionally, the RQ values for all pharmaceuticals after the application of the
coupled system ozonation and NaY zeolites (only 10 min of reaction) were significantly
diminished compared with the initial wastewater, considerably reducing the risk in the
receiving environment. Even, the single ozonation system could eliminate the risk associated
with PhACs. These results provided a new insight on the catalytic mechanisms in NaY
zeolites-catalyzed ozonation and can set the ground for further applications of treating real

environmental matrices on a large scale.
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Chapter 5. Evaluation of an ozone membrane
contactor to enhance gas/liquid mass transfer
and its application in the removal of

pharmaceuticals in real wastewater

5.1 Introduction

Water ozonation processes have traditionally been applied injecting the Os gas stream into
the liquid phase by sparging gas bubbles via gas diffusers or venturi injectors (Gottschalk et
al., 2010). However, some drawbacks hinder the use of these conventional injection methods,
such as low gas-liquid mass transfer. In addition, to ensure a higher dissolution efficiency of
Osgas in the aqueous phase, large contact tanks are required (Gao et al., 2005; Gottschalk et
al., 2010). In recent years, membrane contactors for ozone diffusion/dispersion in water have
emerged as promising methods to overcome these limiting factors (Kukuzaki et al., 2010;
Schmitt et al., 2022). In gas-liquid membrane contactors, the porous membrane acts as a
passive barrier between the gas and water phases, separating the two fluids and enabling
continuous contact in a stable interfacial area (Pabby and Sastre, 2013). This configuration
offers several advantages over conventional reactors. Major benefits include a high
volumetric mass transfer efficiency, predictable flow patterns, easy scale-up by modular
design, and small reactor footprints (Pines et al., 2005; Schmitt et al., 2022). Moreover, using
membrane contactors may minimize operational costs from a reduction in the required ozone
dosage (due to the multiple injection points) and a decrease in the requirements for off-gas
disposal (John et al., 2022).
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Some studies have investigated the effectivity of ozone membrane contactors in their
application in water treatment for CECs abatement. For instance, Schmitt et al., (2023) tested
a polytetrafluoroethylene (PTFE) hollow fiber membrane contactor in the ozonation of real-
treated wastewater spiked with two PhACs and found high removal rates with short residence
times (< 3 s). Similarly, Merle et al., (2017) observed better performance in a PTFE
membrane contactor in the presence of hydrogen peroxide for the elimination of CECs in
groundwater and surface water compared to the conventional peroxone process. Stylianou et
al., (2018) demonstrated the technical feasibility of a ceramic tubular membrane contactor
for the treatment of four micropollutants in natural surface waters. Recently, Presumido et
al., (2022) proposed a novel tubular borosilicate membrane contactor to enhance ozone gas-
liquid mass transfer and the elimination of a mixture of CECs spiked in demineralized water
in a continuous mode operation. The authors reported removals higher than 80% for 13 of
the 19 CECs with an ozone dose of 12 g m™ and residence time of 3.9 s. The authors also
found that the volumetric mass transfer coefficient (KLa) was enhanced by 1.5-2.0 times with
an increase in gas and liquid flow rate.

This brief review of the state of the art demonstrates that efforts are still required to
investigate the ozonation processes when using membrane contactors for water/wastewater
treatment applications and specifically for eliminating CECs at environmentally relevant
concentrations in real effluents. In view of the above, the overall goal of this work was to
evaluate the performance of a stainless-steel membrane contactor for the intensification of
0zone gas-water mass transfer and its application in the elimination of a broad group of
PhACs at realistic concentration levels (ppb: ng L) under continuous flow conditions. In
this novel configuration, the O3z gas stream is fed by the lumen side of the membrane and
rapidly transferred to the liquid phase through multiple ozone dosing points along the
membrane length. The tangential liquid inlet and outlet enable a helical motion of the liquid
stream around the membrane shell-side providing a more homogeneous radial dispersion of
the injected gas and contributing to the enhancement of mass transfer and oxidation of
pollutants (Presumido et al., 2022). The present chapter was focused on three main aspects:
(i) the occurrence of relevant pharmaceuticals in secondary-treated municipal wastewater,
(i) the effect of different operational parameters, including the Oz concentration in the gas

phase (Co, g,in), liquid (Qu) and gas (Qc) flow rates on the volumetric mass transfer
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coefficient (Kra), and (iii) the abatement of 23 PhACs detected in the secondary-treated
municipal wastewater as a function of specific ozone dose. This work thus attempts to

contribute to a better understanding of 0zone membrane contactors for wastewater treatment.

5.2 Experimental setup and procedure

Figure 2.5 presents a schematic representation of the experimental setup used in all trials.
The ozone-oxygen gas mixture was fed by the lumen side of the membrane, permeating
through the pores structure, and delivered to the membrane shell side. Meanwhile, the liquid
phase was pumped from a 5 L-jacketed glass vessel, connected to a thermostatic bath for
temperature control, to the ARZ of the membrane contactor, where Oz gas-water contacting
occurs. For the gas/liquid mass transfer trials, the membrane reactor outlet was connected to
the upper inlet of a column (1.5 dm?, maximum fluid column height of 370 mm and Dinner =
73 mm) to separate the gas from the liquid phase, and water samples were collected in the
bottom outlet of the column.

For PhACs removal trials, the outlet stream of the membrane contactor was connected to the
inlet of the column located at the bottom, where water samples were collected at the upper
outlet of the column. Samples were collected at pre-determined time intervals once steady-
state conditions were reached. The residual concentration of Os in the collected samples was
removed immediately by placing the samples in a water bath at 80 °C. The off-gas was
collected from the top of the column, passed through the dehumidifier, and directed to the Os
analyzer. Finally, the residual gas was vented through the catalytic O3 destruction unit and
sequentially to washing bottles containing a 2% KI solution before going into exhaustion.
After each experimental run, the membrane contactor was cleaned by pumping demineralized

water through ARZ. The experimental conditions for all tests are presented in Table 5.1.
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Table 5.1 Experimental conditions employed in the ozone mass transfer tests and in PhACs

removal experiments using secondary-treated wastewater.

Ozone mass transfer tests (pH=2.2, T=20°C)

Parameter Qe . Cosgin Qu _ T C03*,la Costout’ Ky, (Min)?
(Ndm®min®) — (gNm?)  (dm*h?)  (s) (g m?) (gm?)

0.30 8.2 4.7 +£0.06 1.7+0.1

0.50 8.0 8.3+0.2 34+£0.2

Qe 0.75 80 70 75 23501 410401 53+0.1

0.85 1.4 12.1+0.2 6.1+£0.2

40 9.3+0.03 4.3+£0.08 52+0.2

Co,gin 0.75 60 70 75  164+002  7.6+0.1 5.1+0.3

80 23501 11.0+0.1 53+0.1

30 17.5 14.0x0.1 3.2+£03

50 105 126 0.1 4.6 £0.06

Qu 0.75 80 70 75 23.5+0.1 11.0+0.1 53+0.1

90 5.8 9.21+£0.08 53+04

100 53 8.47 +0.09 55+04

PhACs removal tests (pH= ~7.4, T= ~20-22°C)
Test QL T Qe Co. gin AOsD TOsD COsD  Specific O3 dose
number (dm? h%) (s)  (Ndm®*min™) (g Nm?) (gm?®  (gm3 (@m3 (gOs3gDOCY
1 20 9 6.3 6.3 0.39
2 100 60 0.75 27 12 8.6 8.6 0.53
3 40 18 11.0 10.6 0.69
4 0.25 80 104 104 0.65
100 60 12

5 0.15 134 12.0 11.6 0.73

a * standard error.

5.3 Estimation of ozone mass transfer in the membrane contactor

Ozone mass transfer experiments were conducted using demineralized water at acidic

conditions (pH = 2.2) to avoid Os decomposition reactions. Initially, the Os gas stream was

fed by the lumen side of the membrane, with the shut-off valve fully open, filling the inner

space with gas. Afterward, the water was pumped into the annular zone, and the shut-off

valve was immediately closed, enabling the permeation of the gas into the liquid side. The
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concentration of ozone in the off-gas and in the liquid samples collected at membrane reactor
outlet were measured over time until achieve steady-state conditions. All experiments were
conducted at a constant temperature of 20°C. The effect of various operating parameters in
the volumetric mass transfer coefficient, i.e., ozone concentration in the inlet gas stream
(Co, g,im=40-80 g Nm™®), liquid flow rate (Qu = 30-100 dm? h**), and gas flow rate (Qe = 0.3~
0.85 Ndm? min't) was investigated under continuous mode operation. The volumetric mass
transfer coefficient (KLa) (min™) has been estimated from the mass balance of ozone in the
liquid phase, considering plug flow conditions.

