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ABSTRACT

The environmental problems faced nowadays are a direct response of the increasing industrial
exploration of natural resources and the growing global population. These industries align with
the current scientific development are responsible for the injection of different contaminants in
many water bodies. Due to its persistent characteristic and the lack of efficient technologies to
adequately remove them, these contaminants of emerging concern (CECs) enter in the water

cycle, representing a great hazard to human and environmental health.

In this work, the use of advanced oxidation processes (AOPs), focusing on photocatalytic 0zo-
nation, have been vastly explored. Nitrogen doped catalysts were applied for the removal of a
mixture of 5 parabens and the resulting solutions were evaluated according to different param-
eters. Ecotoxicity studies were conducted using different species to determine the toxicity levels
after the treatments. AOPs were also applied the removal of Escherichia coli from different
water matrices, and the invasive species Corbicula fluminea was investigated in parallel for the

same disinfection propose and as a pest management strategy.

Photocatalytic ozonation reactions for the degradation of methyl-, ethyl-, propyl-, butyl- and
benzylparaben as a mixture resulted in a considerable decrease of the ozone consumption com-
pared to single ozonation, representing a great economic improvement, due to the cost of ozone
production. In ecotoxicity studies, all treated solution had lower toxicity to the 3 investigated

species compared with the initial parabens mixture solution.

The effect of different parameters over photocatalytic ozonation and parabens depletion were
investigated. Neutral pH conditions improved the contaminants removal, achieving total elim-
ination in 60 min, half the time needed for the unaltered pH solution (acidic pH). The presence
of different ionic species, such as I, HCOs", SO4% and CI- also had a beneficial effect over the
reactions, reducing the transferred ozone doses needed for total parabens removal. The degra-
dation of the contaminants when spiked in two different water matrices, river water and a sec-
ondary wastewater, had a slight improvement, which indicates that, in real conditions, the pro-

cess efficiency is still verified.

In disinfection tests, both single and photocatalytic ozonation completely removed E. coli from
both studied matrices. The integrated process had a reduced ozone consumption, representing
a higher energetic efficiency. Biofiltration using the invasive Asian clam was not able to com-
pletely remove bacteria from river water but had a 1.1 log reduction over the first 6 h of the
tests. The use of Corbicula fluminea in this process is not yet optimized and the results are



preliminary, but still represent a great potential, not only as a low-cost disinfection technology
but also as a pest management technique, avoiding the negative environmental and economic

effects of the invasive species.

Keywords: Nitrogen doped; Photocatalytic ozonation; Escherichia coli; Biofiltration; Corbic-
ula fluminea; Ecotoxicity tests;



RESUMO

Os atuais problemas ambientais enfrentados s&o uma consequéncia direta da crescente explo-
racao industrial de recursos naturais e populagdo mundial. As industrias juntamente com o atual
desenvolvimento cientifico s@o responsaveis pela insercdo de diferentes contaminantes em di-
versos meios hidricos. Devido a elevada persisténcia nos meios e a falta de tecnologias eficien-
tes para remové-los, estes contaminantes emergentes entram no ciclo da gua, representado um

grande perigo a saide humana e ambiental.

Neste trabalho, o uso de processos de oxidacéo avancados, principalmente o processo integrado
de fotocatélise e ozondlise, foi amplamente estudado. Catalisadores de base didxido titanio do-
pados com diferentes concentragdes de azoto foram aplicados na degradacdo de uma mistura
contendo 5 parabenos. As solugdes obtidas foram avaliadas consoante diferentes parametros.
Estudos acerca da ecotoxicidade também foram realizados para determinar os niveis de toxici-
dade relativos a 3 diferentes espécies: Allivibrio fischeri, Lepidium sativum e Corbicula flumi-
nea. Processos de oxidacdao também foram aplicados para a remogdo da bactéria Escherichia
coli de diferentes fontes hidricas, e estudados em conjunto com o uso da espécie invasora Cor-
bicula fluminea em testes de biofiltracdo tanto quanto uma técnica de desinfecdo quanto con-

trolo e prevencao de pestes

Testes de ozondlise fotocatalitica para a degradacdo da mistura de metil-, etil-, propil-, butil e
benzilparabeno resultaram na total remocéo destes e utilizando uma quantidade total de ozono
consideravelmente inferior a utilizado em reac6es de ozondlise simples. Este facto representa
uma grande vantagem economica devido ao custo da producdo do ozono. Estudos acerca da
ecotoxicidade de todas as solucdes tratadas demonstraram um carater menos toxico perante as

3 espécies investigadas.

Os efeitos de diferentes parametros sobre as reagdes de ozondlise fotocatalitica e a remocgéao dos
parabenos. Valores neutros de pH melhoraram a remocdo dos contaminantes, atingindo com-
pleta eliminacdo em 60 min, sendo este a metade do tempo necessario para a reaces sem alte-
ragio do pH (pH acido). A presenca de diferentes ides, como I, HCOs", SO4% e CI, também
tiveram um efeito benéfico sobre as reacdes, reduzindo a quantidade de ozono transferida ne-
cessaria para a remocao total dos parabenos. Os contaminantes também foram dissolvidos em
agua do rio e em um efluente secundéario, obtendo uma taxa de degradagdo levemente superior,

0 que indica que mesmo em condic¢des de tratamento reais, a eficiéncia do processo se mantém.



Nos testes de desinfecdo realizados, reacdes de ozondlise simples e fotocatalitica foram capazes
de eliminar totalmente a bactéria investigada de ambas as matrizes estudadas. Contudo, o pro-
cesso integrado obteve uma redugéo do consume de 0zono, representando uma maior eficiéncia
energética. Testes de biofiltracdo utilizando a espécie de améijoa asiatica invasora ndo obtive-
ram a completa remocao da bactéria presente na solucéo de agua do rio, porém ainda obteve
uma reducdo logaritmica de 1.1 nas primeiras 6 h. O uso da bivalve Corbicula fluminea neste
processo nédo se encontra totalmente otimizada e os resultados obtidos ainda séo preliminares,
porém ainda representa um grande potencial para esta aplica¢do, ndo somente como uma tec-
nologia de desinfecdo de baixo custo, mas também como uma estratégia de prevencao e con-

trolo de pestes, evitando os seus impactos ambientais e econémicos.

Palavras-Chave: Nitrogénio dopado; Ozondlise fotocatalitica; Escherichia coli; Biofiltracdo;

Corbicula fluminea; Testes de Ecotoxicidade;
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1. INTRODUCTION

1.1. Work Motivation and Scope

The increasing global population is responsible for a great boost in the overall industry, mostly
due to the resulting increase in the consume of different products, which are continuously get-
ting more specialized and technologically advanced. Both population and industry are deeply
dependent of natural resources. However, these resources do not have the renovation capability
in front of the current intake, leading to shortages in different regions of the planet.

Water is one of the most plenty and vital resources on Earth, occupying more than 70% of its
surface, but only a small amount is safe for drinking (Molins-Delgado et al., 2015). Addition-
ally, water is also one of the most degraded of the resources, due to the global warming, in-
creasing consume and contamination of multiple water sources responsible for the reduction of
water availability, resulting in two thirds of the world population facing water scarcity for at
least 1 month in the year (WWAP, 2017).

Besides the reduction of clean water availability, the direct or indirect contact with contami-
nated water represents an important consequence of water pollution. Annually 3.4 million peo-
ple die from the result of waterborne and water-related diseases and are estimated that 780
million people still do not have access to an improved water source (Boelee et al., 2019; WHO,
2012)

In this context, treatment and reutilization of water resources becomes a highly important sub-
ject and essential for that current and future generations have proper access to clean water.
Thus, the analysis and maintenance of water quality are the focus of an increasing number of

studies by the scientific community.

The wastewater treatment plants (WWTPs) are the key element in the treatment of contami-
nated water, making possible its reutilization and turning a previously stablish linear strategy
of water consumption into a more circular model. Nowadays, around 80% of the world
wastewater is inadequately discharged into water bodies, indicating the inefficiency of these
installations. This problem has great consequences, leading to not only a human health hazard
but also eutrophication and emissions of methane and other greenhouse gases (GHGS), repre-
senting a significant role in global warming (IWA, 2018). Therefore, wastewater reclamation
can be a suitable alternative for water reuse strategies (Bixio et al., 2006).



Over 150 000 substances are commercially used nowadays, but only a fraction of these that are
released in the environment are constantly monitored (AMAP, 2017). Microorganisms, heavy
metals, organic pollutants (e.g. phenols, dioxins) and nutrients (e.g. N, P, K) are usually the
targets of water treatment and quality analysis technologies and can be categorized as well-
known contaminants (Naidu et al., 2016a; Rodriguez-Narvaez et al., 2017). However, the in-
dustrial development and increasing consume of certain products are responsible for the pres-
ence of some compounds, known as contaminants of emerging concern (CECs). The CECs are
molecules present in pharmaceuticals and personal care products (PPCPs), pesticides, among

others, and are only recently released and/or detected in different environments.

These micropollutants existent in water sources, due to their high persistency and recalcitrant
characteristics, represent a serious threat to human and environmental health, even if they are
only detected typically in concentrations at the ng/L and pg/L range (Ahmed et al., 2017). Many
of the CECs have proven or at least the suspect of mutagenic, cancerogenic or reproductive
toxicity, and due to its low concentrations, the chronic characteristics of these effects constitute
a problem of high concern not only for this, but also future generations. Also, the antibiotics
that are being highly consumed and released, in very low concentrations do not have the in-
tended effect, but in controversy result in the formation of high resistance bacteria strains
(Bhattacharyya et al., 2019).

Nowadays, CECs are not efficiently regulated at international level, but the European Commu-
nity and especially Switzerland with the Water Protection Act implemented in 2016, and other
countries such as the United States of America and Canada have already begun to take actions
to study more closely the consequences and effects of these compounds, as well as the control
of their utilization and release in the environment (Eggen et al., 2014; FOEN, 2015; Taheran et
al., 2018).

Currently, some attempts are being done to list, gather and motivate the study and investigation
of the CECs, for example the NORMAN network supported by the European Commission
(EC). This organization is responsible for the harmonization of measurement methods, enhanc-
ing the exchange of information, monitoring emerging environmental substances and, in paral-
lel with directives established by the EC, the creation of lists for better organize and categorize
these substances (Dulio et al., 2018). Some of these listed substances are, for example, parabens
(Methyl, Ethyl, Propyl and Butylparaben), which are very commonly used as preservatives in
PPCPs.



Many sources are responsible for the release of these pollutants, being the WWTPs one of the
most substantial, since human’s excretion have a large impact on this effect (Taheran, 2018).
WWTPs are not currently designed for these contaminants removal nor the usual technologies
are globally capable to totally degrade these substances. This can be explained by the wide
spectrum of these substances with different physicochemical properties, such as the refractory

characteristics of the CECs for the treatment methods used in WWTPSs.

Once in surface waters, CECs ends up in a variety of niches, such as soil, that is also contami-
nated by the usage of manure and bio-solids from sewage treatment plants, which is an im-
portant matter for agriculture reuse. For instance, in Portugal, more than 87% of its produced
sludge is currently being applied in agriculture activities (Kelessidis et al., 2012; Naidu et al.,
2016b). Other important endpoint for these contaminants are evidently groundwater and seas,
where then are spread between other water bodies and ecosystems, been currently detected in
the most isolated zones like polar regions and mountain glaciers (Ferrario et al., 2017).

In front of the growing presence and awareness of the CECs, a few technologies have already
been applied in some treatment facilities for the degradation of these substances. Activated
carbon and membrane filtration methods, such as nanofiltration and reverse osmosis, are exam-
ples of these technologies, currently used in Switzerland and Germany at full scale. Despite of
the satisfactory removal rates, studies indicate that the ultimate abatement of the CECs is not
yet accomplished (Casas et al., 2015; Luigi Rizzo et al., 2019; Salimi et al., 2017). Thus, the
parallel research of other methods is strongly motivated in recent years, being the advanced

oxidation processes (AOPs) a group of technologies with high value.

Among AOPs, ozonation, photolysis, Fenton and photocatalysis methods are the ones getting
more attention nowadays and are based on the generation of highly reactive radicals, more im-
portantly hydroxyl radicals (-OH), that are responsible for the degradation of the contaminants
(Gomes et al., 2017a; Salimi et al., 2017). Besides the usage of these single methods, combina-
tions between them present higher degradation rates of a broader range of CECs. On this way,
the utilization of photocatalytic ozonation will be the focus of this study.

These process are also used for elimination of different pathogenic contaminants, such as bac-
teria, fungi and virus, and will be also evaluated in this study. Alongside AOPs, the application

of invasive bivalves as biofiltration host for pollutants removal will also be assessed.



1.2. Thesis Objectives

The following study focused in the investigation of advanced oxidation processes (AOPs), with
emphasis on photocatalytic ozonation, and the use of invasive bivalves for biofiltration process.
Photocatalytic ozonation were studied for the degradation of CECs, namely parabens, using

nitrogen doped and nitrogen-sulfur codoped TiO; catalysts.

The initial and treated solutions by photocatalytic ozonation were submitted to ecotoxicity tests
over a wide range of species, clams, bacteria and plants. These ecotoxicity tests allow to infer
about the toxicity level after application of the oxidation process comparing to the initial mix-
ture of parabens.

The effect of different parameter over photocatalytic reactions and the contaminants were also
studied to better comprehend the mechanisms for parabens removal and possible factors exist-

ent in real water treatment scenarios.

Oxidation processes and biofiltration were applied for the removal of Escherichia coli using 2
different water matrices, river water and the secondary effluent from a WWTP. Corbicula

fluminea, invasive Asian bivalve species, was applied in the biofiltration processes.
1.3. Thesis structure

The following studied is divided in 8 chapters. The first chapter include the introduction and
principal objectives of the research. Chapters 2, 3 and 4 contains the theorical background, state
of the art and materials and methods, respectively, involved in the study. The chapters 5, 6 and
7 represents the results and discussion of the three main studied section. The fifth chapter is
dedicated for the study of the different catalysts applied in photocatalytic ozonation reaction for
the degradation of the mixture of 5 parabens and the analysis of the resulting solutions. In chap-
ter 6 different parameters and its effects in the photocatalytic ozonation reactions were evalu-
ated. Chapter 7 is represented the advanced oxidation and biofiltration tests for the removal of
E. coli. The conclusions obtained from this study are present in chapter 8.



2. THEORICAL BACKGROUND AND FRAMEWORK

2.1. Parabens

Among the innumerous pollutants classified as CECs, parabens are a well-known group, being
focus of an increasing number of studies. Parabens are a series of alkyl esters of parahy-
droxybenzoic acid (PHBA). Due to their antimicrobial properties, are widely used as preserva-
tives in food and PPCPs, mainly cosmetics and pharmaceuticals (Nowak et al., 2018).

