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“If there is magic on this planet, it is contained in water.”
— Loren Eiseley


https://www.goodreads.com/author/show/56782.Loren_Eiseley




“Difficulty is the lure of desire. Those who share difficulties put the other at the same
level and make it into a game of dialogue: Let’s think that ... together. Any human being
has the capacity to relate to knowledge, feelings, ideas and proposals that have
generated other human beings. Are they difficult indeed? They will awake in us and
refine new skills, new sensibilities and forms of intelligence. Equality is not a result, it is
a premise and it has a single slogan: share the desire and never treat a mate as an
ignorant.”

Marina Garcés, 2015

Curiosity is one of the virtues that | most appreciate. That genuine curiosity that
generates interest and goes deeply, widening, leading you to look and ask. And which
usually blows up in the form of enthusiasm. Manzoni sings "there is not enough with
happiness, we demand euphoria" and | often adapt it, mentally, as "there is not enough
with interest, | love the enthusiasm". It is a slogan, a wish.

Carles Capdevila, 2015
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Abstract

Water is essential for life in all the levels: humans, animals and plants depend on it for their
existence. The unsustainable growth, the changes in the consumption pattern and the climate
change have positioned water resources under pressure. In this scenario where the water
quality and quantity are a worldwide concern, research and development have analyzed and
generated various emerging technologies that can promote the use of alternative sources of
water.

In the problematic water pollution scenario mentioned before, advanced oxidation processes
(AOPs) emerge as a possible alternative to treat the biologically persistent wastewater
improving water quality and therefore restoring the aquatic environment. These processes
degrade organic pollutants by forming hydroxyl radicals (OH-) which are highly reactive and non-
selective. Nowadays, AOPs include also the processes that involve other radicals as sulfate
radicals (SO4%).

Ozone application is used in wastewater, disinfection and air treatment to minimize the
pollution. This process has two main strengths: on one hand, the strong oxidant potential and
secondly, the lack of residues after its application. Ozone can react directly, via molecular
pathway or indirectly via hydroxyl radical.

In this work, ozone has been applied to different non-conventional points of the treatment line,
to check if its action could promote the enhancement of the whole treatment. Thus, it has been
applied at the outlet of the primary effluent leading us to an improvement in the water quality
parameters and in the removal of micropollutants. Moreover, other significant parameters for
ozone application as the ozone demand and mass transfer have been studied.

Afterwards, the study was focus in the application of ozone on the activated sludge matrix. In
this case, ozone showed good performance too, improving the settleability, increasing the
solubility of sludge and eliminating micropollutants in both phases (sludge and supernatant).

Finally, the combination of ozone application with biological treatments was tested. Thus, ozone
was applied to the primary effluent which was lately treated by an aerobic biological treatment.
In this case, good performances were observed at the level of micropollutants. Lately, ozone
was applied to the conventional activated sludge matrix which was subsequently introduced in
an anaerobic process to check the enhancement of biogas production. In this case, only two
ozone doses showed better performances than the initial sludge without ozone pretreatment.
Biodegradability and acute toxicity was studied for the primary effluent before and after
ozonation, showing an improvement when the transfer ozone dose increased.
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Brief Introduction and Thesis Objectives

1. BRIEFINTRODUCTION AND THESIS OBJECTIVES

1.1 Brief Introduction

Distinct environments, cultures and realities establish the complex organization of our current
society. Despite its complexity, we could consider that our society is mainly arranged in residing
and working cities. Among years, the wastewater treatment and the sewage system of these
cities have been studied and planned to offer a better quality of life, to enhance their cleanliness
and to increase their livability.

The economical, technological and social developments have promoted significant lifestyle
benefits but in parallel have subdued under pressure the water resources. This fact generates a
challenge for the current and next generations.

Last years, a deeply awareness of our environment is gaining importance, which is translated in
a stronger understanding of the risks and consequences of the city ecological footprint.
Regarding this fact, there is a growing ambition to reduce the ecological footprint and to turn
them into more sustainable cities.

In this scenario, the importance and implication of the water sector should increase in the
structural definition and organization of the cities modifying and improving the existing water
management systems. In this direction, it is needed to improve the wastewater treatment
plants, to facilitate its reuse and to minimize its consumption.