Under steady-state conditions, considering Co,;, = 0att=0and Cyp,;; = Co, 1 out ALt =17,

the integration results in Eq. (5.1)

1 C

(5.1)
where Cp, 1 oue (Mg dm?) is the dissolved ozone concentration in the outlet liquid stream at

steady-state conditions, and z is the liquid residence time, calculated by Eq. (5.2).
1= (1—gg) X2 (5.2)
QL

where V (dm®) is the annular zone volume of the membrane reactor, and g is the gas holdup
fraction (see values in Fig. A3 in Annexes).

Based on gas hold-up measurements, the specific interfacial area, a, was determined by Eq.
(5.3), taking into account the Sauter mean diameter (ds2). These mean diameters were
determined from measurements of all bubble sizes of the liquid—gas mixture by photographic

method and processing through Eq. (5.4).

& (5.3)
a=6—
ds
{1=1 n; X dgq (54)
Ay =sm——=77

n 2
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where n; is the number of bubbles of diameter deq (m). More details about the experimental
procedure are provided in TA.1 Annexes.

The overall mass transfer resistance, 1/KL, was also investigated for the hydrophilic
membrane contactor, described as three resistances in series according to Eq. (5.5) (Kukuzaki
etal., 2010).

where ke, km, and k. are the individual mass transfer coefficients for the gas phase, the

— . 1 1 1 -
membrane, and the liquid phase, respectively; P and —are the mass transfer resistances
G M L

in the gas boundary layer, membrane matrix, and liquid boundary layer, respectively; H
represents the adimensional Henry’s law constant. When using a membrane contactor for
gas-liquid absorption, the mass transfer resistance is controlled by the liquid side (lversen et
al., 1997; Johnson and Davis, 1996). Hence, the resistance to mass transfer in the gas phase
can be neglected (i.e., 1/keH~=0), as the diffusivity of ozone in gas is much larger than in the
water phase (10* times than liquid phase) (Johnson and Davis, 1996). Thus, Eq. (5.5) may

be rewritten as:

11 + 1 (5.6)
KL B kM kL

For totally gas-filled membrane pores, the mass transfer coefficient depends on the Os
diffusion coefficient, and on the geometrical characteristics of the membrane, i.e., thickness,

pore size, porosity, and tortuosity, according to Eq. (5.7) (Mavroudi et al., 2006):

Du X & (5.7)
ky = ——
T X 1y

where Dv (m? s?) is the effective diffusion coefficient of ozone in the membrane, em is the
membrane porosity (21%), tm is the tortuosity factor of the membrane, and In is the
membrane thickness (2.0x10 m). The z was estimated by the porosity-tortuosity relationship
defined by (lversen et al., 1997).
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(2 —ep)? (5.8)

T
m E€m

Diffusion in macropores occurs mainly by the combined effects of bulk molecular diffusion
(as in the free fluid) and Knudsen flow. Therefore, Dm can therefore be expressed as
Eqg. (5.9).

(5.9)

= +
Dk D03 dpore % 8RT
3 n™

where Dk is the Knudsen diffusion coefficient, defined by D, = % X %f (m?s?), Dy,

is the diffusion coefficient of ozone in the gas phase (2 x 10° m? s at 20 °C (Bamperng et
al., 2010)), T is the temperature (293.15° K), M is the molar mass of ozone (47.998 g mol™),
R is the ideal gas constant (8.3145J K mol™), and dpore is the mean pore diameter
(1.0 x 10°° m).

5.4 Results and discussion

The influence of three parameters on the volumetric ozone mass transfer coefficient, namely
the flow rate of the inlet gas and liquid streams, and ozone concentration in the inlet gas

stream, was investigated to gain a better understanding of the gas/liquid mixing.

5.4.1 Effect of inlet gas stream flow rate

The ozone mass transfer coefficient was investigated for inlet gas stream flow rates ranging
from 0.3 to 0.85 Ndm? min'!, while ozone concentration and QL were kept at 80 g Nm™ and
70 dm? h't, respectively. As can be seen from Figure 5.1, Kia increased 3.6 times as the input
gas flow rate increased from 0.3 to 0.85 Ndm? min, indicating a considerable influence of
gas flow rate in ozone mass transport. This behavior may be attributed to the greater mixing
induced by a higher number of bubbles dispersed in the liquid as the inlet gas flow rate

increases.
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Figure 5.1 Effect of the gas flow rate

As a result, a higher fraction of gas is inside the annular zone, subsequently boosting the
liquid velocity in the gas boundary layer (lower liquid residence time inside the reactor).
This, in turn, enables a higher driving force for ozone dissolution. In addition, the same
principles explain an almost linear correlation between the increment in the ozone
concentration in the liquid phase at the reactor outlet, at steady state conditions, and the inlet
gas flow rate. These findings agree with previous studies regarding the positive influence of
gas flow rate on the Kira using ozone membrane contactors (Presumido et al., 2022; Wang et
al., 2021). Nevertheless, opposite trends were also observed by other authors (Bamperng et
al., 2010; Berry et al., 2017).

5.4.2 Effect of the ozone concentration in the inlet gas stream

Figure 5.2 shows a negligible impact of Cy, 4, in the KLa values, considering values ranging
between 40 to 80 g Nm™3. On the other hand, dissolved ozone concentration at the reactor
outlet under steady-state conditions increased almost proportionally with Cy, 4 i, Since more
O3 molecules are available in the gas phase (higher partial pressure). As a consequence, the
driving force of the mass transfer is enhanced, leading to larger values of Co. oy IN
agreement with Henry’s law (Sotelo et al., 1989). This trend was also observed for previous
authors using membrane contactors (Berry et al., 2017; Kukuzaki et al., 2010; Sabelfeld and
Geilden, 2019).

93



Chapter 5. Ozone membrane contactor

(2]
T T
[N
N

&% -------- L -

Co,l,out (mg dm)

K, a (min?)
w
1
T
(o2}

40 60 , .
Co,gin (@N-M™) Time (min)

Figure 5.2 Effect of the ozone gas concentration in the inlet stream.

5.4.3 Effect of liquid flow rate

The gas-liquid mass transfer coefficient was investigated for liquid flow rates varying from
30 to 100 dm® h™! corresponding to Reynolds numbers of 181 to 604, respectively. As
illustrated in Figure 5.3, KLa increased 1.6 times with the liquid flow rate from 30 to 70 dm?®
h*, and after that, remained almost constant. This enhancement is attributed to higher
Reynold numbers, enabling smaller gas bubbles or thinner liquid films, reducing the
boundary layer resistance, and boosting the mass transfer. Additionally, the inlet and outlet
pipes located perpendicularly to the fluid flow direction and tangentially to the shell, in the
horizontal plane and at the top on opposite sides, induce a helical motion, i.e. a swirl, of the
water around the membrane shell-side, when a minimum value of liquid velocity is provided,
according to the dimensions of the reactor (Moreira et al., 2019). This leads to a longer
effective flow path, and enhances the shear rate on the membrane surface, dragging the gas

bubbles from the membrane surface to the bulk (Presumido et al., 2022).
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Figure 5.3 Effect of the liquid flow rate on Kia values.

Previous studies have reported similar trends, indicating that changes in the liquid flow rate
had the most significant effect on the volumetric mass transfer coefficient of ozone in water
(Berry et al., 2017; Pines et al., 2005; Zoumpouli et al., 2018). However, higher liquid
velocities shorten liquid residence time and mainly affect the dissolved ozone concentration

in the reactor outlet. For instance, Co, ,,c Was found to decrease from 14.0 to 8.5 mg Lt

when Qv increased from 30 to 100 dm?® h2. Selecting the optimal liquid velocity that ensures
a desired level of dissolved O3 concentration to get an adequate kinetic reaction is a key point.
Moreover, the overall mass transfer coefficient, K., was calculated from experimental values
of KLa and the gas-water interfacial area (a). It was found that the tubular stainless membrane
steel contactor provided an interfacial area in the range of 2054-2841 m™, with a
homogenous distribution of ozone gas bubbles with an average size of 0.25 mm (See Figure
5.4). Therefore, KL values were estimated in the range of 1.9 and 4.5x10° m s* for Q.
between 30 to 100 dm?® h?, respectively.