Parabens are differentiated by its substituent group, being some of the most commons methyl-
, ethyl-, propyl-, butyl- and benzylparaben (Figure 2.1). Their properties are directly influenced
by the substituent group and the chain size of the molecule, as the case of its antimicrobial
performance and water solubility, which a higher chain length results in a higher inhibition of

microbial growth and a lower hydrophilicity (Btedzka et al., 2014).

O

HO
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Figure 2.1 - Generic structural formula of parabens

These pollutants are currently regulated in different countries for different products. In the Eu-
ropean Union (EU), only methyl- and ethylparaben are permitted as food additives and just in
some specific uses, having different limits depending on the end use. The United States Food
and Drugs Administration (FDA), for pharmaceuticals and food products, the use of parabens
is limited to a maximum concentration of 1.0% and 0.1% respectively (Lee et al., 2019). For
the use in cosmetics, the EU has a limit of 0.4% for single parabens and 0.8% for mixtures, and
the FDA recommends the same concentration, but since 2014 EU lowered to 0.14% as the

maximum content of ethyl- and butylparaben (Nowak et al., 2018).

The stricter recommendations and regulations of these contaminants is a response to the in-
creasing concern about its endocrine disrupting potential and other possible health hazards. In
the last 20 years, several studies have been published indicating the parabens carcinogenic po-
tential and hormonal activity (Darbre et al., 2004; Oishi, 2001). These compounds have already
been found in different body fluids and tissues, including tumors, which indicates a relation

between parabens and cancer, and is a direct result of its widespread use, been found in high
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quantity of urine samples in many tests made in different countries (Jamal et al., 2019; Liao et
al., 2013; Nowak et al., 2018). In fact, studies have shown that different parabens, in vitro,
promote the multiplication of MCF-7 human breast cells and indicate that its oestrogenic activ-

ity increases with a higher chain length (Darbre et al., 2003, 2002).

Even been biodegradable in most cases, analysis between the influent and effluent of several
WWTPs shown that these pollutants still leave these facilities in concentrations in the ng/L and
Mg/L ranges, entering the water cycle (Btedzka et al., 2014; Lu et al., 2018). These results
demonstrate that the WWTPs actual technologies are not capable to totally degrade parabens

and represents a major point source.

2.2. Microorganisms

Microorganisms are commonly used in current secondary wastewater treatments, but some
pathogenic species, including bacteria, viruses, protozoa and helminths, can represent an im-
portant health hazard when released in water bodies (Wen et al., 2009). These microorganisms
are the major cause of innumerous waterborne diseases, leading to millions of deaths every
year, mainly due to diarrhea and infections, and are already the leading cause of malnutrition

as result of poor food digestion (Pichel et al., 2019).

Escherichia coli is a well-known enteric bacteria, present in the gastrointestinal tract of humans
and all warm-body animals. Despite its usual harmless characteristic, some strains are danger-
ous to human health, such as Shiga-toxin producing E. coli, specially O157:H7 serotype, which
causes more than 2.8 million acute illness cases worldwide annually (Gerba et al., 2004;
Majowicz et al., 2014). Due to its common presence in waterbodies, E. coli can be used for the
evaluation of water quality and safety for different uses, being the most common bacterial in-
dicator for fecal pollution (Osuolale et al., 2017). The World Health Organization (WHO) de-
termines that, in all water intended for drinking, no E. coli must be detected in 100 mL (WHO,
1997).

2.3. Photocatalytic Ozonation

The growing concern and proof of the negative effects of parabens and other CECs, allied with
its high persistence and the inability of WWTPs to totally remove these contaminants, leads to
the investigation of different new technologies. In this context, advanced oxidation methods

rise as an important alternative to solve this problem.

These processes involve the production of different radicals (e.g. -OH, CI-, Oz-) capable to

remove a large variety of organic molecules. AOPs have been proved to be highly effective and
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less detrimental to the environment, leading to the formation of smaller molecules or, being the
most desired result, total mineralization of the initial pollutants, producing water and CO..
There are different technologies that are categorized as AOPs, such as photocatalytic ozonation,

which is an integrated process involving photocatalysis and ozonation in simultaneous.

The photocatalytic process can be first categorized as homogeneous or heterogeneous. The last
one is based in the use of a semiconductor solid catalysts, more frequently TiO>. This has some
advantages over homogeneous process, for example the possible selective degradation of spe-
cific compounds and the use of moderate conditions. Besides, the use of heterogeneous catalysts

allows its recovery after the reaction and reuse.

Photocatalysis basically implies the activation of the catalyst by photon radiation, for example
through UV or, more preferentially, solar radiation. The activation of the semiconductor mate-
rial is essentially dependent of the band gap between its conduction (CB) and valence bands
(VB), that determines the minimum photon energy (hv) necessary. The absorption of the photon
results in the excitation of one electron (e”) from the VB to the CB, leaving a positive hole (h*)
in the first one. The e” can reduce an electron acceptor, such as O, forming its respective radical,
O2-. The h™ are responsible for the oxidation of molecules in the surface of the catalyst, for

example water, also forming other radicals, in this case hydroxyl (-OH) (Kumar et al., 2002).

In these reactions, the recombination of the pair e  and h™ is a possibility that needs to be pre-
vented to enhance the process efficiency. This can be obtained by providing oxygen, but, in the
case of photocatalytic ozonation, also by ozone presence, which is a very efficient electron

acceptor and results in the production of other highly active radicals (Os-).

Ozonation by itself is a very common water treatment process due to the its high oxidizing
characteristics (E9= 2.08 eV), being very effective on the degradation of electron-rich mole-
cules (e.g. aromatic structures, double bonds) (Ghuge et al., 2018). Ozone can react with the
contaminants through direct reactions or indirectly, by producing highly oxidative -OH (Xiao
et al., 2015).

The low solubility and stability of ozone in water, align with its capability of only partly degrade
most contaminants, not achieving total mineralization, impose some difficulties for its applica-

tion at large scale (Mehrjouei et al., 2015).

The combination of both ozonation and photocatalysis is a promising method with important
synergic effects. Ozone, as a very efficient electron acceptor, can reduce the electron-hole re-

combination of the catalyst and adsorb on its surface, producing more radicals (Xiao et al.,



2015). The catalyst is then responsible for the acceleration of the ozone decomposition into
hydroxyl radicals, resulting in a process capable to eliminate more quickly and efficiently a
wider range of contaminants, compared with single technologies (Ghuge et al., 2018). The prin-

cipal mechanisms involved in the radicals formation are present in Figure 2.2.
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Figure 2.2 — lllustration of different reaction mechanisms in photocatalytic ozonation.

As said, TiO, specially anatase-phase, is the most commonly used catalyst in photo-assisted
processes, due to its low cost and toxicity, high stability properties and, more importantly, it’s
very photoactive compared with other semiconductors. However, one of the major disad-
vantages of TiO> is that, with a band gap energy of 3.2 eV, only ultraviolet (UV) radiation is
capable to activate it, under the 300-390 nm wavelength (Centi et al., 2014; Petala et al., 2015).
The incoming solar irradiation that reaches Earth surface is composed by only 3-5% of UV
radiation, which means that this technology is, in its original configuration, highly dependent

of an artificial photon source, representing a higher cost of the overall process.

Thus, mechanisms to decrease the band gap energy of TiO and shift its activity into the solar
spectrum (>400 nm) are an important case of study to make photocatalytic-based processes
more efficient and cheaper. In this context, doping has become a technique of high interest,
involving the incorporation of different compounds, such as metal (e.g. Cu, Fe, Ag) and non-
metal (e.g. N, B, C) elements, capable to interact with the CB and VB of the catalyst and modify
its band gap energy (Fisher et al., 2013; Pham et al., 2017; Rimoldi et al., 2018).

Besides physicochemical contaminants, the use of AOPs is vastly studied for water disinfection

and pathogenic microorganisms removal. The inactivation of different species has been
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investigated, including bacteria and its spores, virus and fungi, been Escherichia coli the most
studied bacteria (Demirel et al., 2018).

Regarding bacteria, the oxidative radicals are capable of disrupt the cell wall membrane, caus-
ing leakage of potassium ions and consequently flow of genetic and protein material, which
finally results in cellular death (Ganguly et al., 2018). -OH are partly responsible for the anti-
bacterial activity of AOPs but the presence of reactive hydrogen peroxide plays an important

role in the lipid peroxidation of the cellular wall, leading to its disruption (Maness et al., 1999).

The actual disinfection processes used in WWTPs, such as chlorination, are capable to eliminate
these microorganisms to some extent, but its main disadvantages the production of harmful
disinfection byproducts (DBPs) (e.g. haloacetic acid, trihalomethanes) and resistance of some
species (Chong et al., 2011). Single ozonation is already used since the 1970s as post-tertiary
wastewater treatment, resulting in a lower DBPs formation compared with chlorination, but this
process is limited to low ozone concentration since higher dosages result in higher production
of DBPs, principally bromate, which is strictly regulated (10 pg L) in many countries due to

its carcinogenicity (Soltermann et al., 2017; Wert et al., 2007).

The use of photocatalysts for the removal of microorganisms is yet limited to laboratory and
pilot scale, but the high degradation efficiencies of a wide spectrum of contaminants and in
organic mineralization at moderate conditions demonstrate a great potential (Mecha et al.,
2017a). The combination of both photocatalysis and ozonation is not totally explored to this
day, but the possibility of an increasing removal efficiency and the mineralization using lower
amounts of ozone, preventing DBPs formation and microorganisms regrow, are some of the

high interesting synergic advantages of this process.

2.4. Biofiltration

The application of different species for biofiltration purposes is a low-cost method for the re-
moval of different contaminants, both chemical and biological. Bivalves, more importantly in-
vasive species, are a commonly used class of mollusks due to its high availability, resistance
and filtration rates, as well as the need for the removal of this species from invaded ecosystems
due to environmental and economic impacts (Gomes et al., 2018b). The Asian clam Corbicula
fluminea causes, besides the biodiversity reduction, losses of billions of dollars in the USA
annually in pest management strategies, mostly due to biofouling and pipes clogging (Pimentel
et al., 2005).



Bivalves have been extensively applied for chemicals degradation, but for the removal of mi-
croorganisms is not yet totally explored. Different pathogenic microorganisms have been stud-
ied in biofiltration test, with the Asian clam showing clearance rates up to 97 mL h! bivalve
in the case of Escherichia coli, being one of the most investigated pathogens (Silverman et al.,
1995). The use of invasive bivalves, such as C. fluminea for the removal of pathogens rises as
an environmental- and economical-friendly method, introducing a circular economy concept

for both pest management and water treatment.
2.5. Toxicity Assessment

The potential health hazards of not only the CECs, but pollutants in general that are released in
the environment is an important fact that motivates water treatment studies. Different contam-
inants have toxicological effects over humans and other species, being toxicity a vital parameter

to evaluate a treatment efficiency (Cvetnic et al., 2019).

The effects of these compounds vary for each species, and due to the impossibility to directly
assess it over humans, different trophic levels need to be studied to make more precise predic-
tions. Many organisms may be used but, regarding water treatment, fish, bacteria, algae and
mollusks are more commonly applied in biotoxicity tests (Movahedian et al., 2005).

According to the characteristics of the contaminant, acute or chronic effects may be analyzed,
and due to its constant and low concentration, PPCPs and most CECs likely have more im-
portant chronic toxic effects over long periods. These tests need to be conducted over controlled
conditions and evaluate parameters such as reproduction decrease, mass or size increase. Acute
toxicity mostly verifies mortality rates using different conditions and concentrations (OECD,
2018; Quinn et al., 2008).

Some research has been conducted to evaluate parabens toxicity, but a complete toxicological
assessment of the initial contaminants and its by-products after different treatments is yet to be
done (Gomes et al., 2019a).
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3. STATE OF THE ART

3.1. Parabens Degradation

In this decade, the study of the integrated process of photocatalytic ozonation has been intensi-
fied as a promising alternative technology for the degradation of innumerous contaminants. In
front of this, the use of doped catalysts has been proved to efficiently degrade contaminants in
different water matrices, but its application has been mainly focused in photocatalytic oxidation
reactions, thus more complete and broader tests needs to be conducted to optimize the technol-

0ogy.

Sélis et al., 2015 applied TiO2 doped with different amounts of nitrogen in photocatalytic o0zo-
nation assays for the degradation of a mixture of clopyralid, picloram and triclopyr using UVA
radiation. When compared with the un-doped TiOz, the doped catalyst resulted in higher con-
taminants conversion and mineralization, 99% and 80%, respectively, in 60 min. Toxicity was
evaluated, and after 30 min of photocatalytic ozonation treatment, 100% survival rates of Daph-
nia parvula were obtained, and also in a 60 min treatment, 100% root growth (L/Lgiank) Of

Lactuca sativa and Solanum lycopersicum seeds.

Mecha et al., 2017 studied both photocatalytic ozonation and photocatalysis using Cu, Ag and
Fe doped TiO2 and single ozonation for the degradation of spiked phenols in deionized water
and a secondary wastewater effluent. The integrated process applied in the effluent solution
resulted in up to 72% and 82% lower energy requirements using UV radiation when compared
with, respectively, ozonation and photocatalysis alone. Tests using solar radiation were also
conducted for the photocatalytic processes, and photocatalytic ozonation required at least a 70%
lower collector area than the single process. Un-doped TiO2 had the lowest energy requirement
under UV radiation but the highest collector area under solar light, 37% lower than iron doped
catalyst, which indicates, as intended, the shift of the photoactivity window of the doped cata-
lyst.

Regarding parabens, different studies demonstrate the ability of the single technologies to de-
grade these contaminants, but most of them involve only one paraben and the integrated tech-
nology is not yet totally explored. Gomes et al., (2017) showed that the use of noble metal
doped TiO- (Pd, Pt, Au and Ag) with ozone led to a lower transferred ozone dose (TOD), up to
66%, necessary for the total degradation of a mixture of 5 parabens using Ag-TiO- and a chem-
ical oxygen demand (COD) and total organic carbon (TOC) removals of, respectively, 23% and
12% higher when compared with single ozonation. Allivibrio fischeri bacteria, Corbicula

fluminea clams and Lepidium sativum seeds were used for toxicological tests, resulting on no
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mortality of Asian clams after 72h, 43.4% of bacteria luminescence inhibition and a 112% ger-

mination index when Ag-TiO2 was used as catalyst.