The investigated gas-liquid membrane contactor showed Kia values in the range of 1.7-6.1
min-t, which are higher than those reported for the conventional bubble columns (Kra ~ 0.3-
1.6 min'!) (Roustan et al., 1996), and slightly lower than venturi injection systems (Kra ~
3.6-12.6 mint) (Roustan, 2003). Nonetheless, in terms of energy consumption, venturi
injectors require a higher specific power consumption compared to membrane contactors
(Gottschalk et al., 2010; My Hanh Le et al., 2022).
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Figure 5.4 Bubble size distribution in tubular porous stainless-steel membrane contactor.

5.4.4 Estimation of membrane transfer coefficient and mass transfer
resistances

Mass transfer is not only dominated by the resistance of the liquid boundary film but also by
the membrane itself. The mass transfer coefficient in the membrane, km, was determined by
using the so-called Wilson plot method (Wilson, 1915), which involves plotting the
experimental data of 1/Kv. against 1/Q.. 1/km was obtained by the interception of the straight
line with the y-axis (where 1/Q. = 0, implying QL — oo and thus 1/kL = 0) of the Wilson plot
in Figure 5.5. Under the applied experimental conditions, the 1/km was found to be (9.74 £
0.05) x10% s m™%, which corresponds to km value of (1.03 +0.05)x10“m s™.

The membrane mass transfer coefficient for a liquid-filled pores membrane, can be calculated
from Eq. (5.7), considering the structural properties of the stainless-steel membrane. The
theoretical value obtained was km = 2.19 x 10° m s, which is 4.7 times higher than the
experimental value (km = 1.03 £0.05 x 10 m s). The possible reason for the large difference
between the two values may be attributed to the fact that the assumptions in the Eq. (5.7) are
based on cylindrical membrane pores, a constant tortuosity, and lognormal distribution of
membrane pore size (Kreulen et al., 1993; Lu et al., 2008). These assumptions probably
resulted in an overestimation of the resistance to mass transfer across the membrane. Khaisri

et al., (2010) observed similar results in their study on CO2 absorption with a PTFE hollow
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fiber membrane contactor. The authors found that the membrane mass transfer resistance
calculated from the Wilson plot method produced higher accuracy than the theoretical

method.

1K x 10% (s m™)

0 T T T T T T T T T T
2 4 6 8 10 12

1/Q, x 10* (s m®)
Figure 5.5 Graphical scheme for calculating the mass transfer coefficient in the membrane
by Wilsons plot method.

The analysis of the individual mass-transfer resistances in the liquid phase was calculated by
substituting the experimental value of K. and km obtained from the Wilson plot method in
Eq. (5.6). Figure 5.6a shows the results of individual mass transfer resistances for ozone
dissolution at different liquid flow rates. It can be noticed that the resistance to diffusion
through the liquid phase boundary layer (1/kL) is the main resistance to ozone transfer for
low liquid flow rates (Qu = 30 dm® h'1), contributing to 82% of the total mass transfer
resistance ( Figure 5.6b), while 18 % comes from the membrane. However, when increasing
Qv to 100 dm?® h?, the liquid-phase resistance becomes almost comparable with membrane
resistance and contributes to 57% and 43% of the overall mass transfer resistance,
respectively. Although a higher liquid flow rate can enhance gas transport in the liquid phase
by reducing resistance in the liquid boundary layer, it may also intensify the membrane
wetting to hinder gas transport in the membrane (Khaisri et al., 2009).
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Figure 5.6 (a) Analysis of mass-transfer resistances for ozone absorption in water, (b)

contribution to total mass transfer resistance (%) in the liquid phase boundary film and in the

membrane as a function of liquid flow rate.

The mass transfer resistance is also influenced by the material and properties of the
membrane (porosity, pore size, and hydrophobicity). Membranes with lower porosity, lower
pore size, and a low hydrophobicity exhibit higher resistance to ozone mass transfer (Li et
al., 2020; Zhang et al., 2017). The investigated membrane is hydrophilic; thus, the water
could more easily penetrate inside the pores and significantly increase the membrane
resistance owing to the diffusion of ozone molecule in water is much slower than in gas
(Johnson and Davis, 1996). However, the addition of a hydrophobic layer to the membrane

shell-side can be a solution to overcome this limitation (Stylianou et al., 2015).
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For similar conditions, the stainless-steel membrane (used in this study) presents a membrane
resistance 1.4-fold higher than the borosilicate membrane tested by Presumido et al., (2022).
These results may be attributed to the fact that the porosity and mean pore size of the
borosilicate membrane used by authors were about 2.0 and 3.8 times greater, respectively,
when compared to the stainless-steel membrane investigated in this study. Therefore, as the
membrane porosity and pore size increase, higher amounts of ozone gas is able to diffuse
through the membrane, decreasing the resistance on the membrane side. Nevertheless, higher
pore size can also increase the risk of wetting, reducing the mass transfer (Bakeri et al., 2012).
Although membrane resistance obtained in this study represented a disadvantage compared
to the borosilicate membrane contactor, stainless steel material could be a better alternative
regarding their thermal and mechanical stabilities to be implemented at full-scale (Song et
al., 2011).

5.4.5 Comparison with other gas-liquid contactor systems

A comparison of the performance of the membrane contactor with conventional gas-liquid
systems is crucial to assess the degree of process intensification that can be achieved. In order
to obtain a more accurate comparison of the membrane contactor performance with other
gas-liquid contactors, the ASCE standards method for measuring oxygen mass transfer was
used (ASCE, 2007). In this sense, two parameters were considered: standard oxygen transfer
rate (SOTR, kg ht) and standard oxygen transfer efficiency (SOTE, %). The SOTR, is
defined as the amount of mass gas being dissolved per unit of time and SOTE is the ratio of
the amount of gas transferred to the liquid phase to the amount of gas supplied to the system.
The SORT and SOTE were calculated by Eq. (5.10) and Eq. (5.11), respectively, at standard

conditions.

SOTR = KLa'OZ X COZ*,I X VR (510)

Kiag, X Cq.x; XV 5.11

SOTE = 120, 0,51 X VR (5.11)
Wo,

where Kja,, is the oxygen volumetric mass transfer coefficient (min™), C, «; is the

equilibrium dissolved oxygen concentration (9.2 mg L), V is the annular zone volume of

99



Chapter 5. Ozone membrane contactor

the membrane reactor (m®), and W, is the mass flow rate of Oz in the air stream (kg Oz hL).
W), was calculated by assuming the air behaves as an ideal gas, containing 23 wt.% of Oz at
standard conditions.

The Kyao,values were estimated from the ozone mass transfer coefficients following the

surface renewal theory (Beltrén et al., 1998), as given by the relation in Eq. (5.12).

KLa,03 . DO

KLa,o, Do (5.12)

where Dog (1.76x10° m? st) (Johnson and Davis, 1996) and Do, (2.17x10° m? s) (Wilke

and Chang, 1955) are the diffusion coefficients of Os and Oz gases in water at 20°C,
respectively.

The SOTR and SOTE values are presented in Table 5.2. It can be seen that the SOTR and
SOTE values for traditional injection systems, such as fine bubble diffusers (DeMoyer et al.,
2001; Gillot et al., 2005) and venturi injectors (Dayioglu, 2022; Therrien et al., 2019) were
much higher compared to the membrane contactor. It is important to note that these
parameters are strongly influenced by the reactor volume. Hence, the utilization of equipment
with greater volumes results in higher values of SOTR and SOTE. For a better comparison,
two additional parameters were included: the volumetric SOTR (VSOTR, kg h™t m), which
was determined by dividing SOTR by the reactor volume, and the second term, the specific
SOTE (SSOTE, % m), determined by dividing the SOTE by the height of the fluid or water
depth (h, m).

From comparable data in terms of VSOTR, the membrane contactor transferred a higher
amount of O2 mass into the water per unit of volume compared to bubble diffusers and venturi
injectors. Similarly, regarding the SSOTE efficiency parameter, the membrane contactor
achieved an Oz mass dissolution per unit of reactor height one to two orders of magnitude
greater compared to traditional contactors. This feature make it an appealing device for

practical applications in reactions of gas-liquid mass transfer.
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Table 5.2 Comparison of the SOTR, VSOTR, SOTE, and SSOTE values of commonly used
gas-liquid contactors devices and the membrane contactor investigated in this study.

Type of Volume Height SOTR SOTE VSOTR SSOTE Reference

contactor (m3) (m) (kg hh) (%) (kgh*m3 (% m?)
108-757 2.2-5.9 3.3-109 8.1- 33 0.03-0.14 3.7-5.6 (Gillot et al., 2005)

Fine bubble

diffuser 125-461 3.4-9.6 0.28-0.29 12-39 0.002-0.0006 3.5-4.1 (DeMoyer et al.,

2001)
- 0.4 0.012-0.032 0.1-12 - 0.25-30 (Therrien et al., 2019)

Venturi

injector 3.9 0.75 0.176 6.3 0.045 8.4 (Dayioglu, 2022)
Membrane  1.66 x 10* 0.2 3.3-5.6x 10" 3-5% 2.0-34 15-25 This work
contactor

From comparable data in terms of VSOTR, the membrane contactor transferred a higher
amount of Oz mass into the water per unit of volume compared to bubble diffusers and venturi
injectors. Similarly, regarding the SSOTE efficiency parameter, the membrane contactor
achieved an Oz mass dissolution per unit of reactor height 4 to 6 orders of magnitude higher
than those in traditional contactors. This feature makes it an attractive device for practical
applications in gas-liquid mass transfer reactions.

On the other hand, although the ASCE method (ASCE, 2007) was initially introduced to
describe the oxygen dissolution into water, in this study, both parameters were also extended
for the Os transfer efficiency (TE, %), as given in Eq. (5.13). For this case, the mass flow

rate of Os (Wog) was determined from the inlet Qe and Co, gin. The TE is an important

parameter for setting optimal operation conditions in ozone-based applications (Wang et al.,
2023).

KLa X CO3*,1 X VR (513)
Wo

TE (%) =

3
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Figure 5.7 shows the transfer efficiency (TE) for Os at different QL and Qg calculated based
on ASCE standard method. It can be observed that higher QL generated higher transfer
efficiency values at a fixed Qc. This characteristic becomes particularly advantageous for
large-scale processes in which higher volumes of wastewater need to be treated, such as those
produced by municipal WWTPs. On the other hand, for a fixed Qu, the increase of Qg
developed an almost constant Oz transfer efficiency. This behavior was probably attributed
that the variation of Qe was small (from 0.50 to 0.85 Ndm?® min™) and thus, the efficiency
loss remained almost constant for this range of Qe. It is expected that with higher Qg (e.g.,
0.85 to 2 Ndm?® min) efficacy will decrease, mainly attributed to the shorter contact time

between gas—liquid phases.
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Figure 5.7 Transfer efficiency (%) as a function of (a) liquid flow rate and (b) gas flow rate.

According to the experimental conditions that used demineralized water with no chemical
reaction, the maximum TE of 35% was attained. In this way, considering the Os doses
required for PhACs abatement in the secondary-treated wastewater, it was selected a Qg of
0.75 Ndm® min* (second value with highest TE) and a Q. of 100 dm? h™.
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5.4.6 Occurrence of pharmaceuticals

A total of 33 pharmaceuticals were selected for this study based on several criteria, including
(i) high consumption rate, (ii) frequency detected in municipal WWTPs, and (iii) their
potential risk to the environment (de Jesus Gaffney et al., 2017). The main detected
pharmaceuticals and their concentrations are presented in Table 5.3. Within the
pharmaceuticals class, 23 compounds were detected above the limit of quantification (LOQ),
belonging to 11 different therapeutic classes: 2 anti-inflammatories, 6 antibiotics, 3
anticonvulsants, 3 antihypertensives, 1 anthelmintic drug, 2 anti-ulcer agents, 1 iodized

contrast media, 1 lipid regulator, 1 B-blocker, 2 anxiolytics, and 2 antidepressants.

Table 5.3 Initial concentration of pharmaceuticals detected in the WWTP secondary effluent

Concentration

Therapeutic group Compound (ug L)
Anti-inflammatory Diclofenac 1.52
Antibiotics Ciprofloxacin 0.39
Clarithromycin 0.13
Trimethoprim 0.04
Sulfamethoxazole 0.10
Clindamycin 0.03
Norfloxacin 0.09
Anticonvulsants Carbamazepine 0.51
Gabapentin 0.68
Primidone 0.14
Anti-hypertensive Irbesartan 0.75
Losartan 0.33
Valsartan 0.02
Anthelmintic Levamisole 0.01
Anti-ulcer agents Pantoprazole 0.01
4-hidroxy omeprazole sulfide 0.08
lIodized contrast media lopromide 1.04
Lipid regulator Atorvastatin 0.18
Beta-blocker Metoprolol 0.02
Anxiolytic Lorazepam 0.11
Alprazolam 0.01
Antidepressants Venlafaxine 0.44
O-desmethylvenlafaxine 0.68
Total load 7.31
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The concentration levels ranged from 0.01 to 1.52 pg L (1522 ng L), whereas the sum of
the pharmaceutical mixture reached a total of 7.31 pg L. Among the identified PhACs, the
highest average concentrations were found for the non-steroidal anti-inflammatory drug
(NSAID) diclofenac (1.52 pg L), the iodized contrast media iopromide (1.04 ug L™,
followed by the antihypertensive irbesartan (0.75 pg L), whereas the lowest concentrations
values were detected for the anthelmintic levamisole and the anti-ulcer agent pantoprazole
(0.01 pg L. The level found of diclofenac is correlated to its high consumption in Portugal,
presenting the highest share of the over-the-counter drugs market (without no prescription),
18.4% in 2018 (Infarmed, 2018) .In relation to antibiotics, fluoroquinolone ciprofloxacin was
the antibiotic with the highest concentration detected (0.39 g L), followed by the macrolide
clarithromycin (0.13 pg L™?). The results obtained in this study are consistent with previous
findings reported in European WWTP secondary effluents (de Jesus Gaffney et al., 2017
Lopez et al., 2022; S& et al., 2022). For instance, de Jesus Gaffney et al., (2017) found
diclofenac concentrations ranging between 0.05 and 4.2 pg L? in Portuguese WWTP
secondary effluents. Likewise, the authors detected ciprofloxacin at an average concentration
of 0.35 ug L.

5.4.7 PhACs removal using the ozone membrane contactor

The efficiency of the ozonation membrane contactor, operated in continuous mode, in
degrading the 23 PhACs detected in the secondary-treated municipal wastewater was
assessed under several specific ozone doses (0.39, 0.53, and 0.69 g Oz g DOC™). As can be
seen in Figure 5.8, increasing the ozone doses led to an increase in the extent of abatement
of PhACs. At the lowest ozone dose of 0.39 g O3 DOC?, only 3 out of the 23 compounds
(atorvastatin, clindamycin, and diclofenac) were degraded by over 80%. The low removal
may be attributed to the rapid consumption of ozone by the dissolved effluent organic matter
(dEfOM) (HOIGNE and Bader, 1994). In fact, ozone was completely consumed within 20 s
(system residence time), indicating that the ozone dose applied is below the Immediate Ozone
Demand (I0OD). For the intermediate ozone dose, 0.53 g Oz g DOC?, 9 compounds
(ciprofloxacin, sulfamethoxazole, diclofenac, trimethoprim, clindamycin, atorvastatin,
carbamazepine, O-desmethylvenlafaxine - venlafaxine metabolite and 4-hydroxy-
omeprazole sulfide - omeprazole metabolite) were eliminated over 80%. These compounds
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contain electron-rich moieties such as phenols, anilines, olefins, or amines, which have a high
affinity for the direct reaction with ozone (Table A2 presents the ozone- reactive moieties of

each compound).