An overview of researches involving different topics discussed and studied in this section is

present in Table 3.1.
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Table 3.1 - Overview of CECs degradation studies using TiOz and TiO2+03

Contaminant

Catalyst Synthesis

Experimental Conditions

Results

Reference

Picloram,
clopyralid and
triclopyr

N-TiO, catalysts were prepared by sol-gel
method using titanium isopropoxide (TTIP) and
triethylamine as doping agent, followed by a pre-
cipitation in an autoclave at 80 °C for 12h, cen-
trifugation, drying overnight and calcination at
500 °C for 4 h.

* Ti:N ratio from 1:0-1:2 with bandgaps of 2.99-3.14 eV;

* 1.0 L reactor covered by aluminum foil, equipped with 4
15 W emitting in the range 350-400 nm and a photon flux
at 6.86 x 10°° Einstein min* L;

* Oz, N2 or O,/O3 was fed at 30 L h'; pH=4.0; T=20°C; [N-
TiO,] =05g LY

« Ultrapure water spiked with contaminants at 5 ppm each
« Toxicity tests were conducted using Daphnia parvula,
Lactuca sativa and Solanum lycopersicum.

* Doped catalyst obtained a higher conversion of
the contaminants compared with pure TiO;

* 1:1.6 was the best Ti:N with almost total contam-
inant removal and 80% mineralization in 60 min;
» Toxicity presented an increase at early stages, but
total survival rates were obtained after complete
degradation of the parent contaminants.

(Solis et al.,
2015)

Methylparaben,
ethylparaben,
propylparaben,
butylparaben and
benzylparaben

TTIP was used as titanium source for all cata-

lysts; Au-TiO; prepared by sol-gel method using
KAuCle as doping agent, followed by a 24 h ther-
mal treatment at 45 °C and calcination for 2 h at
400 °C; Ag-TiOy, Pd-TiO; and Pt-TiO- prepared
by photo-deposition using as doping agent
AgNOs3, PdCI; and H2PtCl, respectively, irradi-
ation for 100 min for silver and 6 h for palladium
and platinum and dried at 65-120 °C for 12 h.

* 2.0 L glass reactor continuously stirred equipped with 3
UVA lamps; Photon flux at 5.75 x 107 Einstein min L;

* Ozone produced by an ozone generator from pure O;
stream;

« Concentration of 10 mg L™* of each contaminant using ul-
trapure water as solvent; The concentration of catalyst in
each testis 70 mg L%;

* A. fischeri, C. fluminea and L. sativum were used for tox-
icity evaluation.

* 0.5%Ag-TiO; and 0.5%Pt-TiO, resulted in total
contaminants removal with 40 and 64 mg L of
TOD

*TiO2, 0.5%Ag-TiO, and 0.5%Pt-TiO; resulted in
the lowest bacteria inhibition rates, 36.3%, 43.4%
and 44.2%, respectively. All doped catalyst re-
sulted in higher germination index, mostly
0.5%Ag-TiOz, with 112%. All C. fluminea resulted
in no mortality after 72 h.

(Gomes et
al., 2017a)

Diuron

N-TiO, catalysts were prepared by sol-gel
method using TTIP and triethylamine as doping
agent, followed by a precipitation in an autoclave
at 80 °C for 12h, centrifugation, drying overnight
and calcination at 500 °C for 4 h.

 Ozonation, photocatalysis and photocatalytic ozonation
tests were conducted,;

* 1.0 L reactor covered by aluminum foil, equipped with
four black light lamps of 15 W emitting in the range 350-
400 nm and a photon flux at 3.60 x 105 Einstein min™® L;
30 L h* gas flow rate of Oz or O,/O3;

» Toxicity was evaluated using A. fischeri bacteria.

+ All processes had similar diuron removals;

* Photocatalytic ozonation resulted in the lowest
bacteria inhibition, around 20%, and the highest
TOC removal, 85%, after 3 h;

« In photocatalysis the inhibition increased through
the process, reaching up to 85% after 9 h for 30
min exposure.

(Solis et al.,
2016)

Phenol

TiCl; was used as Ti precursor and Fe(NOs)s,
AgNOs and Cu(NOs3); nitrates were used as dop-
ing agent for Fe-TiO,, Ag-TiO; and Cu-TiO cat-
alysts at 2% wt.; The solutions were prepared and
then stirred for 20 h at room temperature, centri-
fuged and the precipitates were dried for 10 h at
100 °C and calcinated at 500 °C for 4 h.

« Secondary wastewater and synthetic water prepared with
deionized water and phenol (5 mg L) were used;

 Ozone was produced using air fed generator;

» UV-Vis photocatalysis was studied in a 700 mL reaction
vessel equipped with a medium pressure mercury lamp;

« Solar photocatalysis was also studied in a tubular reactor;
« Cytotoxicity was evaluated using MTT assay.

* Photocatalytic ozonation had a lower energy re-
quirement, up to 72% and 82% lower than single
ozonation and photocatalysis, respectively;

* Fe-TiO2 and Ag-TiO; had higher average oxida-
tion state variations, indicating higher mineraliza-
tion rate;

* Fe-TiO2 and TiO, improved cell viabilities in
both processes, achieving in UV tests 80% and
76%, and in solar tests 69% and 58%, respectively.

(Mecha et
al., 2017b)
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Methylparaben

*Aeroxide P-25 (70% anatase, 30% ru-
tile), *Kronos VIp 7000 (>85% anatase) and
*Kronos VIp 7001 (>85% anatase). Both Kronos
catalysts are carbon doped.

0.3 L borosilicate glass reactor under a solar simulator
with a 150 W xenon ozone-free lamp and an output irradi-
ance of 7.5 W m??;

« Catalyst loading from 0.1-1.0 g L}; pH=5.2;

A volume of 30% H,0, was inserted when the oxidant was
necessary;

« Artemia franciscana and Artemia nauplii were used for
toxicity evaluation.

» [P-25] = 0.5 g L™ resulted in the highest paraben
degradation rate. No improvement was verified
with the increase of the catalyst load;

+ H,O, had a negative effect on the reaction rate us-
ing P-25;

« Paraben degradation was completed in 35 min us-
ing P-25 catalyst, lower efficiencies were obtained
for the Kronos 7000 and 7001 catalysts (40% and
20% removal in 45 min, respectively);

« Higher reaction rates were obtained in acidic con-
ditions (~5.2);

« P-25 catalysts resulted in higher mineralization,
with more than 40% of TOC removal after 240 min
and total paraben degradation.

(Velegraki et
al., 2015)

Ethylparaben

N-TiO; catalysts were prepared by annealing a
sol-gel method at 450-800 °C under flowing am-
monia while TiO, catalyst were calcinated in air
at the same temperature range.

+ Photocatalysis were conducted under a solar simulator
with a 100 W xenon ozone-free lamp with a 280 nm cut-off
filter, with an incident irradiation of 1,3 x 10 Einstein m=
st

+ Visible light experiments were performed using a 420 nm
cut-off filter, with an incident irradiation of 7 x 10-° Einstein
m2s?;

« Ultrapure water with humic acid or bicarbonates, bottled
water and wastewater were used to simulate different ma-
trix.

» Doped catalyst with calcination at 600 °C re-
sulted in higher apparent reaction rates and para-
ben conversion, either for solar or UV radiation;

* 750 mg L* N-TiO2 was found to be the optimum
concentration;

» Humic acid had a detrimental effect on paraben
degradation;

» H,O- enhanced the contaminant degradation.

(Petala et al,
2015)

Diuron, 2-phe-
nylphenol, MCPA
and terbuthylazine

TiO, and B-TiO; catalysts were synthetized by
sol-gel method, using tert-butyl titanate as Ti pre-
cursor and boric acid as doping agent. Ammonia
aqueous solution were added to the solution and
then stirred, the resulting suspensions were cen-
trifuged, and the solids were washed, dried at 60
°C overnight, grinded and calcinated at 500 °C
for 30 min.

*3,6,9, and 12 wt.% B-TiO,and TiO; were prepared;

* Photocatalysis were conducted in a 250 mL pyrex flask
under a solar simulator equipped with a 1500 W air-cooled
xenon lamp and a 300 nm cut-off filter; Irradiation intensity
of 550 W m2; T= 25-40 °C;

» Ozone generator was used to produce an ozone-oxygen
gaseous stream and fed to the reactor at 10 L h* and [O3] =5
mg L?;

« Concentrations of each contaminant were 5 mg L™; Cata-
lyst loading in each experiment was 0,33 g L.

» Doped catalyst leaching was detected, resulting
in up to 70% of total boron loss;

Contaminants adsorption were higher in doped
TiO; catalysts;

« Photocatalytic ozonation resulted in higher deg-
radation rates and mineralization, reaching total
depletion in 60 min and 65%-75% TOC removal
after 2 h. Faster mineralization occurred with
doped catalysts.

(Quifones et
al., 2015)
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3.2. Bacteria Removal

Alternative disinfection methods for the removal of pathogenic coliform bacteria, more im-
portantly Escherichia coli, is a highly researched subject due to the disadvantages of nowadays
technologies. Regarding AOPs, single ozonation is already in use in some WWTPs due to its
lower DBPs formation, but the use of photocatalyst presents a potential reduction in costs and
bacterial regrowth, improving the overall efficiency. Despite the number of researches involv-
ing catalysts, the integrated process of photocatalytic ozonation is yet to be fully explored. The
same can be said for the use of the invasive bivalves Corbicula fluminea in biofiltration pro-
cesses, being a highly available and low-cost alternative of a yet unused material, representing

both an economical and environmental end use.

The comparison of the single and integrated AOPs is an important study to evaluate the synergic
effects of photocatalytic ozonation. Mecha et al., (2017a) compared O3z, TiO2/O; and TiO2/O3
using both UV and solar irradiation, metal doped catalysts (Ag, Cu and Fe) and different water
matrix (spiked water and secondary wastewater) for E. coli inactivation. In spiked water tests
using UV radiation, all catalysts reached total E. coli inactivation within 15 min using ozone,
but under solar radiation, doped catalyst were more photoactive, with Fe-TiO2/Os3 also reaching
total E. coli disinfection in 15 min. Using wastewater, all photocatalytic ozonation tests com-
pletely removed E. coli, while single ozonation and photocatalytic oxidation obtained only up
t0 0.839 and 0.796 under solar radiation and 0.839 and 1.000 log reductions under UV radiation,

respectively.

Gomes et al., (2018a) also compared single ozonation and photocatalytic oxidation, using noble
metal doped catalysts, with biofiltration using the Asian clams for the disinfection of water
spiked with Escherichia coli at 103-10* CFU mL™. Tests using >20 clams L were able to
totally remove bacteria under 6 h, but only using 60 clams L™ no bacterial regrowth was ob-
tained. For AOPs, ozonation using 0.16 mgOs L™ of TOD and Ag- and Pd-TiO, without light
in 20 min also reached total bacterial removal with no regrowth. Analysis of the soft tissue and
shells of the clams after treatment revealed only residual amounts of bacteria, indicating that

Corbicula fluminea can fully metabolize it.

Current disinfection technologies can lead to condition or the formation of components that
allow bacterial regrowth after treatment. Arafa et al., 2002 applied TiO2 commercial catalyst
and its mixture with activated carbon for wastewater disinfection containing 1.5 x 10° CFU 100
mL! of total coliforms under solar light using air or an air-ozone mixture. Using only air, only
solar irradiation led to a higher disinfection, 3.5 x 10° CFU 100 mL™, after 2 h treatment, but
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the analysis of the treated solutions after 48 h showed that TiO2 had a 10 times lower microor-
ganisms regrowth, with a total coliforms of 2.8 x 10° CFU 100 mL™. When an air-ozone mixture
was used, all tests had higher total coliforms reductions, and photocatalysis resulted in total
disinfection with no regrowth after 48 h.

Table 3.2 summarizes the use of AOPs and biofiltration studies for the removal of pathogens.
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Table 3.2 - Overview of microorganisms disinfection studies using AOPs and biofiltration

Process

Catalyst Synthesis

Experimental Conditions

Results

Reference

Photolysis,
ozonation,
photocatalytic
oxidation and
photocatalytic
ozonation

Ag, Cu, Fe doped and undoped TiO;
catalysts were prepared by sol-gel
method using titanium (111) chloride as
titanium source and silver, copper and
iron nitrates (2.0 wt.%) as doping
agents and stirred for 20 h at room tem-
perature. The resulting suspensions
were washed, dried at 100 °C for 10 h
and calcinated at 500 °C for 4 h

* Tests were conducted for Escherichia coli, Salmonella
species, Shigella species, and Vibrio cholerae disinfection;
+ 0.7 L annular quartz photochemical reactor covered by
aluminum foil, a medium pressure mercury lamp (Heraeus
TQ 150 W) with a light intensity of 70 mW cm-2 and a water
circulation system at 30 °C was used for UV radiation tests;
« Borosilicate glass tubular reactor equipped with a para-
bolic solar collector for was used for solar radiation tests.
The feed water was recirculated using a pump and the aver-
age solar radiation intensity was 37.6 mW cm?;

» Ozone was produced in a generator using dry compressed
air;

« Spiked synthetic water (SW) with 103 CFU mL"! of each
culture and, secondary wastewater (SWW) was used on
tests;

[TiO] =059 LY

« UV and solar radiation only resulted in, respectively, 55%-
69% and 28%-38% disinfection efficiencies in SW;

* TiO2 in the dark had a disinfection efficiency in SW of 9.5%
and, using 1.0 g L™, 21.29%;

« Total disinfection of SW and SWW was achieved in 15 min
for all catalysts with ozone under UV radiation

« Under solar radiation, in SW, >99% efficiencies were ob-
tained for Fe-TiO2 in 15 min and for Ag-TiOz in 30 min. For
SWW, Ag-TiO; and Fe-TiO; resulted in total disinfection un-
der 15 min;

 Using SWW under UV, ozonation and photocatalytic oxi-
dation obtained, respectively, 0.839 and up to 1.000 using Ag-
TiO; E. coli log reductions. Under solar light, the log reduc-
tions were 0.839 and 0.796 for the same processes;

« After 24 h of the treatment, ozonation and photocatalysis
had a bacterial reactivation up to, respectively, 5% and 3%
under UV and 5% and 11.9% under solar radiation. The inte-
grated process had no bacterial regrowth;

(Mecha et al,
2017a)

Biofiltration,

ozonation and

photocatalytic
oxidation

Titanium (1V) isopropoxide (TTIP)
was used as titanium source for all cat-
alysts. Au-TiO, was prepared by sol-
gel method using KAUCls as doping
agent, followed by a 24 h thermal treat-
ment at 45 °C and calcination for 2 h at
400 °C; Ag-TiO2 and Pd-TiO, were
prepared by photo-deposition with
UV-reduction, using as doping agents
AgNO; and PdCly, respectively, irradi-
ation for 100 min for Ag-TiO2 and 6 h
for Pd-TiO; and Pt-TiO,, followed by
drying at 65-120 °C for 12 h.