Atorvastatin

~100%, Clindamycin

loprimide

Diclofenac

imethoprim

Primidone \ / O-desmethylvenlafaxine

Pantoprazole,

Alprazolam,

\
Metoprolol

Irbesartan /" 4-hidroxy omeprazole sulfide

~Carbamazepine

Valsartan | |_——Losartan

Norfloxacin  Clarithromycin
——0.399 0,- gDOC™; Test#1
0.53 g O, g DOC™; Test #2
——0.699 O, g DOC™; Test #3

Figure 5.8 Removal efficiency for the 23 pharmaceuticals detected in a secondary-treated
wastewater, using the membrane reactor coupled with a column, operated in continuous

mode (t = 60 s) as a function of specific 0zone doses 0.39, 0.53, and 0.69 g Oz g DOC™* (the

specific Os dose was corrected for nitrite consumption).

As shown in Figure 5.9, the PhACs abatement was strongly correlated with reported second-
order rate constants with Os (kog), Compounds that typically exhibit koz > 10* Mt st at
circumneutral pH present removal efficiencies higher than 80% even for low ozone
transferred doses (>0.21 to 1.24 g O3 g DOC™) (Lee and von Gunten, 2012; Zimmermann et
al., 2011). This trend was similar to that observed in Figure 5.9, in which compounds with

higher ko; were more quickly eliminated from the wastewater during ozonation.
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Figure 5.9 Removal of pharmaceuticals at 0.69 g Oz g DOC™ as a function of (a) ozone
Kinetic rate constants (pantoprazole and O-desmethylvenlafaxine were not included due to

kosvalues are not available).

For the highest specific ozone dose of 0.69 g O3 g DOC™, 17 out of the 23 PhACs reached
removals of more than > 60%, of which 12 compounds were abated higher than 80%.

Moderately ozone-resistant compounds with kos between 10? and 10* M? s eg,

metoprolol, underwent an increase in elimination level by around 66% or in the case of
levamisole which was removed to values lower than the limit of quantification. In contrast,
compounds with low reaction rate with O3 (ko <102 M1 s7%), such as alprazolam, gabapentin,
lorazepam, and primidone, reached low removals (around 30-45%), with particularly low
elimination levels for pantoprazole (13%) and iopromide (24%). The low removal of these
compounds is attributed to the presence of carboxylic acid groups (gabapentin), halogen
substituents (iopromide, alprazolam), or amides (primidone) that, due to their electron-
withdrawing nature, are practically unreactive towards ozone oxidation (Nakada et al., 2007).

The free radical HO", generated from Os natural decomposition plays an important role in
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their abatement during ozonation (Elovitz and Von Gunten, 1999). For ozone-resistant
compounds ko; <102 Mt s71, the main oxidation pathway is the radical-type chain
mechanism through HO" radicals. In contrast, compounds with ko, between 10?and 10* Mt
s1, both radical and ozone molecular mechanisms occur simultaneously with the same order
of magnitude (Lee and Von Gunten, 2016). As depicted in Figure 5.10, the elimination
efficiency of ozone-resistant compounds (highlighted region in light blue) was also well
correlated with their knoe values. Considering that HO" kinetic rate for all compounds is quite
similar, between 1.2x10° < kuo- < 10%° M1 s71, the abatement efficiency of these compounds
was controlled by the magnitude of their knoe values. For instance, iopromide with lower
HO" reactivity kuo- <1x10° M~! s7%, reached the lowest percentage removal compared with

hypertensive compounds such as valsartan and losartan (kuo. > 5x10%° M1 s71),

Low-to-intermediate

HOre reactivity
| High

(b) Diclofenac Clindamycin,
100%0 [ ] . Trimethoprim @ ®
Atorvastatin Ciprofloxacin@ Carbamazepine
Sulfameth I
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o 04 —
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Figure 5.10 Removal of pharmaceuticals at 0.69 g O3 g DOC™ as a function of reported HO*
radical kinetic constants. Highlighted region (light blue) represents ozone-resistant

compounds (koz < 10> M s%).

The wastewater matrix components, such as dEfOM and alkalinity (bicarbonates/carbonates,

HCO3/COs%), can considerably interfere with the oxidation capacity of radical-based
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oxidation reactions, due to its scavenging effect over hydroxyl radicals (Asghar et al., 2022;
Lado Ribeiro et al., 2019). Given the significantly high concentration of both constituents in
the effluent (e.g., mg L™of DOC and carbonate), most of the HO" radicals are consumed by
the scavengers, decreasing the PhACs removal capacity by the indirect pathway. Mathon et
al., (2021) found for a mixture of 47 CECs present in secondary treated wastewater that, the
distribution of HO® consumption was 60% by the sum of all micropollutants, 11% by
bicarbonates, 0.02% by nitrites and bromides, leaving 29% consumed by dEfOM and other
chemical species.

Other studies have investigated higher specific 0zone doses for the abatement of less reactive
compounds with ozone in wastewater (Guillossou et al., 2020; Lee and Von Gunten, 2016;
Margot et al., 2013). For instance, Margot et al., (2013) found that even the most ozone-
resistant micropollutants were highly removed at an ozone dose of 2.6 g Oz g* DOC, with
an average elimination of 80%. However, authors reported that higher ozone doses imply
elevated costs, and the generation of toxic by-products is more feasible.

The results presented herein showed similar PhACs abatements using ozone membrane
contactors for comparable ozone doses (0.14 to 0.7 g O3 g 1 DOC) and residence times (2.8-
3.9 s) (Presumido et al., 2023; Schmitt et al., 2023). Presumido et al., (2023) found removals
higher than 80% for up to 13 of the 19 CECs spiked in urban wastewater with an ozone dose
of 18 g m and residence time of 3.9 s using a borosilicate tubular membrane. On the other
hand, comparing to conventional processes, the PhACs removal rates achieved in this study
were obtained at a very short residence time of 60 s instead of between 10 and 30 min as
reported in a traditional process at full WWTP scale (Hollender et al., 2009; Kharel et al.,
2020).

Figure 5.11 shows the PhACs removal applying the same ozone dose (12 g Oz m) while
varying Co, gin (27, 80, and 134 g Nm™) and Qg (0.15, 0.25 and 0.75 Ndm? min™). It can be
observed that for the highest ozone concentration (Co, gin= 134 g Nm*, Qe= 0.15 g Nm?),
11 out of the 23 compounds reached removals higher than 96% or below the LOQ. This
behavior can be explained according to the mass-transfer theory, in which increasing the
0zone-gas input concentration enhances the driving force for Os mass transfer from the
gaseous to the liquid phase (Wang et al., 2019). This, in turn, provides a higher dissolved Os

concentration enhancing the PhACs removal. Moreover, Os transfer yield n(Os) achieved
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values near 97% for a Co, gin 0f 134 g Nm3, against 70% and 87% for the tests with Co, gin

values of 27 g Nm= and 80 g Nm, respectively.

Atorvastatin
loprimide 100%
Pantoprazole

Clindamycin
Diclofenac

80%
Alprazolam -~ Trimethoprim
Primidone O-desmethylvenlafaxine
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Gabapentin“———f”“"”'"‘"""" N - \ {— Venlafaxine
Metoprolol " Ciprofloxacin

Irbesartan . _“Sulfametoxazole
. /

Valsartan . 4-hidroxy omeprazole sulfide

Norfloxacin Carbamazepine

Clarithromycin  Losartan
= Cy, gin= 27 g Nm3; n(0;)=70%; 0.53 g O,- g DOC™, Test #2
—— Co,,n= 80 g Nm™*; (0,)=87%; 0.65 g O g DOC™, Test #4
—— Co,gin= 134 g Nm®n(0;)=97%; 0.73 g O, g DOC™, Test #5
Figure 5.11 Removal efficiency for the 23 pharmaceuticals detected in a secondary-treated
wastewater, using the membrane reactor coupled with a column, operated in continuous
mode (t = 60 s) as a function of Os concentration in the inlet gas stream and same AOsD

applied (12 mg Oz L™Y).

These findings demonstrate a favorable characteristic when using the same ozone dose
applied to the treatment, as reducing the gas flow rate and simultaneously increasing the O3
gas concentration can lead to lower operational costs during ozonation (Al-Abduly et al.,
2014).

5.4.8 Effect of the ozonation process on the global parameters

The removal of DOC, specific UV absorbance at 254 nm (UVA2s4), and turbidity after

ozonation were also investigated as possible control parameters. Figure 5.12 shows the
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removal of mentioned parameters as a function of both specific ozone doses and ozone

concentration in the inlet gas stream.
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Figure 5.12 UV2s4, DOC, and turbidity removal percentages after ozonation as a function of
(a) specific ozone dose applied (0.39, 0.53, and 0.69 g Oz g DOC?) and (b) ozone
concentration in the inlet gas stream (80 and 134 mg Ndm™). For more details on the

experimental conditions of each test, see Table 5.1.

As can be seen in Figure 5.12a, an improvement in DOC removal was attained when
increasing the Oz doses. Specifically, when applying an ozone dose of 0.39 g Oz gDOC?,

DOC removal rate was found to be only 3%, whereas an ozone dose of 0.69 g Oz g DOC™*
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led to a removal of up to 22%. The highest DOC removal (27%) was achieved for the highest
Co,gin (1349 Nm) (Figure 5.12b). These results confirm the inefficiency of ozone in terms
of organic matter mineralization, with a very low DOC decrease even for the higher specific
ozone dose (Marce et al., 2016; Rosal et al., 2008; Schmitt et al., 2023). Many authors
attributed the low mineralization yield to the formation of recalcitrant organic intermediates
that result from the oxidation of NOM initially present in wastewater (Hibner et al., 2015;
lakovides et al., 2019). However, although ozonation does not completely mineralize
intermediate products, it can transform them into more biodegradable compounds, which are
generally well removed during biological or physical post-treatments (e.g., combined with
activated carbon adsorption) (Margot et al., 2013; Vélker et al., 2019).

The UV A2s4is a commonly used surrogate parameter to monitor water quality that contains
aromatic rings or unsaturated carbon bonds. Therefore, a reduction of the UV Azs4 indicates
the decomposition of the organic compounds into lower molecular weight organics as well
as a change in the aromatic nature of the contaminants (Chys et al., 2017; Mecha et al., 2016).
A low reduction in UV2s4 absorbance (22%) was reached with a specific ozone dose of 0.39
gOs gDOC?, while a higher decrease (36%) was obtained for an ozone dose of 0.69 g Oz g
DOC. Similar behavior was observed when the highest Co,gin Was applied, reaching a
reduction of 40% in UV2s4 absorbance.

Finally, a reduction in the turbidity of the treated effluent was observed, achieving efficiency
values of 51% and 65% with the increase of the specific ozone dosage from 0.39 to 0.69 g
03 g DOC, respectively. Marce et al., (2016) observed that ozone destroys the solid particles
of organic matter, especially from the first moments of the reaction, when low ozone doses

are transferred, which could explain the rapid decrease in turbidity.

5.4.9 Mass transfer by chemical reaction in the liquid phase

Two important dimensionless parameters to take into consideration in gas-liquid mass
transfer in the presence of a reaction are the Hatta number (Ha) and enhancement factor (E).
The Ha number provides information about the Kinetic regimes in a gas-liquid reaction and
allows to identify where the chemical reactions take place (Beltran and Rey, 2018).

For a second-order irreversible reactions, the Ha number can be defined by Eq. (5.14)
(Whitman, 1962).
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Ko, XD, X Cpg (5.14)

H
a K,

where kos is the rate constant of the direct reaction between ozone and the compound
(Mt s1), Dy, is the diffusivity of ozone in water (1.76x10° m? s) (Johnson and Davis,
1996), Crpo is the initial concentration of PhACs (M), and kL is the ozone mass transfer
coefficient for the liquid phase. The value of the mass transfer coefficient, k. = 4.45x10° m
s1, was calculated considering the Kia value obtained for the experimental conditions used
in the PhACs ozonation.

The Ha numbers were only calculated for 11 of the 23 PhACs, i.e., those that were eliminated
over 80% with ozonation (for 0.69 g Oz g DOC™), as well as for the initial concentration of
dEfOM (i.e., DOC) present in the effluent sample. Under experimental conditions applied in
this study, Ha values (Table 5.4) were found to be in the range of 0.0002 and 0.17.

Table 5.4 Dimensionless Hatta number values for the target compounds

Compound Co (M) Hatta Number
(Ha)
Diclofenac 5.14 x 10°° 0.07
Ciprofloxacin 1.17 x 10°° 0.004
Trimethoprim 1.21 x 1010 0.003
Sulfamethoxazole 4.07 x 10710 0.014
Clindamycin 7.46 x 10710 0.004
Norfloxacin 2.82 x 1010 0.002
Carbamazepine 2.14 x 10° 0.02
Losartan 7.84 x 10710 0.01
Levamisole 4.34 x 10710 0.0002
Atorvastatin 3.16 x 10710 0.10
O-desmethylvenlafaxine 3.01 x10°10 0.003

According to gas-liquid reaction kinetic theory (Charpentier, 1981), Ha < 0.3 indicates the
development of a slow kinetic regime, and most of the reaction occurs in the liquid bulk, i.e.,
beyond the film. This means that the ozone consumption rate by the PhACs is much slower
than the ozone mass transfer from the gas to the liquid phase. Reactors with a large specific

interfacial area and high liquid retention time are proper for promoting this type of reaction
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(Charpentier, 1981). In this study, the membrane contactor provided a large interfacial area,
however, the liquid retention time was very short (5.3 s). By increasing the residence time of
the aqueous phase in the reactor, would probably have enhanced the interaction between the
dissolved ozone and PhACs in the liquid bulk, and thus improving the CECs removal.

Finally, it should be highlighted due to the complexity of the wastewater matrix, other
organic/inorganic species present in the sample were not considered in the calculation of Ha
numbers. Hence, it is possible that these components may also have contributed to an

enhancement in the transfer efficiency, as observed in Figure 5.11.

5.5 Conclusions

The findings of this study demonstrated that a tubular porous stainless steel 0zone membrane
contactor was successfully proven to enhance ozone-liquid mass transfer. The liquid and gas
flow rates positively influenced the ozone mass transfer, probably due to an increase in the
Reynold number and to the greater mixing induced by the gas stream. Although the resistance
to mass transfer in the liquid boundary layer was demonstrated to be dominant for low liquid
flow rates, it became almost comparable with membrane resistance for the highest liquid flow
rate tested. The volumetric mass transfer coefficient Kia values found in this study (1.7-5.5
min) proved to be three times higher than the conventional bubble columns but are in the
same Kia range as the venturi injection systems. A comparison associated with the oxygen
transfer into water, the volumetric SOTR and the specific SOTE showed that the membrane
contactor transferred Oz mass into the water between 4 and 6 orders of magnitude higher per
each unit of volume height than those in traditional contactors. The significant mass transfer
intensification in the membrane contactor makes it an attractive device for practical
applications in gas-liquid mass transfer reactions.

The investigated 0zone membrane contactor was also applied to eliminate 23 PhACs detected
in the secondary-treated wastewater. Under continuous mode operation and residence time
of 60 s, 12 out of the 23 PhACs achieved removals higher than 80% for the highest specific
ozone dose of 0.69 g Oz g* DOC. The micropollutant elimination was strongly correlated

with kos and kuo. values resulting in a characteristic elimination pattern for each compound

group. Compounds containing carboxylic acid groups, halogen substituents, or amides were
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highly resistant to ozonation. Regarding global physicochemical parameters, no significant
mineralization was observed at the end of the treatment time at all experimental conditions
examined. However, it is recommended that post-treatment methods such as biological
filtration or activated carbon adsorption can be employed after ozonation to address the main
limitations of this process. Future studies are needed to establish the mechanical properties
changes in the membrane contactor after ozonation, energy consumption, and life cycle

assessment associated with this ozonation membrane contactor system.
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Chapter 6. Conclusions and recommendations

The following conclusions are organized according to the specific objectives initially set for

this thesis and results obtained.

Regarding to the evaluation of different Os-based AOPs (O3/UVC, O3/H202, O3/PMS and
catalytic ozonation using NaY zeolites, NaY-12 and N ) in terms of degradation of ibuprofen

it could be concluded that:

Os-based AOPs not only enhanced the removal and mineralization of 1BU but also
improved the transfer and consumption Os doses during the coupled systems
compared to the single ozonation. Combined Os processes, rather than single
processes are required to achieve larger mineralization abatements.