« Corbicula fluminea was used in biofiltration essays. Tests
were conducted in 500 mL biofilters with 5, 10, 20 and 30
clams, kept under continuous aeration and at 20 £ 2 °C;

+ Solutions contained distilled water spiked with Esche-
richia coli at 10%-10* CFU mL;

« Oxidation experiments were conducted ina 2.0 L glass re-
actor equipped with 3 lamps (Philips TL 6WBLB) emitting
UVA radiation with a photon flux of 5.75 x 107 Einstein
min L, maintained at continuous magnetic stirring and at
25+1°C;

+ Ozone was produced from a pure oxygen stream (99.9%)
and the inlet and outlet ozone gas concentrations were
measured by ozone analyzers (BMT 963 and 964 vent,
BMT). Gas flow rate was 0.2 L min‘%;

«[TiO]=0.07g LY

* Tests using >10 clams reached total E. coli removal under
24 h and 20 clams led to the maximum removal yield, with
total removal in 6 h;

» Bacterial regrow was found in all treated solutions except
for the maximum clam population (30 clams);

* Tests using only clams shells indicated no adsorption after
24 h of contact;

» Soft tissue after biofiltration contained <2% of E. coli;

« Clams were left aerated in water after biofiltration for 48 h
and no bacteria release was found,;

« Ozonation using 0.16 mgOs L of transferred ozone dose
(TOD) was able to totally remove E. coli with no regrowth
detected,;

« Ag and Pd doped catalyst had the best performances and to-
tally removed bacteria in 20 min without the use of UV light,
with no regrowth detected;

(Gomes et
al., 2018a)
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Photocatalytic
oxidation

N-TiO, was prepared by sol-gel
method. Ammonia was added drop-
wise to a TTIP solution at 0 °C under
stirring. The resulting precipitate was
washed, centrifuged, dried and calci-
nated at 450°C at different times (10-
40 min). Undoped catalyst was pre-
pared using demineralized water in-
stead of ammonia. Anatase TiO, PC50
and PC100 catalysts were used for
comparison.

» Tests were conducted in 2.2 L glass reactor equipped with
a 250 W lamp with a UV filter and maintained under stirring
and at 30 °C;

« Solutions were prepared with 500 mL of wastewater col-
lected prior chlorination and 10 mL of a physiological solu-
tion containing 10" CFU 100 mL* of Escherichia coli;

« [TiOz] =0.025-0.5g LY

+ 30 min of calcination resulted in catalysts with the lowest
bandgap (2.5 eV)

+ 0.2 g L was the optimum catalyst loading

» N-TiO; was the most effective regarding bacteria inactiva-
tion, 89.47% after 10 min treatment using 0.2 g L"* of the cat-
alyst. Total E. coli inactivation was achieved under 60 min
using the same catalyst amount;

(Rizzo et al.,
2014)

Biofiltration

« Solutions were prepared with river water filtrated using a
tangential flow system and spiked with indigenous bacteria,
including Escherichia coli;

« Each 400 mL beaker with 200 mL of the prepared solution
and a single clam, Corbicula fluminea, or mussel, Anodonta
californiensis of varying sizes, kept at 15 °C for 12 h;

« After laboratory tests, bivalve soft tissue was removed and
dried at 50 °C for 4 h to obtain dry weight;

« Field tests were conducted in the studied river in 17 pools
of water, being measured the bivalve’s densities. Indige-
nous bacteria were also inoculated into 4 pools (103-10*
CFU 100 mL™Y);

» On dry weight basis, C. fluminea had higher E. coli clear-
ance rates;

« E. coli concentration showed a negative correlation with the
bivalve density (Spearman’s p = —0.6)

« Concentrated pools of water containing bivalves had a de-
crease in E. coli concentration of 1-1.5 log after 24 h

(Mecha et
al., 2017a)

Photolysis,
Photocatalytic
oxidation and
photocatalytic

ozonation

*Degussa P-25 and its mixture with ac-
tivated carbon, AC-TiO, (13 wt.% ac-
tivated carbon).

» Wastewater containing a total coliforms concentration of
1.5 x 10° CFU 100 mL* was treated;

» 250 mL glass reactors, continuously stirred and air (100
mL min-1) or air-ozone bubbled (80-20 mL min1);

« Reactions were carried out under solar light;

¢ [TiO;] =2 g L1, [AC-TiO] =2.3gLtand [AC] =0.3 g
L

» Using air, after 2 h, single solar irradiation treatment re-
sulted in the lower coliforms concentration, 3.5 x 10 CFU
100 mL™, but TiO2 had a lower bacterial regrowth after 48 h;
* Ozone addition improved all treatments, with TiOand AC-
TiO; leading to total bacteria inactivation after 2 h and 1 h
reactions, respectively, and no regrowth after 48 h;

* Regarding total organic carbon and chemical oxygen de-
mand, only air reactions had higher removals, specially AC-
TiO,, with 67.8% and 63.6%, respectively;

(Arana et al.,
2002)

Photocatalytic
oxidation

*Degussa P-25 was modified using dif-
ferent amounts of urea. 1.0 g of P-25
was mixed with 0.25-0.75 g of urea and
added to an ethanol solution under stir-
ring. The precipitate was then calci-
nated at 380 °C for 2 h.

« Escherichia coli (ATCC 25922) suspension was prepared
in a saline solution with 10%-10* CFU mL;

» Tests were conducted in microplates containing 1 mL of
bacteria suspension and 1 mL of photocatalyst suspensions
(0.125 or 0.500 mg L-1) with a 11 W black-light UVA lamp;

« All catalysts led to almost complete bacteria inactivation
(>95%) in 5 min using the highest catalyst load;

* (0.5 g)N-TiO- led to more than 90% of E. coli inactivation
within 5 min treatment with 0.125 mg L* catalyst load;

* No bacterial regrow was found in treated solutions after 24
h;

(Monteiro et
al., 2015)
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4. MATERIALS AND METHODS

4.1. Catalysts Synthesis
4.1.1. Method 1

TiO> catalysts from method 1 were prepared by sol-gel method. Under constant stirring and at
40 °C, 19.10 mL of titanium (IV) isopropoxide was mixed with 16.10 mL of glacial acetic acid
and, after 30 min, 19.10 mL of isopropyl alcohol was added. Another solution containing 30
mL of distilled water, 1 mL of nitric acid and, in the case of the doped catalysts, ammonia at
different amounts according to its ratio (2.5%, 5%, 10% and 15% w/w) was prepared and, after
2 h, was slowly added to the first. The resulting solution was maintained at the same temperature
for 48 h, dried at 70 °C during 12 h and then calcinated at 450 °C for 3 h. The undoped TiO>

was prepared by the same way but without addition of ammonia.
4.1.2. Method 2

Sol-gel method was also used to prepare method 2 catalysts. 5 mL of tetrabutyl titanate was
added to a 20 mL anhydrous ethanol solution and kept under stirring at room temperature. An-
other solution was prepared with 10 mL of distilled water, 10 mL of anhydrous ethanol, an
amount of glacial acetic acid and, for the doped catalysts, urea according to the respective molar
ratio. In the case of NS-TiO, thiourea was used instead of urea. The first solution was added
dropwise into the second solution under vigorous stirring and room temperature. After homog-
enization, the solution was kept under slow stirring for 24 h, dried at 70 °C during 12 h and
calcinated at 450 °C. The undoped TiO. was prepared by the same way but without addition of

urea.

4.2. Catalysts Characterization
4.2.1. Specific Surface Area (Sger)

Catalysts Brunauer—Emmet—Teller specific surface area (Sget) were determined using nitrogen
(=196 °C) with an accelerated surface area and porosimetry analyzer (ASAP 2000, Micromet-
rics) (Gomes et al., 2017).
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4.2.2. X-Ray Diffraction

X-ray diffraction (XRD) analysis made through a diffractometer (Bruker D8 Advance) with Cu
Ko radiation (2.2 kW ceramic tube) and a 1D LynxEye detector (Silicon Drift Detector) cover-
ing an angle of ~3° and with ~25% energy resolution was used for the evaluation of catalysts

crystalline structures.
4.2.3. Raman Spectroscopy

Raman spectra were obtained using Raman FT-IR (Renishaw).
4.3. Asian Clams Gathering

Corbicula fluminea clams were collected from a canal located in Mira, Portugal
(N40°25°06.90""/W8°44°13.18"") through sieving of the sediment in a 5 mm mesh bag and kept
in field water during transportation. In the laboratory, C. fluminea clams were gradually accli-
mated during 1 week at controlled temperature (20 + 2 °C), continuous aeration and under a
photoperiod of 16 h of light and 8 h of dark. After acclimation, clams were kept in dechlorinated

water, which was continuously renewed (2-3 times per week) (Gomes et al., 2018a).

4.4. Experimental Procedures

4.4.1. Parabens Oxidation Reactions

Tests performed in dark or under UV radiation were carried out in a 2 L glass reactor with a
thermostatic bath kept at 25 + 1 °C and under continuous magnetic stirring at 700 rpm, which
was previously stablished to ensure chemical regime (Martins et al., 2009). The reactor was
equipped with 3 UVA lamps (Philips TL 6 W BLB, tube diameter of 16 mm) emitting mainly
at 365 nm.

Single and photocatalytic ozonation reaction was performed during 120 min and photocatalytic
oxidation during 180 min. In photocatalytic tests, 5 min before the lamps turned on and placed
inside the reactor , a 2 L ultrapure water solution containing 10 mg L™ of each paraben and 70
mg Lt of the catalyst was introduced into the reactor to test the catalysts adsorption capacity.

Samples were taken during reaction for further analysis.

Ozone was produced from pure oxygen (99.9 %) by an ozone generator (802N, BMT), and the
outlet gaseous stream was passed through a potassium iodide solution as an ozone scavenger.
The inlet gas flow rate (Qgas) was maintained at 0.2 L mint. The inlet ([Os]i) and outlet ([O3]o)

20



ozone concentration, in mg L™, was measured in two ozone analyzers (BMT 963 and BMT 964,

BMT, respectively). Transferred ozone dose (TOD) was calculated according to Eq. (1):

T0D = f S0t (021, ~ [0210) x dt (1)

TOD is expressed in mg Oz L™t and Viig corresponds to the volume of the liquid solution in the

reactor.
4.4.2. Bacteria Disinfection Tests

Escherichia coli removal tests were conducted using biofiltration with C. fluminea and both
single and photocatalytic ozonation. 2 different water matrices were used: a secondary
wastewater effluent from WWTP and from a river located in Portugal Center region. River
water was collected from at least a 0.5 m depth due to the higher oxygen concentration and its
bacterial growth relation at the river surface. All water matrices were collected, transported and
stored in 5-6 L plastic containers.

Oxidation methods were conducted following the same techniques and using the same appa-
ratus as the parabens degradation tests, using 2 L solutions in each reaction. River water and
the wastewater were treated in 30 min and 120 min reactions, respectively, due to its expected
different E. coli concentrations. Samples were taken prior, during and post reactions and storage

in sterilized plastic containers.

Biofiltration tests were performed in 1.0 L glass biofilters maintained at controlled temperature
(20 £ 2 °C) with a volume solution of 0.75 L, continuous aeration and under a photoperiod of
16 h of light and 8 h of dark, with a clam concentration 60 clams L. Duplicates and a control
with only the solutions were used in all tests. Bacterial removal was evaluated during 24 h, with
samples being taken during the tests and storage in sterilized plastic containers.

Membrane filtration method was used for bacteria quantification tests, according to ISO 9308-
1:2014. The collected samples were diluted in order to achieve plate counts below 150 CFU.
For river tests, instead of dilutions, higher sample volumes were used due to the lower bacteria
concentration. 0.45 um cellulose nitrate membranes and, when needed, sterilized water was
used for the samples filtration. Tests were performed in duplicate. Filters were then plated in
lauryl sulphate agar and incubated at 37 = 0.2 °C for 24 h. After incubation, the yellow colonies,
which could correspond to E. coli, were counted and the results reported as colony forming
units (CFU) per mL (Gomes et al., 2019Db).
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For E. coli confirmation tests, 5 yellow colonies from each plate, resulting in total 10 colonies
for each sample, in the range of 15-150 CFU were selected, inoculated in tryptic soy agar and
incubated at 37 + 0.2 °C for 24 h. Colonies samples were taken and tested against oxidase
enzyme, changing color to blue when its positive. Negative colonies were then inoculated in
buffered peptone water and incubated at 44 °C during 24 h. Finally, drops of indole reagent
were added to the inoculated samples and the surface of the confirmed E. coli suspension turned
red after agitation. Samples with negative oxidase and positive (red) indole were taken as a

proportional indication of the actual initial E. coli colonies in each sample (Figure 4.1).

Plates with no bacterial growth after filtration may not ensure total E. coli removal. Regrowth
tests were conducted after 24 h, using the same filtration technique as described before, to guar-

antee that no viable cells are present in the solution.

Figure 4.1 - E. Coli quantification and confirmation tests: (a) membranes after filtration, (b) oxidase test, (¢) in-
dol test.

4.5. Analytical Methods
4.5.1. High-Performance Liquid Chromatography (HPLC)

High-performance liquid chromatography (HPLC) (UFLC, Shimadzu) was used for the deter-
mination of each paraben and byproducts concentration during reactions. 20 uL of each sample
was directly injected and a mixture of 50% methanol and 50% acidic water (0.1% orthophos-
phoric acid) was used as mobile phase (0.5 mL min™). The column used was a C18 (Sili-
aChrom) kept at 40 °C and compounds detection was assessed at 255 nm. The retention times
of the peaks of each compound were determined by comparison with standard solutions. Peaks
areas were used for analysis of parabens degradation and byproducts formation (Gomes et al.,
2017a).
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4.5.2. Chemical Oxygen Demand (COD)

Chemical oxygen demand (COD) was determined by standard method 5220D, representing the
oxygen quantity needed to chemical degrade the organic matter contained in a solution (Clesceri
etal., 1999). Each glass vial was filled with a solution containing 1.5 mL of a digestion solution
(K2Cr207), 3.5 mL of acidic solution (H2SO4) and 2.5 mL of the sample. Each solution was

tested in duplicate and with a control using ultrapure water instead of the sample.