The O3/UVC system reached the highest Os utilization efficiency, compared to the
other Os intensified systems. This attributed that UVC irradiation, provides an
additional energy that accelerates ozone rate decomposition.

Increasing 4-fold the H202 and PMS concentration did not improve, the same factor
in the removal of IBU. Hence, the optimal molar ratio H202:03 and PMS:03 molar
ratio was 0.5.

By comparing the performance of two oxidants H202 and PMS in presence of
ozonation, the O3/PMS system presented two-fold enhancement in the degradation
rate of IBU when compared to the O3/H202 system.

The addition of zeolite catalysts to ozonation indicated that the use of NaY zeolites
promoted the reaction between ozone and led to a faster IBU depletion, achieving a
5-fold increase compared to single ozonation, this attributed to the Lewis and
Brensted acid sites of zeolites.

By comparing the performance of two NaY zeolites, the Os/NaY-12 combination
exhibited better effect synergic in the IBU and mineralization removal compared to
Os/NaY-12 system. This result can be related to the NaY-12 zeolite showed a stronger

surface acidity compared to NaY-60 zeolite.
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The electrical energy consumption, as calculated using the Eeo parameter, showed
that Os-based processes were more efficient to abate the ozone resistant
micropollutant in compared to conventional ozonation.

The O3/PMS combination showed the highest synergistic effect and the less energy-
intensive process for both IBU and mineralization reduction. However, the Os/PMS
reached the highest operational costs, attributed to the high cost of the reagent.
Catalytic ozonation using NaY-60 zeolites showed greater benefits, being the most
profitable process in operational costs for the degradation of IBU and the reduction
of mineralization.

Catalytic ozonation by NaY zeolites was selected as the most adequate Os-based
AOP.

In view of the results obtained in the identification of the main degradation products

to the best ozone-based AOPs and evaluation of the extent of the treatment and

biocompatibility it is concluded that:

The results indicated that both zeolites tested in presence of ozonation led to the
formation of the same by-products, in which three major IBU degradation products
were identified, evidenced that the attack sites of IBU by oxidative species.

The predicted toxicity results using ALog P factor indicated that all transformation
products of IBU showed negative ALog P values, which suggest that catalytic
ozonation using NaY zeolites was able to reduce the toxicity of the parent compound.
The theoretical oxygen demand (AThOD) indicated that these intermediates are
molecules more oxidized than the initial compound, associated with changes in the
functional groups of IBU.

The analysis of the predicted primary aerobic microbial biotransformation pathways
showed that TPs generated cannot be easily transformed via aerobic biodegradation.
Although this result are based on rational predictions, the corresponding experimental
measurements are necessary to validate these predictions. This result may be
suggested that additional reaction time is required to enable HO" radicals to attack
these molecules and lead to a greater ring-opening, resulting in the formation of short-
chain aliphatic acids.
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Concerning the study of the application on the catalytic ozonation using NaY zeolites in

the removal of a mixture of pharmaceuticals and environmental risk the main conclusions

are.

The addition of NaY zeolites in the ozonation can be a suitable option to degrade
pharmaceutical compounds in secondary effluents from MWWTPs, with low doses
of catalyst and ozone concentration.

The amount of Bregnsted and Lewis acid sites in the NaY zeolites influenced the
degradation of PhACs compound in the wastewater.

The NaY-12 zeolite offered more amount of Lewis and Brgnsted acid sites on the
surface compared to NaY-60 zeolite.

Physical-chemical properties of pharmaceuticals influenced in the efficiency of the
process, positively charged pharmaceuticals seems to be better adsorbed into the NaY
zeolites when treating WWTP effluents.

The RQ values for all pharmaceuticals after the application of the coupled system
ozonation and NaY zeolites were significantly diminished (only 10 min of reaction)
compared with the initial wastewater, considerably reducing the risk in the receiving

environment.

From the study on the investigation on the intensification of the ozone-liquid mass

transfer using a tubular porous stainless-steel membrane the following points could be
highlighted:

Tubular porous stainless steel 0zone membrane contactor was successfully proven to
enhance ozone-liquid mass transfer.

The liquid and gas flow rates positively influenced the ozone mass transfer, probably
due to an increase in the Reynold number and to the greater mixing induced by the
gas stream.

The volumetric mass transfer coefficient Kra values found (1.7-5.5 min) proved to
be three times higher than the conventional bubble columns but are in the same Kra
range as the venturi injection systems.

A comparison associated with the oxygen transfer into water, the volumetric SOTR

and the specific SOTE showed that the membrane contactor transferred Oz mass into
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the water between 4 and 6 orders of magnitude higher per each unit of volume height
than those in traditional contactors.
e The significant mass transfer intensification in the membrane contactor makes it an

attractive device for practical applications in gas-liquid mass transfer reactions.

Concerning the study of the evaluation on the performance of the tubular membrane
ozonation contactor in the elimination of a mixture of pharmaceuticals in municipal
wastewater matrices under continuous flow conditions, the main conclusions are:

e Under continuous mode operation and residence time of 60 s, 12 out of the 23 PhACs
achieved removals higher than 80% for the highest specific ozone dose of 0.69 g O3
gt DOC. The micropollutant elimination was strongly correlated with kO3 and Ko-
values resulting in a characteristic elimination pattern for each compound group.

e Regarding global physicochemical parameters, no significant mineralization was
observed at the end of the treatment time at all experimental conditions examined.
However, it is recommended that post-treatment methods such as biological filtration
or activated carbon adsorption can be employed after ozonation to address the main
limitations of this process.

e The low Hatta number proved that the rate of mass transfer was enhanced by the

0zone membrane contactor.
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6.1 Recommendations and future work

Based on the results obtained in this thesis, the following recommendations might be of

interest for further investigation of Os-based AOPs:

e Future works should be including the quantification of the main radicals involved in
the ozone-based AOPs, SO4'~ (O3/PMS) and HO' radicals, in order to understand the
free-radical mechanisms and provide a better insight on their potential contributions
of each Os-based AOPs.

e An evaluation of toxicity of the transformation products generated during ozonation
should be evaluated in order to investigate their possible environmental impact.

e The reusability of the catalyst should be considered in continuous operation and using
real wastewater.

e The comparison of ozone-based AOPs should be evaluated in terms of environmental
terms, through life cycle assessment (LCA) to comprehensively assess the potential
environmental impacts using different end points.

e The investigation of the wastewater characteristics, such as alkalinity and nutrients
such as P, N, S should be considered due to might affect the formation and availability
of hydroxyl radical for the degradation of PhACs. Hence, evaluate their effect on
catalytic ozonation is required to continue moving towards the implementation of the
catalytic ozonation for wastewater treatment.

e Furthermore, a comprehensive understanding of the adsorption mechanism for
specific PhACs should be gained. Unfortunately, this understanding is not within the
scope of the current PhD thesis.

e Future studies are needed to establish the mechanical properties changes in the

membrane contactor after ozonation.
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Annexes

List of supplementary texts

T.Al-Determination of bubble size distribution mean bubble size and gas hold up

To assess the bubble size distribution and mean bubble size, an experiment was carried out
under batch conditions using a pure oxygen stream at a flow rate of 0.75 Ndm?® min*! and at
liquid flow rate of 70 L h%. The acquisition of bubble images was obtained using a digital
camera. The photographs were taken by illuminating the flow with uniform, diffused yellow
light, from a distance of 30 cm from the reactor and at 3 different angles around it (top,
middle and bottom). Fig. A2 shows the images taken of bubbles detected at various gas flow
rates.

The digital photographs were processed and enhanced by using ImageJ software with the
"Analyze Particles" tool. The algorithm converts the pixel count within a projected area on
the plane (Ap) for each counted bubble, in which can be calculated from the equivalent

spherical diameter (Deq) given by Eq. (Al).