Vials were then put in thermoreactors (ECO25 — Velp Scientifica) at 150 °C for 2 h and, after
cooled down at room temperature, absorbances were measure at 445 nm in a WTW photolab
S6 photometer. Potassium hydrogen phthalate was used to prepare a COD calibration curve

within the range 0-125 mg O, L™, present in Appendix B (Gomes et al., 2017b).
4.5.3. Total Organic Carbon (TOC)

The total organic carbon of solutions was used as measure of its mineralization level. Samples
were analyzed in a TOC analyzer (TOC-V CPN model, Shimadzu, Japan) coupled to an au-
tosampler (model V-ASI, Shimadzu, Japan) (Gomes et al., 2017b). TOC measurement was
made through nondispersive analysis after oxidative combustion.

4.5.4. lonic Chromatography

Cl, NOs and SO4 ions were quantified by ionic chromatography using a Millipore, Actions
Water Analyzer equipped with a conductivity detector Waters 431.

4.6. Toxicity evaluation

4.6.1. Lepidium sativum

Phytotoxicity was evaluated using Lepidium sativum germinated seeds and its radicle growth,
which were used to calculate the germination index (Gl). In each test, 10 L. sativum seeds were
placed over filter paper in petri dishes and 5 mL solution were added, guarantying an evenly
dispersion of the seeds. Tests were conducted in duplicate and blank controls with distilled

water were used. Samples were put in an oven for 48 h at 27 °C.

After incubation, germinated seeds were counted and measured its radicle length. Relative seed
germination and radicle growth (RSG and RRG, respectively), and germination index (GI) were
calculated according to Eq. (2-4):
Ng
RSG (%) = —— x 100 (2)
NG,B
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L
RRG (%) = L—R x 100 (3)

R,B

RSG X RRG

GI (%) = —55

(4)

Where N; and N; p are the number of germinated seeds in samples and blank control, respec-
tively, and Lr and Ly are the radicle length of the same solutions. The phytotoxicity was

evaluated through Gl, according to the (Trautmann and Krasny, 1997) criteria.
4.6.2. Allivibrio fischeri

Allivibrio fischeri bacteria was used to evaluate sample’s toxicity through its luminesce inhibi-
tion. Samples were inoculated with the bacteria suspension at 15 °C ina LUMISTherm (HACH)
and LUMIStox 300 equipment from Dr. Lange GmbH (HACH) was used for luminescence
direct measurement after 15 min of incubation and compared with a blank control, consisting
in NaCl solution (2%) with the bacteria. Tests were conducted in duplicate and the solutions
pH were previously corrected to a 6.5-7.5 range.

4.6.3. Corbicula fluminea

The Asian clam, Corbicula fluminea, was applied for toxicity evaluation. 10 individuals, pre-
viously acclimated as described before, were put in plastic containers with 500 mL of solutions
for 48 h at controlled temperature (20 + 2 °C), continuous aeration and under a photoperiod of
16 h of light and 8 h of dark. Clams mortality was verified every 24 h through the resistance to

valve opening when a force was applied or siphoning activity (Gomes et al., 2014).
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5. PHOTOCATALYTIC OZONATION FOR PARABENS RE-
MOVAL

In this section, the results of photocatalytic ozonation tests regarding the degradation of a para-
bens mixture with different TiO. catalysts, as well as the comparison with single technologies
will be evaluated. Each test was conducted using the same apparatus, with a duration of 180
min for UV/TiO2 and 120 min for UV/Oz and UV/TiO2/03. Samples were taken during reaction.
Transferred Ozone Dose (TOD), Chemical Oxygen Demand (COD), Total Organic Carbon
(TOC), contaminants degradation evolution and the toxicity of the treated solutions comparing

to the initial ones were analyzed.

5.1. Method 1
5.1.1. Catalysts Characterization

All characterization tests were conducted at the University Rovira i Virgili (Tarragona, Spain)
and, due to logistics, a complete analysis of all catalysts was not possible in due time. Figure
5.1 displays the patterns obtained from X-ray difraction tests from TiO2, 5% N-TiO2 and 15%
N-TiOa.
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Figure 5.1 - X-ray diffraction patterns for TiO, 5% N-TiO, and 15% N -TiO- using synthesis method 1.

Method 1 TiO. undoped catalyst crystalline phase is predomantly anatase but with a small
presence of also a rutile phase. The catalyst doping resulted in a total anatase phase, indicating
a high cristallinity. Crystallite sizes (D) were determined by the Debye-Scherrer equation, Eq.
(5), and are present in Table 5.1.

D KA
~ Bcosh

)
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Where K is a shape factor, usually 0.9, A is the wavelenght of the X-ray radiation (Cu Ko =
0.154 nm), B is the full width at half maximum peak in radians and 0 is the diffraction angle at

(101) anatase peak.

Table 5.1 - TiO; catalysts crystallite sizes obtained using Debye-Scherrer equation.

Catalyst Crystallite size (nm)

TiO; 19.56
5% N-TiO; 15.30
15% N-TiO; 17.05

Doped N-TiO2 presented a lower crystallite size, which is expected due to the broader and lower
intensity of the first diffraction peak at 25.3°, which represents (101) plane of catalyst’s anatase
phase. The decrease of crystallite sizes as result of nitrogen doping has been detected in other
studies and may be due to substitution of oxygen atoms by nitrogen, which has a higher ionic
radius, causing distortions and destabilizing the crystallites (Bokhimi et al., 2007; Kalantari et
al., 2016; Qiu et al., 2019). Lower crystallite sizes are generally related to an increase in
superficial area and photocatalytic activity (Ibrahim et al., 2019; Sanchez-martinez et al., 2018).
In fact, BET analysis of 10% N-TiO, resulted in a observed surface area of 80.6 m? g%, which
is considerably higher compared to the most common commercial TiO> catalysts, Degussa P25,
having a reported surface area of aroung 55 m? g* (Han et al., 2018; Raj et al., 2009).

Nitrogen substitution on catalyst lattice may also lead to a small shift (~0.3°) of (101) anatase
peak in doped catalysts, but it was not observed (Lee et al., 2013). Higher resolution diffraction

spectras should be obtained to better analyze this parameter.

No additional peak for the doping agent was observed in doped TiO2 XRD spectras, which may
be due to a small amount of nitrogen in the catalyst lattice or to substitution of oxygen sites
(Barkul et al., 2016).

Raman spectroscopy tests (Figure 5.2) conducted demonstrate the typical 6 modes of anatase
TiO2 that are Raman active at 143 (Eg), 196 (Eg), 395 (B1g), 515 (A1g + B1g) and 638 (Eg) cm™,
confirming that anatase is the principal phase in the doped catalyst (Komaraiah et al., 2019).
Different from XRD results, no peak corresponding to rutile phase was detected in the undoped
catalyst spectra, possibly due to its small presence.

5% N-TiO first peak presented a small shift, appearing at 144 cm™. This small blue shift have
been reported in different studies and may be a result of changes of the oxygen stoichiometry
in the presence of nitrogen, being a indication of its incorporation in the catalyst lattice (Rizzo
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et al., 2014). This peak intensity was also higher compared with undoped TiO2, which,
concordantly to XRD measurements, may be due to defects on the crystallites caused by
nitrogen substitution and can be associated with a decrease in both crystallite and particle sizes
(Qiu et al., 2019; Zhang et al., 2000).
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Figure 5.2 - Raman spectra of method 1 TiO- catalysts.

To investigate the optical properties improvement of nitrogen doping, 10% N-TiO2 was ana-
lyzed in UV-Visible spectroscopy. The band gap energy (Eng) was calculated using Tauc’s plot
as (ahv)" versus hv (Figure 5.3),based on Tauc’ rule (ahv)"=B(hv - Epg)" where a is the absorp-
tion coefficient, B is an energy independent constant, h is the Planck’s constant, v is the light
frequency and n indicates the type of optical transition, which is n=1/2 for direct allowed tran-
sition (LOpez et al., 2012; Shkir et al., 2018). The final Engy was obtained by the intersection

point of the tangent line where (athv)Y2.
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Figure 5.3 - Tauc's plot of 10% N-TiOx.

The estimated band gap energy for 10% N-TiO2 was 3.08 eV. The commercial TiO2 Degussa
P25 reported band gap estimated with the same graphic method is 3.26 eV, concluding that
method 1 doped catalyst present a narrowing of its Eng (LOpez et al., 2012). This is caused by
the presence of nitrogen atoms in the catalyst lattice, which is a result of mixed oxygen and
nitrogen 2p states, being the last located above oxygen 2p valence band leading to a red shift in
the absorption spectrum to visible range and reducing the electron-hole recombination (Gomes
et al., 2019c). However, the difference is not so sharp which can be related with the small frac-
tion of nitrogen that can be doped at the TiO: lattice. Therefore, this can be one of the reasons

for low performance on the parabens degradation by photocatalytic oxidation.

5.1.2. Parabens Degradation
The concentrations evolution of methylparaben (MP), ethylparaben (EP), propylparaben (PP),
butylparaben (BP) and benzylparaben (BzP) were obtained using high-performance liquid chro-
matography (HPLC). Firstly, photocatalytic oxidation tests were conducted to better understand
the catalysts role on parabens degradation and its photoactivity. In Figure 5.4 are present the
PP, BP and BzP depletion evolution, as the more readly degraded contaminants, over the 180

min reactions under UV radiation.
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Figure 5.4 — Propylparaben (a), butylparaben (b) and benzylparaben (c) degradation (%) and Transferred Ozone
Dose (mg L) during UV/N-TiO; reactions using method 1 catalysts.

As can be observed, method 1 catalyst present a low photoactivity under UV radiation regarding

paraben depletion as UV/N-TiOz reactions resulting in only up to 10% benzylparaben removal

after 180 min. The degradation rate decreased with a decreasing chain length, with less than 5%

removal for propylparaben. Catalyst doping had no significant improvement in the perfor-

mances, with only slightly higher removals for 10% and 5% N-TiOx.

Subsequently, UV/O3 and UV/N-TiO2/O3 reactions were conducted for the degradation of the

parabens mixture and evaluated in parallel with the transferred ozone dose (TOD), being

methylparaben represented in Figure 5.5 and the remaining parabens in Appendix A.
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Figure 5.5 - Methylparaben degradation (%) and Transferred Ozone Dose (mg L) during UV/O3 and UV/O3/N-
TiO, reactions using N-doped method 1 catalysts.

Near total parabens depletion (>98%) was obtained in all reactions with 120 min duration,
specially butyl- and benzylparaben. These 2 contaminants are more readily degraded due to the
higher chain length, which implicates in more active sites, and a higher eletronic density in the

case of benzylparaben, making it more suceptible to ozone attack.

Single photolytic ozonation led to higher TOD amounts compared with catalytic reactions,
46.19 mg Lt after 120 min. The better performances using photocatalyst can be explained by
the generation of highly oxidative radicals (e.g. *OH, *O2") by the catalysts. The lower TOD
implies a decrease in the overall cost of the process due to the lower ozone production and,

consequently, energy costs, making its application more viable at large scale.

Regarding the dopage of photocatalysts, an increasing dosage of nitrogen resulted in a lower
TOD when compared with the undoped photocatalyst in almost all reactions. 10% and 15% N-
TiO: led to, respectively, 94.66% and 97.42% of methylparaben removal using 33.11 and 38.25
mg L of TOD. This represents a decrease of up to 28.32% and 23.87% of ozone comsumption
for almost the same level of paraben depletion compared with single ozonation and pure TiO>

photocatalytic ozonation, respectively.
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5.1.3. Chemical Oxygen Demand (COD) and Total Organic Carbon (TOC)
Removals

In Figure 5.6 are represented the chemical oxygen demand and total organic carbon removals

after 120 min reactions of solution containing all 5 parabens.
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Figure 5.6 — Chemical oxygen demand removals during and total organic carbon removals after 120 min of
UV/O03/TiO; and UV/Oj3 reactions using method 1 N-doped catalysts.

As can be observed, ozonation by itself led to a lower COD removal, around 23% after 120
min, when compared with all UV/N-TiO2/Os reactions, indicating the presupposed higher ca-
pacity of the photocatalytic ozonation to reach a higher oxidation level. The nitrogen doping
also improved the COD removal, with an increasing dosage of nitrogen leading to a higher
efficiency. In fact, 10% N-TiOz reached its maximum removal (35.69 %), with no significant

further increase, before the end of the reaction, at 90 min.

Regarding TOC, the increasing amount of nitrogen has the same effect found in COD removal.
The most efficient reaction, using 10% N-TiO, resulted in a reduction of 34.11% of the initial
35.88 mg L of TOC, being almost the double when compared with photolytic ozonation,
which led to a 18.53% removal. Even with an almost complete paraben degradation, TOC and
COD total removal are not accomplished, meaning that the parabens oxidation lead to the for-

mation of refractory by-products

To understand better the selectivity of the different processes regarding mineralization and ox-

idation, the partial oxidation yield (‘uCODpartox) was calculated following Eq. (6) and (7)

(Hellenbrand et al., 1997):

oD _ (CODO CcoD
partox = \roc, TOC

) X TOC (6)
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CODpartox

‘uCODPartox = CODO —COD (7)

The partial oxidation yield may lead to values between 1, meaning that COD removal is due to
partial oxidation, and 0, which represents total mineralization. The calculated parameter and
related data are summarized in Table 5.2.

Table 5.2 — Chemical oxygen demand and total organic carbon removal, transferred ozone dissolved and partial
oxidation yield after 120 min reaction using different processes.

Process COD removal (%)  TOC removal (%) TOD(MgL™)  Hcop,arox
05+TiO2 27.86 24.39 42.90 0.12
03+2.5%N-TiO; 30.12 22.88 43.49 0.24
03+5%N-TiO, 36.68 28.43 40.12 0.22
O3+10%N-TiO.* 35.69 34.11 33.11 0.04
O3+15%N-TiO> 32.94 25.98 38.25 0.21
O3 23.11 18.53 46.19 0.20

*Results after 90 min reaction.

Photolytic and photocatalytic ozonation led to overall similar HCODp ot EXCEP for reactions

with TiO, and 10% N-TiO,. 10% N-TiO; result indicate that 96% of COD removed was miner-
alized, producing only carbon dioxide and water. The undoped catalyst also resulted in a high
mineralization, 88% of the removed COD, but its overall COD and TOC removal is considera-

bly smaller compared with the other photocatalytic reactions.

These summarized results confirm the existence of an optimal nitrogen dosage, which may
possibly be explained by a balance of the different effects of the nonmetal on the catalyst per-
formance. Nitrogen may lead to a decrease in the bandgap energy and an increase in ozone
decomposition with a consequent higher oxidative radical formation, but an increasing amount
also result in a higher particle size and a lower specific area, decreasing the process efficiency
(Cong et al., 2007; Dhanya et al., 2013; Solis, 2015).
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5.1.4. Toxicity Evaluation
Toxicity tests were conducted using Aliivibrio fischeri, Lepidium sativum and Corbicula
fluminea, representing 3 different trophic levels, being demonstrated in Table 5.3. Solutions
after 120 min of photolytic or photocatalytic ozonation were used in all test, pH was adjusted
when needed and kept at neutral conditions.