A
doy = 2 /f (A1)

The average size of the bubbles formed by the 0zone membrane contactor was approximately
0.20 £ 0.02 mm , corresponding to Sauter mean diameter (ds2 = 0.26 mm). With the same
digital images, the volume fraction of the gas phase ( Figure A.3) was calculated according
to Eg. A2 and a value of 12% was obtained. The gas holdup method involves measuring the
liquid heights without the presence of gas, ho (cm), and the corresponding level, h (cm), when
gas is continuously injected into the membrane for different gas flow rate conditions

considered.

_h-h, (A2)
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T.A2- Determination of the theoretical oxygen demand (ThOD)

The determination of theoretical oxygen demand (ThOD) for an organic substance (given by
the formula ChnHmOeXkN;SiPn) assumes that organic nitrogen is transformed to ammonia and
the stoichiometric oxidation of carbon, phosphorus, and sulfur on the molecule occurred

according to the equation A3.

CnHmOeXkN;jSiPn + bO2 — nCO2 + [(m— k— 3j— 2i— 3h)/2] H20 + kHX + jNH3 + iH2SO4 +
hH3POs  (A3)

where X represents the sum of all halogens and b the moles of oxygen (which is calculated

with equation A4) required to oxidize one mole of the organic substance.

b = n+[(m-k-3j-2i-3h)/4]-(e/2)+2i+2h (A4)

Therefore, the ThOD (in mg Oz L) for 1 mmol L? of the organic substance
(CaHmOeXkN;jSiPr) is obtained as follows (equation A5):

ThOD =b*32  (A5)

AThOD is calculated, as the difference between the ThOD for the degradation product and

for the parent antihypertensive, according to equation A6.

AThOD = ThOD degradation product — ThOD parent compound (AG)
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Figure A.2 Examples of images of detected bubbles at various gas flow rates, Qgas: a) 0.3
Ndm?® min; b) 0.5 Ndm® min't and ¢) 0.75 Ndm?® min. Qiig= 70 L h*%.
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List of tables

Table Al. Physico-chemical characteristics of selected pharmaceuticals. pKa acid
dissociation constant, charge (the dominant form at the effluent pH (i.e.,=7.6))

Charge at  Approx. Dimensions Length, width,

Compound pKa? pH 7.6 and height
A)°
Diclofenac 4.2 O] 11.7x7.2x10
Phenazone 1.4. ) 11.8x7.8x5.0
Tramadol 94 (+) 10.7x12.7x7.0
Ciprofloxacin 6.18, 8.76 (+/-) 10.18 x 14.2x 6.6
Clarithromycin 8.99 (+) 11.94x12x 4.3
Erythromycin 8.74 (+) 9.9x18.19x15.14
Trimethoprim 7.6 0 10.5x85x4.3
Sulfamethoxazole 1.97,6.16 ) 11.4x6.2x4.1
Clindamycin 7.8 +) 12.18 x 8.0x 4.2
Norfloxacin 6.34, 8.75 (+/-) 146 x9.8x6.7
Metronidazole 2.38 (+/-) 4.8x89x8.3
Tetracycline 3.3,9.25 (+/-) 11.26 x7.4x 4.2
Carbamazepine 13.94 0 85x11.3x7.0
Gabapentin 3.68, 10.70 (+/-) 7.4x51x4.3
Primidone 12.3 0 8.6 x 7.6 x 10.18
Irbesartan 4.08, 4.29 O] 8.1x11.8x4.2
Losartan 5.50 ) 9.5x12x15.7
Enalapril 3.0,55 ) 11x8.0x4.2
Valsartan 4.00, 4.61 ) 7.6x169x11.2
Levamisole 8.0 +) 7.4x12.2x6.2
lopromide 114 0 13.15x7.7x4.2
Atorvastatin 4.46 ) 147x9.1x4.2
Metoprolol 9.6 (+) 13.8x6.1x4.2
Lorazepam 13 0 11.4x10.9x 8.0
Venlafaxine 10.09 (+) 7.0x10.4 x13.6
O-Desmethylvenlafaxine 10 +) 85x75x4.2

2pKa values were taken from: www.chemicalize.org and www.chemspider.com
b Values estimated by Multiwfn software
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Table A2. Second-order kinetic constants reaction for emerging contaminants selected with ozone (ko.) and hydroxyl radicals (kHo.).

Literature Ozone
Therapeutic Compound Molecular Structure Reactive ko, KHo- Ref. Rea. Group
group moieties MLsh)  (MLs?
Cl
r O3
NH
Anti-inflammatory & on Aniline ~1x10%  7.5x10° (Huber et High I
Diclofenac al., 2003)
(o]
o 0
F
Os j(jj/kw Secondar 1.9x10*  41x10° (Doddetal High I
. . AW N N 08 cary ' ' N g
Ciprofloxacin (\ amine 2006)
(Lange et
Tertiary al., 2006; High
Clarithromycin amine 4.0x10* ~5x 10° Lee et al., |
Antibiotics 2014)
0 Y
Sulfamethoxazole 1 S\N/l\/}‘ (Huber et
H o 57x10° 55x10° al., 2003; High
HaN * Aniline

156



Antibiotics

Mezyk et

al., 2007)
O —»
’ NH,
NS (Dodd et al., High
Trimethoprim Jl\ Aniline, 7.4 x10% 6.9 x 10° 2006)
H,N N anisole
o}
0
F
. OH . .
Norfloxacin Os Secondary 1.10x10% ~5x10° (Javier High
ﬁ N N amine Rivas et al.,
HN\) ) 2011; Lee et
al., 2014)
¥03
O3
H3C\S
_ _ HO Tertiary 3.05x10° 8.94x10°  (Mathon et High
Clindamycin HO amine, al., 2021)
thioether
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Carbamazepine

3.0x10° 85x10° (Leeetal, High
2\ 2014)
0] NH-
o) ( O3
Anticonvulsants ) NH»
Gabapentin HO primary 15 9.1x10° (Leeetal, Low i
amine 2014)
I
N 0
( ~
H/N (Real et al., Low Il
Primidone | None <10 6.7 x 10° 2009)
0
(X
Irbesartan N= (Bourgin et Low i
O None 24 10%° al., 2018)
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OH

HN—N
Ny N
X
c—Z N
N= Imidazole 2.1 x10° 1.0% (Bourgin et High I
al., 2018)
. . Losart
Antihy-pertensive osartan f O
O3
O._.OH H_N
N Na N
o] ‘ O None 38 4010 (Lee et al., Low "
2014)
Valsartan
Anthelminthic drug Imidazole 5.0 x10? n.a (Gulde et Intermediat 1
Levamisole al., 2021b) e
H
BONEE
7
Pantoprazole F)\O N 2 None n.a n.a - Low -

Anti-ulcer agent
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4-hidroxy- o / /
omeprazole e N Secondary
sulfide />7S N amine n.a n.a - High -
N
O | o]
HO N N '
lodized contrast lopromide I | None <0.8 3.3x10° (Huber et Low i
media HN\f(\O/ al., 2003)
(0]
OH H'/' Os
o J K
B-Blocker Metoprolol /\/©/ Y Secondary  2.0x10%  7.3x10° (Benneret  Intermediat I
H,CO Ct o amine al., 2008) e
@\ o) OH OH O
N 2 N/\/k)\/u\OH
A H = Pyrrole 2 06
i ' Ix1
Lipid regulator Atorvastatin 0s O O aniline 1.2x10° (Leeetal., High |
2023)
F
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Anxiolytic Lorazepam None 0.28 5.23x10°  (Mustafa et Low i
cl al., 2021;
O You etal.,
2021)
\(/N‘N
N\/S
Cl ‘ =N None <1 5.83x10°  (Chysetal., Low "
Alprazolam 2018; You
Anxiolytic O etal., 2021)
OH
N/
! Tertiary 33x10°  8.8x10°  (Lester et High 1
O3 amine al., 2013)
Anti-
depressants Venlafaxine O
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8 OH
Os Tertiary n.a n.a - High

L,HO amine,

phenol

O-
desmethylvenlafaxine

n.a. = not available in literature
Categorization of PhACs removal according to their reaction rate constant with Oz based on Bourgin et al., (2018).
Group I, Reaction rate ko,>10* Ms2, high reactivity with ozone

Group 11, Reaction rate 102 < ko.< 10* M~'s™), intermediate reactivity with ozone
Group 111, Reaction rate ko,<10? Ms™, low or no reactivity with ozone
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