Table 5.3 - L. sativum germination index, A. fischeri luminescence inhibition after 15 min exposure and C.
fluminea mortality after 48 h exposure to solutions obtained from 120 min treatment using different process.

Luminescence inhi-

Germination In- Mortality (%)

Process dex (%) ( SD) aﬂerbigorgigyz’i sp after 48 h (& SD)
0s+TiO; 108.6 + 5.8 73.9+0.90 30.0 + 28.3
Os+25%N-Ti0;  114.0+7.6 79.3+0.85 400+ 14.1
O:+5%N-TiO, ~ 108.4+18.7 80.2 + 0.00 60.0 + 28.3
Os+10%N-Ti0; 1152417 84.6 + 0.00 45.0+21.2
O:+15%N-TiO; 1205+ 20.2 82.5 + 0.02 55.0 + 21.2
0 74.6+19.6 70.0+0.15 30.0+14.1

All solutions treated with photocatalytic ozonation led to higher seeds growth, up to almost
50%, comparing to ozonation by itself, representing a lower toxicity in L. sativum tests. The
single photolytic ozonation can reduce the phytotoxicity of initial parabens mixture (Gl=40%),
but still presents moderate phytotoxicity according to (Trautmann and Krasny, 1997) criteria.
Globally, the increasing ammonia dosage led to solutions less toxic to L. sativum, which can be

explained by a possible nitrogen leaching, serving as a seed nutrient and boosting its growth.

A. fischeri presented in all treatments a decrease in the luminesce inhibition compared with the
initial paraben solution (99%), but as proposed by Miralles-Cuevas et al., 2017., solutions with
inhibition percentages higher than 30% are still considered toxic. Despite this, the presence of
nitrogen in photocatalytic ozonation seems to affect the luminescence inhibition of bacteria,
since the results for single photolytic ozonation and undoped TiO- are very similar.

Comparing single and catalytic ozonation, all catalytic reactions resulted in higher bacteria lu-
minescence inhibition and clam’s mortality. Through the analysis of HPLC results after 120
min, the peaks originated during reaction corresponding to unidentified by-products had higher
areas, and consequently higher concentrations, in catalytic process than single ozonation. Thus,
the higher degradation level of O3+TiO> reactions also lead to higher concentrations of toxic
intermediates. Hydroquinone, 1,4-Benzoquinone, 2,4-Dihydroxybenzoic acid and 4-
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Hydroxybenzoic acid are some of the most common parabens oxidation aromatic by-products,
but ring opening reactions also leads to the formation of other aliphatic compounds, mostly

carboxylic acids (Gmurek et al., 2015; Gomes et al., 2017a).

Another explanation for higher toxicities for A. fischeri and C. fluminea is the already proposed
nitrogen leaching. In this case, the produced nitrogenous substances, such as ammonia and ni-
trates, can contribute to high stress levels for the Asian clams and bacteria bioluminescence
inhibition, being aggravated with the increasing doping dosage (Abbas et al., 2018; Oliveira et
al., 2015; Rodriguez-Loaiza et al., 2016).
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5.2. Method 2

5.2.1. Catalysts Characterization
Method 2 TiO2, 5% N-TiO2 and 5% NS-TiO, X-ray diffraction patterns and crystallite sizes
obtained through Debye-Scherrer equation are represented in Figure 5.7 and Table 5.4, respec-

tively.
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Figure 5.7 - X-ray diffraction patterns for TiO2, 5% N-TiO; and 5% NS -TiO; using synthesis method 2.

o

A complete anatase phase is present in all catalyst and its modifications did not affect the crys-
talline structure. Observed peaks are in agreement with literature values and are well-defined,
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indicating a high crystallinity (Lee et al., 2013). The average crystallite size increased with the
addition of urea, which can be a result of poor nitrogen incorporation and deposition on catalyst
surface. Codoped NS-TiO- has a slightly lower crystallite size, which can be explained due to

the higher ionic radius of S (170 pm) and resulting crystallite defects formation.

Table 5.4 - TiO; catalysts crystallite sizes obtained using Debye-Scherrer equation.

Catalyst  Crystallite size (nm)

TiO; 16.76
5% N-TiO. 17.60
5% NS-TiO: 16.37

Raman spectroscopy results (Figure 5.8) are consistent with XRD and only typical anatase
modes are present. The first anatase peak has an increase in its intensity when urea is used and
a small decrease using thiourea, which is related to the crystallite average size alterations. These
results suggest that method 2 catalyst led to no significant or a negative alteration in the catalyst

photoactivity regarding particle and crystallite sizes.

The obtained BET surface areas of nitrogen doped catalysts were 66.8 m? g (TiOz), 71.3 m?
g (2.5% N-TiO2), 65.8 m? g (5% N-TiO) and 66.8 m? g (10% N-TiO), indicating only a

small enhancement of active surface using low amounts of urea.
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Figure 5.8 - Raman spectra of method 2 TiO; catalysts.
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The use of urea as doping agent was also evaluated regarding its influence in TiO> catalyst.
Band gap energy was calculated using Tauc’s plot, as described before and are represented in
Figure 5.9 and Table 5.5.
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Figure 5.9 - Tauc's plot of method 2 N-TiO5.

As can be observed urea doping has no significant improvement in band gap energy, with all
method 2 N-TiO> catalysts analyzed leading to the similar values. Considering all characteriza-
tion results, urea and thiourea lead to small or negative modifications in TiO, indicating a
higher particle and crystallite sizes and lower crystallinity.

Table 5.5 - Estimated band gap energies for method 2 N-TiO; catalysts.

Catalyst Band gap energy (eV)

TiO; 3.03
2.5% N-TiO2 3.04
5% N-TiO. 3.01
10% N-TiO; 3.01

Comparing both undoped TiO., method 2 results demonstrate a higher crystallinity and photo-
activity than method 1 catalyst. Both methods have different titanium precursors and solvents,
and the obtained characteristics may be due to two main factors. Tetrabutyl titanate has a higher
molecular weight and viscosity, which means that it is slowly hydrolyzed and consequently
form a higher number of nucleation sites and smaller particles. Regarding the different alcohols
used as solvent, it is possible that the zeta-potential of the particles is altered, leading to a dif-
ferent particle sizes during precipitation phase (Chauhan et al., 2018). Moreover, after the char-
acterization it will be seen the performance of the catalysts for parabens mixture degradation

through photocatalytic ozonation.
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5.2.2. Parabens Degradation
Photocatalytic oxidation tests were conducted, but due to the expected low photoactivity,
reactions had a duration time of 120 min and 15% N-TiO; and thiourea doped catalysts were
not evaluated. The final removal of the most readily attacked parabens, propyl-, butyl- and

benzylparaben, for the remaining catalyst are present in Table 5.6.

Table 5.6 - Parabens removal after 120 min of photocatalytic oxidation using method 2 N-TiO;

Removal (%)

Catalyst
Propylparaben Butylparaben Benzylparaben
TiO, 2.88 3.76 8.48
2.5% N-TiO: 7.17 5.61 9.70
5% N-TiO; 2.39 2.68 3.99
10% N-TiO; 1.30 3.05 7.73

The low photoactivity of the catalyst was confirmed, as also was observed previously using
method 1 catalyst. Concordantly to reactions with ozone, parabens removal decrease with the

increase of urea doping and 2.5% TiO: still resulted in a higher degradation.

In Figure 5.10, A2 and A3 (Appendix A) are represented the removal evolution of methylpara-
ben and remaining parabens during 120 min reaction of single and photocatalytic ozonation
using method 2 N-TiO2 and NS-TiO: catalysts.
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Figure 5.10 - Methylparaben degradation (%) and Transferred Ozone Dose (mg L) during UV/O3 and
UV/Os/TiO; reactions using N-doped (left) and NS-codoped (right) method 2 catalysts.

Overall parabens degradation was similar to method 1 catalysts, single ozonation led to the
highest TOD after 120 min reaction and almost complete removal was achieved, with the
exception of 15% N-TiO> reaction. The catalyst with the highest dopage obtained, respectively,
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61.22% and 81.60% methyl- and benzylparaben removal, being the last the most readily

attacked of the analized contaminants.

Urea doping had a positive impact over ozone consume, but a smaller quantity of nitrogen
compared with method 1 catalyst achieved better results, with 2.5% N-TiO> leading to 36.33
mg L of TOD at the end of the process, which is 15.5% lower than the undoped catalyst. These
results are in agreement with XRD and Raman analysis and may be related to an increase in

particle size and consequentely lower specific area.

Codoped nitrogen and sulfur catalysts led to higher TOD values and were not able to totally
remove parabens, with 15% NS-TiO; achieving 89.33% of methylparaben removal after 120
min reaction. Undoped catalyst had the highest removals and lower TOD at the end of reaction.
This lower efficiency of NS-TiO- catalysts may be explained by an inhibiting characteristic of
sulfur in the formation of hydroxyl radicals (Todorova et al., 2013).

5.2.3. Chemical Oxygen Demand (COD) and Total Organic Carbon
(TOC) Removals

Regarding COD and TOC removals (Figure 5.11) using urea doped catalysts, photolytic 0zo-
nation and 15% N-TiO: led to the lowest removals, concordantly to parabens abatement and
TOD evolution. The undoped catalyst had higher removals, which implies that method 2 doping
with urea has a detrimental effect regarding refractory byproducts formation. Moreover, as re-
ferred previously the tetrabutyl titanate is slowly hydrolyzed so during the aging step 24h could
be not enough time to achieve a well doped catalyst. Contrarily, in method 1 the source of
titanium used is hydrolyzed faster and the aging period was 48 h. This also can be the reason
of low performance for these catalysts of method 2 on the parabens degradation.
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Figure 5.11 — Chemical Oxygen Demand removals during and Total Organic Carbon removals after 120 min of
UV/03 and UV/O3/TiO; reactions using N-doped and NS-codoped method 2 catalysts.

The lower removals of nitrogen doped catalysts indicate that urea results in a lower incorpora-

tion of nitrogen on the catalyst lattice. The prevalence of an interstitial (Ti-O-N) rather than

substitutional (Ti-N) incorporation using urea was found in different studies, which may lead

to a minor catalytic effect improvement (Ananpattarachai et al., 2009; Smirniotis et al., 2018).

NS-TiO> catalysts had almost the same COD removal and resulted in a lower TOC removal

compared with the undoped catalyst and single ozonation, except 5% NS-TiO., reaffirming the

detrimental effect of the additional sulfur doping on the catalysts overall performance.

The mineralization or oxidation selectivity of organic material removal was evaluated accord-

ing to the partial oxidation yield (Table 5.7). TiO2 and 2.5% N-TiO> had considerably lower

yields, resulting in 86% and 89%, respectively, of removed COD mineralized. These catalysts,

as demonstrated in the different analysis, had the best overall performances. The doped catalyst,

even with slightly smaller COD and TOC removals, present an economical and environmental

advantageous lower final TOD and higher mineralization level. The use of thiourea as doping

agent showed no actual improvement of catalyst performance and its study was not continued.
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Table 5.7 - Chemical oxygen demand and total organic carbon removal, transferred ozone dissolved and partial
oxidation yield after 120 min reaction using different processes.

Process COD removal (%) TOC removal (%) TOD (Mg L") Hcop,uiex
O3+TiO; 33.78 29.01 40.03 0.14
03+2.5%N-TiO, 29.80 26.42 35.12 0.11
O3+5%N-TiO, 30.97 22.55 39.61 0.27
03+10%N-TiO; 30.95 22.41 42.72 0.28
O3+15%N-TiO; 26.30 15.91 16.52 0.39
03+2.5%NS-TiO; 30.17 18.20 44.24 0.40
O3+5%NS-TiO» 33.29 22.63 49.47 0.32
0O3+10%NS-TiO; 34.05 14.88 44.61 0.56
O3+15%NS-TiO; 32.32 17.75 35.51 0.45
O3 23.11 18.53 46.19 0.20

5.2.4. Toxicity Evaluation
Toxicity tests were conducted as previously described, using L. sativum, A. fischeri and C.

fluminea and are present in Table 5.8.

Table 5.8 - L. sativum germination index, A. fischeri luminescence inhibition after 15 min exposure and C.
fluminea mortality after 48 h exposure to solutions obtained from 120 min treatment using different process.

Germination In- Luminescence inhi- Mortality (%)

Process dex (%) ( SD) aﬂerbigor;‘ig’/z’i sp) after48h (SD)
O0s+TiOs 95.4 + 20.6 88.7 + 1.76 35.0+7.1
03+2.5%N-TiO, 1128+ 21.1 87.5+0.96 20.0+0.0
Ost5%N-TiO,  123.4+2.4 73.1+0.95 35.0 + 21.2
Os+10%N-TiO,  959+51 63.0 +0.85 450471
03+15%N-TiO, 942 +4.2 95.2 +0.57 40.0+0.0
0s 74.6+19.6 70.0 +0.15 30.0 +14.1

All treated solutions had a decrease in toxicity compared to the initial parabens solution and the

catalyst with smallest amount of nitrogen resulted in less toxic solutions.

10% N-TiO2 conducted to a lower bacteria luminesce inhibition even when compared to single
ozonation. This can be associated to a lower formation of toxic byproducts, as stated before for

method 1 results. 15%N-TiO- presents the worst result in terms of toxicity over bacteria since
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the parabens mixture was not totally removed. Parabens are antimicrobial agents which could

justify this result.

Despite the low toxicity to Corbicula fluminea clams and high Lepidium sativum seeds germi-
nation index, 2.5% N-TiO still resulted in a high A. fischeri luminescence inhibition. This may
be a result to the higher sensibility to different compounds of the bacteria compared to the other
studied species. Moreover, the phytotoxicity level decreases, again as occurs for method 1, in
the presence of catalyst. The photocatalytic ozonation presents non phytotoxicity on L. sativum

independently of catalyst considered.
5.3. Comparison of Catalysts

Finally, through the analysis of all catalysts, it’s clear that, from method 1, 10% N-TiO; had
the optimum nitrogen amount resulting in a maximum overall improvement of TiO2 in photo-
catalytic ozonation reactions, regarding low TOD usage and high TOC and COD removals.
From method 2, the increasing urea doping led to a decrease in the catalysts performances, but,
regarding toxicity studies and the reduced TOD after 120 min reactions, 2.5% N-TiO2 can be
selected as a promising catalyst. Due to the better results and its higher availability during this
research, further studies will focus on method 1 catalyst, but a future research is needed to

completely contemplate urea doped catalysts.

Table 5.9 summarizes the main results obtained from photocatalytic ozonation reactions using
both selected catalysts.

Table 5.9 - Transferred ozone dissolved, chemical oxygen demand and total organic carbon removal, partial oxi-
dation yield, L. sativum germination index, A. fischeri luminescence inhibition after 15 min exposure and C.
fluminea mortality after 48 h exposure of solutions obtained after photocatalytic ozonation reactions.

Method 1 Method 2

Parameter 10% N-TiO, 2.5% N-TiO>
TOD (mg L) 33.11 35.12
COD removal (%) 35.69 29.80
TOC removal (%) 34.11 26.42
HcoDyqrtox 0.04 0.11

Germination Index (%0) (x SD) 1152+1.7 1128+21.1

Luminescence inhibition (%)  846+0.00  87.5+0.96
after 15 min (x SD)

Mortality (%) after 48 h (x+ sSD) 450+21.2  20.0+0.0
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6. MECHANISTIC STUDIES

The previously selected nitrogen doped catalyst will be evaluated in this section regarding the
effect of different parameters, such as pH, catalyst loading, radical scavengers and water ma-
trices. Potassium iodide (KI) and isopropanol were studied as ozone and hydroxyl radical’s
scavengers, respectively. pH was adjusted to neutral conditions (~7) using sodium hydroxide
(NaOH) or a buffer mixture of sodium dihydrogen phosphate (NaH2PO4) and disodium hydro-
gen phosphate (Na2HPOg4). To study the influence of the water matrix, reactions were conducted
using a solution containing the mixture of 5 parabens dissolved in a secondary wastewater or
river water. Moreover, humic acid and a mixture of sodium chloride (NaCl), sodium sulfate
(Na2S04) and sodium bicarbonate (NaHCO3) as sources of CI-, SO4> and HCO3™ were also used,

to attest the effect of organic matter and ionic species on the parabens mixture degradation.
6.1. Effect of pH and Catalyst Loading

pH is an important parameter to be evaluated due to its role in ozone decomposition and hy-
droxyl radicals production (Gomes et al., 2019d). Acidic conditions have a detrimental effect
over parabens degradation rate since the main activity was due to the single ozone action and
holes act as the principal oxidizing sites, while neutral or basic solution promote hydroxyl rad-
ical reactions (Kasprzyk-Hordern et al., 2003; Petala et al., 2015).

Typical pH of parabens mixture is about 5. During parabens degradation reactions, formation
of carboxylic acids and other molecules occurs, lowering pH. Thus, initial pH was adjusted
using NaOH or, to maintain the neutral pH throughout the entire reaction, a buffer mixture was

applied.

The catalyst concentration was also studied by using the double of the previously stablished
amount, 140 mg L. A higher catalyst loading represents a higher number of active sites, which
may lead to a higher capacity of degrading contaminants and producing oxidative radical spe-

cies.

Parabens degradation for both pH adjustments, double catalyst loading and for the original con-
ditions, unaltered pH (~5) and 70 mg L of catalyst concentration, are present in Figure 6.1.
Analysis in parallel with TOD evolution was not possible due to different room temperatures
at the time of reactions, which alter the ozone production by the generator. Also due to higher
temperatures, a new reaction with the original conditions using method 1 10% N-TiO; catalyst
was conducted for better comparison with the other tests, which resulted in a higher final TOD

compared to the reported in the previously section.
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As can be observed, initial neutral pH condition favored parabens degradation. The buffered
parabens solution reached total contaminants removal after 60 min, half the time needed for the
unaltered solution. The solution adjusted with NaOH presents a faster parabens removal, but
due to the pH decrease during reaction, total depletion was achieved after 90 min. The final pH
of the buffered solution as expected remained the same as the initial value, while when NaOH

was used and for the unaltered pH solution the final pH were 4.19 and 3.90, respectively.

(a) (b)
100 —a— Buffered 100 —=— Buffered
—e— Initial pH correction (7) —e— [nitial pH correction {7)
—4— Original —4— QOriginal
80 —v— 140 mg L 80 —v—140mg L™
S 60 & 60+
ol o’
=. % 40
& 40 o ]
E E
56 20
0 . T 7 . ; : O T T T T 1 T
0 20 40 60 80 100 120 9 20 40 ] ey ) Bl 100 120
(c) time (min) (d) Henisnlei)
100 —a— Buffered 100 —a— Buffered
—e— Initial pH correction (7) ] —e— Initial pH correction (7}
—4a— Original —— Original
a0 140 mg L™ 80 —+— 140 mg L
g 60 | £ 60
& &
i e
A 404 o 404
o )
20 20
0 T T y T T 0 T T 7 T T T
0 20 40 50 80 100 120 0 20 40 60 80 100 120
(e) time (min) time (min)
100 —=— Buffered
—e— Initial pH correction (7)
—a— QOriginal
80 —v—140mg L"
)
% 60
o
N
Q
B 40
N
@,
20
0 d T T T T T T T ‘I-

t ; .
] 20 40 60 80 100 120
time (min)

Figure 6.1 — Methylparaben (a), ethylparaben (b), propylparaben (c), butylparaben (d) and benzylparaben (e) deg-
radation over 120 min reactions with pH adjustment using a buffer mixture or sodium hydroxide (NaOH), using
140 mg L* of catalyst and the original conditions (unaltered pH and 70 mg L* of catalyst) using method 1 10% N-
TiO..
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Besides the increase in ozone decomposition and hydroxyl radical formation, at neutral pH
ozonation proceed by radical and molecular ozone reactions, while at lower pH the main route
its through only molecular ozone reactions (Mecha et al., 2016). Although the neutral pH
resulted in a faster parabens removal, the ozone consumption still needs to be future evaluated

as studies indicate that a increase in TOD may occur (Gomes et al., 2019d).

With the exception of methylparaben, no significant improval was observed using a higher
catalyst quantity. In photocatalytic reaction at heterogeneous catalytic regimes, the reaction rate
depends on the number of active sites capable of absorbing photons, which is proportional to
the catalyst concentration. Thus, the fact that increasing N-TiO> led to no actual increase in the
overal removal rate could be explained by the number of disponible irradiated photons being
already fully absorbed by the initial stablished concentration, 70 mg L™, and at this point a

higher quantity of catalyst would only impede light penetration (Petala et al., 2015).
6.2. Effect of Radical Savengers and Water Matrix

Some molecules present in wastewaters may act as radical scavengers during oxidation
processes, and more specifically ozonation reactions. Species such as carbonates (CO3s?) and
bicarbonates (HCOz3") are considered as hydroxyl radical’s and molecular ozone scavengers
since they consume the produced *OH and molecular ozone, decreasing the pollutants removal
efficiency. However, as these species react with *OH and Ose, other radicals are produced with
a lower oxidative potential (e.g. *CO3%), but still capable of reacting with pollutants such as
parabens (Petala et al., 2015). As hydroxyl radicals are quenched by scavengers, principal

reaction pathway changes and consequentely the byproducts formed.

To study the roles of the principal oxidative species produced during reactions, isopropanol and
potassium iodide were added to solutions. Isopropanol acts as a hydroxyl radical scavenger and
Kl acts principally as an ozone scavenger but is also able to quench hydroxyl radicals and pos-
itive holes. 13.1 mM isopropanol and its mixture with 5 mM of potassium iodide were added

to the ultrapure water parabens solutions.

The presence of different ionic species and organic matter was studied using NaCl, Na>SO4 and
NaHCOj as sources of Cl', SO4% and HCO3 at 125 mg L%, and 20 mg L* of humic acid, that
acts as an analog of the organic matter present in wastewaters and natural waters. Parabens
concentration evolution during reactions with different conditions mentioned using ammonia

doped selected catalyst are shown in Figure 6.2.
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Figure 6.2 - Methylparaben (a), ethylparaben (b), propylparaben (c), butylparaben (d) and benzylparaben (e) deg-
radation as function of TOD over 120 min photocatalytic ozonation reactions using method 1 10% N-TiO; in
solutions containing only ultrapure water (original) or with the addition of 13mM of isopropanol, 5mM of potas-
sium iodide (K1), 20 mg L of humic acid or 125 mg L-* of sodium chloride (NaCl), sodium sulfate (Na2SO4),

sodium

bicarbonate (NaHCOs3) and humic acid.

The solution containing isopropanol was not able to achieve total parabens removal during 120

min reaction. Thus, hydroxyl radicals, as expected, play an important role in parabens degrada-

tion reactions as hydroxylation is the known main reaction pathway (Velegraki et al., 2015).
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Although, is important to notice that even with the hydroxyl radical scavenger, photocatalytic
ozonation reaction achieved up to 79.16% as in case of methylparaben depletion, which indi-
cates that other radicals favorably formed due to the absence of *OH can considerably degrade
these contaminants. Ozone is an electrophilic molecule, meaning that can easily attack the high
electronic density contaminants such as parabens due to its benzenic ring, also forming hydrox-

ylated by-products (e.g. hydroquinone, 2,4-Dihydroxybenzoic acid).

To better understand the by-products formation when isopropanol is used, hydroquinone (HQ),
1,4-Benzoquinone (1,4-BzQ), 2,4-Dihydroxybenzoic acid (2,4-DHBA) and 4-Hydroxybenzoic
acid (4-HBA) were analyzed using HPLC, present in Figure 6.3 using the normalized peak areas
detected as function of the TOD.
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Figure 6.3 — 4-Hydroxybenzoic acid (a), 2,4-Dihydroxybenzoic acid (b), 1,4-Benzoquinone (c¢) and hydroquinone
(d) concentration evolution during photocatalytic ozonation of parabens solution with or without isopropanol ob-
tained through normalized peak areas from HPLC tests as function of TOD.

The presence of isopropanol resulted in a lower formation of these by-products, except for 4-
HBA, but also a lower removal rate was observed due to the absence of hydroxyl radicals. Thus,
total removal was not possible during the 120 min of reaction. Decarboxylation and dealkyla-
tion reactions have been suggested in different studies as the main route for the formation of
these by-products through parabens photodegradation (Frontistis et al., 2017; Gomes et al.,

2019). The consequent decarboxylation of 4-HBA is also related to the formation of
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hydroquinone, which is corroborated by the fact that hydroquinone peak areas rapidly increase

when the 4-HBA peaks starts to decrease.

When both isopropanol and potassium iodide were mixed with the parabens solution, contam-
inants were removed at a higher rate, achieving complete elimination under 30 min reaction
and using 25.89 mg L of TOD. Even with KI being a radical scavenger, when I reacts with
hydroxyl radicals, «OHI" is formed and, due to the natural acidic characteristic of the parabens
solution, decomposes producing I, which is very electrophilic and able to attack the paraben’s
benzenic ring (Gomes et al., 2019d). lodide radicals can also interact with low chain aliphatic
alcohols, such as isopropanol, reducing its detrimental effect as a *OH scavenger (Rodriguez et
al., 2015). Through the analysis of the HPLC results, the known by-products (HQ, BzQ, 4-HB
and 2,4-DHB) were not detected, indicating that the presence of *I may change the reaction
pathway, leading to the formation of other substances namely some halogenated organic com-

pounds.

The quenching of ozone eliminates its competition with hydroxyl radicals for contaminants
degradation, which promotes a higher interaction between parabens and *OH. Also, as ozone is
not present to act as electron receiver, free e exist in the medium, capable of directly degrade
parabens or also produce superoxide radicals («O2") through oxygen reduction (Gomes et al.,
2017b). The described radicals formed act as adjuvants, obtaining the higher degradation rate

observed.

The addition of humic acid resulted in only a slight improval in parabens degradation. The
organic matter can act as an ozone scavenger, which suggests that, through the obtained results,
hydroxyl radicals have an imperative participation in parabens removal, and the small
improvement can be a result of the already explained lower competition between ozone and

*OH for the pollutants removal (Gomes et al., 2019d).

The contaminants removal in the presence of Cl-, SO4> and HCO3 was enhanced and completed
under 60 min with 40.32 mg L of TOD. The reported consequences of the presence of these
ions in solutions are still controversial. Some studies indicate a detrimental effect due to the
ability of these ions to act as hydroxyl radical scavengers, reducing the treatment efficiency
(Azerrad et al., 2014; Petala et al., 2015). On the other hand, the reaction between hydroxyl
radicals with these ions produce other radicals that still have high oxidizing potential and may
have a higher affinity towards some molecules. Petala et al. (2015) indicated that «CO3™ (Eqg. 8)

acts as a selective and strong oxidant towards aromatic compounds, depending on its substituent
group.
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HCO5 + « OH -« CO;5 + H,0 (8)

Sulfates are also strong oxidizers, with an oxidative potential even higher than hydroxyl, and
through its capacity to direct degrade the pollutants and scavenge electrons, preventing elec-
tron-hole recombination, are able to improve parabens degradation (Gomes et al., 2019d;
Kotzamanidi et al., 2018).

The detrimental effect of chloride ions due to the formation of less oxidizing radicals (Eq. 9-
11) through hydroxyl and photogenerated holes scavenging is dependent of the pH and initial
concentration of CI” (Kotzamanidi et al., 2018). Thus, the conditions of the conducted tests may

not be favorable to these undesirable reactions.

Cl=++0H -« HOCI™ 9)
« HOCL+ H* -« Cl+ H,0 (10)
Cl™ + h* —e Cl (11)

Secondary wastewaters are complex systems that contain different compounds that can alter
the photocatalytic ozonation reaction, being the degradation of contaminants very dependent
on the condition and composition of the water matrix. Thus, to evaluate the degradation of
parabens in real conditions, a secondary wastewater (SWW) and river water (RW) were spiked
with the 5 studied parabens. The characterization of the initial conditions of the two matrices

are present in Table 6.1.

Table 6.1 - Secondary wastewater (SWW) and river water (RW) characterization.

Parameter RW SWW
pH 7.25 7.21
COD (mg LY 7.79 19.87
Cl-(mgL?) 14.95 73.85
NOz (mg L) 7.27 35.16
S0,% (mg L™ 9.19 29.70

During HPLC analysis, some peaks mainly corresponding to propyl, butyl- and benzylparaben
were not detected, possibly due to complexation of these contaminants with unknown mole-
cules present in the water matrix. Methyl- and ethylparaben degradation over 120 min of pho-

tocatalytic ozonation reaction is demonstrated in Figure 6.3 in parallel with the TOD evolution.
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Figure 6.4 - Methylparaben and ethylparaben degradation over 120 min N-TiO2 photocatalytic ozonation reaction
and the transferred ozone dose (TOD)

As it can be observed, parabens degradation is not greatly affected by the different water matrix
used. In fact, specially methylparaben, a faster removal using the secondary wastewater occurs.
This can be possibly explained by the higher concentration of SO4? and other ionic species, as
formerly discussed, that are able to produce highly oxidative radicals and thus enhancing the
pollutant removal. As the formation of *Cl is favored at acidic conditions, the reaction between
hydroxyl radicals and chloride ions lead mainly to the formation of *HOCI", which has a lower

oxidative potential.

Comparing the initial and final concentration (Table 6.1 and 6.2) of the 3 anions, chloride had
a small increase, which may be related to the neutral pH of the solutions, impeding the radical
formation. Sulfate concentration decreased 3.68 and 1.85 mg L in RW and SWW solutions,
respectively, indicating that the slightly higher removal rate may be a result of the formation of
sulfate radicals. Nitrate had also an increase in its concentration which may be a result of the
suspected nitrogen leaching from the catalyst, producing nitrogenous substances.

Table 6.2 — Chloride (CI), nitrate (NO3’) and sulfate (504%") concentrations after 120 min photocatalytic reac-
tions using river water (RW) and a secondary wastewater (SWW) spiked with the mixture of 5 parabens.

Anion RW SWwW
Cl(mgL%) 16.94 75.02
NO; (mg L™) 7.58 35.53
SO (mg LY 5.52 27.85

The initial total organic carbon (TOC) of the SWW and RW spiked with parabens was 53.31
mg L™ and 41.75 mg L, respectively. By the end of the reactions, SWW and RW had 38.45
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mg L and 31.39 mg L%, representing a 27.87% and 24.81% removals, respectively. Thus, a
similar degradation was obtained independent of the matrix and other by-products was formed,

representing the residual value.

Toxicity studies were also conducted using seeds of Lepidium sativum for both river water and
the secondary wastewater spiked with the mixture of 5 parabens. The initial germination in-
dexes were 67.3% and 75.1% for RW and SWW, respectively. After 120 min treatment, the
germination indexes increased to 146.0% for RW and 137.8% for SWW, representing a great

decrease in the solutions phytotoxicity.
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7. BACTERIA REMOVAL

Escherichia coli is an important pathogenic normally present in wastewater. Due to the disad-
vantages of current technologies for bacteria removal, such as chlorination and its hazardous
organochlorine by-products, AOPs rise as efficient solutions for the disinfection of pathogenic
contaminants. Thus, UV/Os/N-TiO2 and UV/Oz test were conducted using secondary
wastewater and river water to evaluate the efficiency of these methodologies on the removal of
E. coli at the real conditions. The initial conditions of the secondary wastewater and river water

are present in Table 7.1.

Table 7.1 - Secondary wastewater (SWW) and river water (RW) characterization.

Parameter RW SWW
pH 7.25 7.24
COD (mg L?) 7.79 83.01

The Asian clam Corbicula fluminea was also studied through biofiltration tests as a disinfection
process, representing a low-cost technology. This process also represents a pest management
strategy, as the Asian clam is an invasive species in Portugal, endangering the local biodiversity
and causing economic losses for industries due to biofouling and piping clogging. Their use in

wastewater treatment would give to this pest an environmental application.
7.1. Advanced Oxidation Processes

For single and photocatalytic ozonation using nitrogen doped catalyst, reactions were con-
ducted using 2 L solutions with a duration of 120 min for the secondary wastewater and, due to
the expected lower bacterial content, 30 min for the disinfection of river water. The TOD evo-

lution along the reactions was calculated and shown in Table 7.2.

Table 7.2 - TOD evolution during disinfection reactions using AOPs.

_ _ _ TOD (mg L™
Solution Time (min) U\//03/|\|_-|Siog2 JV/Og
0 0.00 0.00
RW 10 2.98 5.58
30 9.45 20.54
0 0.00 0.00
30 8.52 10.73
SWW 60 14.91 19.34
90 20.93 27.56
120 26.74 35.61
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The beneficial effect towards ozone consumption when the photocatalyst is added to the me-
dium is evident. Comparing the value at the end of each reaction, the photocatalytic process has
a TOD 117% and 33% lower when river water and wastewater are used, respectively. This
decrease of transferred ozone has a great economic benefit as one of the principal drawbacks

of ozonation is its high ozone production cost.

E. coli colonies present in the samples were quantified and are shown in Figure 7.1 as a function
of TOD. Complete bacteria removal was accomplished using both water matrices. Regarding
the secondary wastewater, complete disinfection with photocatalytic ozonation was achieved
in 120 min with 26.74 mg L™ of TOD, while the single process was faster, completely removing
E. coli in 90 min but with a higher TOD, 27.56 mg L. In the reaction using river water, no E.
coli colonies were detected after 10 min, with single and photocatalytic ozonation using 5.58

and 2.98 mg L of TOD, respectively.
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Figure 7.1 - E. coli removal in UV/O3/N-TiO; and UV/Os3 reactions and TOD evolution
The samples that presented no colonies of any microorganism were subjected to regrowth tests
due to the possibility of some cells to still be present but did not multiplicate (viable but non-

culturable). No bacterial regrowth was observed after 24 h.

Besides the lower bacteria concentration, different factors contribute to the fact that reactions
in river water had a higher removal rate. The SWW has a higher COD, thus the organic matter
can interfere in the interaction between the oxidative radicals and bacteria. Moreover, the pres-
ence of ionic species can inhibit the activities of ozone and/or hydroxyl radical production
.Other factor is the intracellular components and remaining cellular debris leached into the so-
lution as microorganisms are being attacked, depositing over the catalyst and absorbing gener-

ated photons (Mecha et al., 2017a).
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The bacteria inactivation initiates with the rupture of its cellular wall. This occurs due to the
existence of different oxidative radicals that can disrupt the phospholipid membrane and attack
other cellular defenses, such as antioxidant enzymes (e.g. catalase, superoxide dismutase), caus-
ing high oxidative stress and leading to protein fragmentation and loss of cell viability
(Bosshard et al., 2010). Hydroxyl radical is suggested by different studies as one of the main
responsible for the cellular disruption due to its high oxidative potential, but h* and *O>" also
play an important role (Liu et al., 2019; Wang et al., 2015).

The improved efficiency of the integrated process is due to the higher production of highly
oxidative radicals, as 0zone act as an electron receiver, reacting with the photogenerated elec-
tron, impeding the electron-hole recombination and producing species such as *O2” and *OH.
This synergetic effect allows that the integrated process have an overall lower ozone consump-

tion.
7.2. Biofiltration

To evaluate the use of invasive bivalves in E. coli removal, tests were conducted using biofilters
containing 750 mL™ of river water with a concentration of 60 clams L™ with a duration of 24
h. River water used in this test was collected in a different location that the used in oxidation
processes, presenting a higher bacteria concentration due to being closer to a WWTP discharge.
A blank control was performed along the reaction to quantify the bacterial mortality due to

other factors besides the clams activity. The results are summarized in Figure 7.2.
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Figure 7.2 - E. coli removal in biofiltration and control tests

As can be observed, the control test also presented a decrease in the bacteria population number.

These was also found in other studies involving treated effluents, and can be related to
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environmental factors (e.g. temperature and oxygen concentration) (Mezzanotte et al., 2016).
Toxic substances such as coagulants used in WWTPs can also be responsible for the bacteria
removal. Thus, a more complete analysis of the water matrix is needed to determine the exact

cause.

Nevertheless, the higher removal rate when C. fluminea is evident, achieving a 1.1 log reduction
after 4 h. After 24 h the test using clams still had a decrease in the E. coli colonies, but at a
lower rate, which indicates that the bivalves filtration occurs mainly in the early stage of the
test. To elucidate this and obtain a better profile for the bacteria removal by the Asian clams,
new tests need to be conducted with a smaller duration but with more samples been taken in

shorter times.

Gomes et al., 2018a studied C. fluminea in E. coli biofiltration tests using spiked distilled water,
which permits a better understanding of the mechanism of bacteria removal due to the absence
of other influences as found in the present study. It was observed that the bacteria were effi-
ciently metabolized by the bivalves, as only residual amounts of E. coli were found in the shells

and soft tissue of the Asian clams.

Thus, even not being able to achieve total bacteria removal as the oxidation process, biofiltra-
tion was accountable for a considerable E. coli clearance level. Added to the fact that it is a still
unused highly disponible material, it demonstrates that this process has a great potential as a
low-cost water disinfection treatment but also a pest management strategy.

58



8. CONCLUSION

The use of photocatalytic ozonation and its benefits compared to the single technologies (pho-
tocatalytic oxidation and ozonation) was amply explored throughout this work. Initially, nitro-
gen doped and nitrogen and sulfur codoped TiO: catalysts, synthesized according to two sol-
gel methods with different dopant amounts, were evaluated for the removal of a mixture of 5
parabens. An increasing nitrogen dosage in method 1 resulted in a lower TOD needed for total
parabens depletion and a higher mineralization level was achieved, until an optimum concen-
tration (10% N-TiO2), with a decrease of the process efficiency with further nitrogen addition.
In the case of urea doped catalysts, a small dosage of nitrogen (2.5% N-TiO2) was more efficient
regarding a TOD decrease. The undoped catalyst from method 2 had a higher COD and TOC
removals, but 2.5% N-TiO> had a lower partial oxidation yield, meaning that the organic matter
oxidized is removed toward total mineralization, producing CO2 and H20. The addition of sul-
fur as doping element had a detrimental effect over the catalysts and all NS-TiO. had a worst
performance compared with pure TiO2, with higher ozone usage and lower removals, being
promptly excluded from further investigation.

Photocatalytic oxidation tests conducted using N-TiO2 showed a low photoactivity, with only
up to 10% of parabens being removed in 180 min reactions. The doped catalyst still had a
slightly higher removal compared to pure TiO2. Regarding single ozonation, total parabens re-
moval was achieved under 120 min but using a higher TOD and lower TOC and COD removals
were obtained compared to pure and nitrogen doped TiO». Toxicity tests performed using 3
different species had mixed results, with UV/O3/N-TiO2 achieving higher germination index
for L. sativum but also higher A. fischeri luminescence inhibition compared to single ozonation,
which may be a result of a higher concentration of toxic by-products and nitrogen leaching from
N-TiO.. Thus, the existence of beneficial synergic effects when both photocatalysis and ozona-

tion are integrated was demonstrated.

The effect of different parameters on parabens degradation and photocatalytic ozonation per-
formance was investigated. The adjustment of the pH towards neutral conditions improved
parabens degradation, reaching total removal in 60 min when a buffer is used, which can be
related to a higher ozone decomposition and hydroxyl radicals formation. The use of the double

catalyst loading had no significant improve in the reaction.

Reaction in the presence of isopropanol was not able to completely remove parabens and led to
alterations in by-products formation, demonstrating the important role of hydroxyl radicals in
these reactions. This reveals that the main responsible by parabens mixture degradation in
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photocatalytic ozonation through nitrogen doped catalyst is the hydroxyl radical. lodine, sul-
fate, chloride and carbonate ions induced a higher degradation rate with a lower ozone used,
which can be associated to the higher formation of *OH and other highly oxidative radicals. A
higher organic matter concentration, simulated by the addition of humic acid to the solution,

had no significant effect over parabens removal.

Secondary wastewater and river water were spiked with the 5 tested parabens to evaluate the
effect of real water matrices containing different substances. Both solutions resulted in a lower
TOD to obtain a complete parabens removal compared to ultrapure water. The presence of ions
such as CI- and SO4? are suggested to be the main cause for the better performances, as the

TOD decreased with a higher initial concentration with these ions.

In the study of the removal of Escherichia coli, biofiltration using Corbicula fluminea, photo-
catalytic and single ozonation were revealed as efficient disinfection processes. Using a sec-
ondary wastewater and river water, both oxidation processes were compared. Single and pho-
tocatalytic ozonation resulted in total bacteria removal with no detected regrowth after 24 h in
both matrices, but the use of N-TiO> resulted in more efficient relation between ozone con-

sumption and bacteria disinfection, thus also resulting in a more economically efficient process.

Invasive bivalves used in biofiltration tests did no achieved total removal of E. coli from river
water samples, but resulted in a 1.25 log reduction after 24 h, with a higher clearance rate during
the initial hours of the test. The control test without the clams also presented a decrease in

bacteria population, which may indicate the presence of a toxic substance.

Thus, comparing the 3 disinfection processes, oxidation technologies have a higher disinfectant
power, quickly removing all bacteria, but the costs involving the use of UV radiation and ozone
production, even with a lower amount using the catalyst, represent a higher total cost. The use
of the invasive species represents an economical and environmental efficient alternative for
pathogenic bacteria disinfection but also a pest management technique, avoiding the use of
biocides or other strategies that may endanger the environment.
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9. FUTURE WORK

From the obtained results of this work, additional studies could be performed to better under-

stand and further optimize this subject. Some suggestions are:
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Perform additional characterization tests in catalysts to better evaluate the nitrogen dop-
ing, to understand the if the nitrogen is in interstitial or substitutional way in TiO lattice;
Study photocatalytic ozonation under solar radiation, since the UVA is more expensive
radiation then the solar light;

Study the influence of by-products formed during photocatalytic ozonation and its ef-
fects over the toxicity of treated solutions through the wide range of species;

Evaluate more trophic levels to better understand the toxicity of the treated solutions,
and it would be important to infer about the possibility of wastewater;

Further analyze the obtained solutions from photocatalytic ozonation regarding possible
nitrogen leaching;

Evaluate the influence of different components of water matrices in biofiltration tests
and bacterial removal;

Conduct new biofiltration tests with samples in shorter times and optimize the overall
process;

Application of biofiltration for disinfection of another enteric pathogens, such as vi-

ruses, protozoa and other bacteria.
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APPENDIX A

Parabens removal during UV/Os/TiO. and UV/Os reactions

Method 1
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Figure Al - Ethylparaben (a), propylparaben (b), butylparaben (c) and benzylparaben (d) degradation as a function
of TOD during single and photocatalytic ozonation reactions using method 1 TiO; and N-TiOs-.
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Figure A2 - Ethylparaben (a), propylparaben (b), butylparaben (c) and benzylparaben (d) degradation as a function
of TOD during single and photocatalytic ozonation reactions using method 2 TiO, and N-TiO5.
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Figure A3 - Ethylparaben (a), propylparaben (b), butylparaben (c) and benzylparaben (d) degradation as a function of
TOD during single and photocatalytic ozonation reactions using method 2 TiO, and NS-TiOx.
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APPENDIX B

Calibration curve for chemical oxygen demand (COD)
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