Upgrading the water systems implies important and big scale modifications. To do so, several
studies at lab and pilot scale should be performed in advance. At the end, the variety of the
results and clues obtained could participate in the enhancement of wastewater treatment
plants. The presented work attempts to participate towards this progress.

Lot of work has been done applying ozone at the end of the treatment chain, especially in the
tertiary treatment and in the water purification unit or plant. The usage of this highly reactive
chemical compound in other points of the treatment chain has frequently generated some
reticence and doubts. The presented work aims to plunge into the possible benefits of ozone
application among the water treatment chain.

1.2 EU Water Framework Directive

Different surveys have been performed in the European Union countries regarding
environmental issues. The Eurobarometer performed in 2012 showed that 68% of the
population considered water-related problems as potential concerns (EU-Comission 2012).
Moreover, the 47% surveyed contemplated the water pollution as the most worrying
environmental issue (EU-Comission 2012, EU 2016). Moving back in time, during the mid-90s,
the pressure for a reformulation of the community water policy increased which pushed the
European Water Framework policy forward. The early fruit was obtained in the 2000, with the
Directive 2000/60/EC that aimed at identifying hazardous substances for the aquatic
environment (Directive 2000, Ribeiro et al. 2015). Eight years later, in 2008, the Directive
2008/105/EC was defined, establishing the environmental quality standards (EQS) for 33 priority
substances and other 8 pollutants (Directive 2008, Ribeiro et al. 2015). In 2013, the last Directive
was presented: Directive 2013/39/EU where the preventive action is promoted. It is based in
the recognition of pollution causes, handling pollutant emissions at the source, and developing
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alternative and cheaper water/wastewater treatment technologies (Directive 2013, Ribeiro et
al. 2015). The updated Water framework Directive now includes 45 substances and other
pollutants with the respective EQS for each one. The Directive 2013/39/EU focuses on the
monitoring of emerging pollutants that were not considered before but that can promote
ecotoxicity and toxic effects (Ribeiro et al. 2015).The importance of the Advanced Oxidation
Technologies and related research as alternative treatment technologies is increasing in this
scheme.

1.3 TRIUMPH Project.

The presented research has been carried out in collaboration with the Company Suez, branch
Suez International formerly named Degremont, under the framework of TRIUMPH project
supported by the European Eureka cluster ACQUEAU. A consortium of five research institutes
and three companies have been involved. TRIUMPH is the acronym of Treating Urban
Micropollutants and Pharmaceuticals. The project pretends to achieve new oxidation processes
for the removal of micropollutants and pharmaceuticals in urban wastewater achieving an
integrated chemical/ biological oxidative treatment.

Precisely, the collaboration between Suez and University of Barcelona has taken place in the
working package 2: Development of Ozone application. And therefore, it has been focus on
ozone application, study on kinetics, dose impact and ozone impact in micropollutants and
organic matter.

WP 1: Coordination and Management

WP 2: WP 3: WP 4: WP 5:
Development of Integrated process Assessment of Process
ozone application development and environmental  industrialization
performance Impacts and equipment
evaluation standardization

WP 6: Dissemination and Exploitation

Figure 1.1 Work package (WP) breakdown of the TRIUMPH project.

1.4 Design factors for the combined system

The combination of different processes is needed to achieve suitable economic and technically
options. The first possibility is to position the AOP in a sequence of physical, chemical and
biological treatments. In general, this type of sequences involve one AOP step and one biological
treatment step. The exact configuration depends on the cost, minimizing the AOP treatment
step and maximizing the biological stage as a consequence of the differences between costs
(Oller et al. 2011, Scott and Ollis 1995).

Nevertheless, pre-oxidation steps have been considered when the wastewater has low
biodegradable character, since high biodegradable wastewater will promote unnecessary



Brief Introduction and Thesis Objectives

consumption of chemicals (Esplugas et al. 2004, Scott and Ollis 1995). So, conventionally, post
oxidation is recommended followed by a polishing step in this case.

On the other hand, the measurement of the process efficiency depends on the purpose of the
treatment, but optimization of each step (biological and chemical) has to be analyzed.
Accomplishment of dissolved organic carbon limits, reduction of toxicity and elimination of
specific pollutants are different targets that could be achieved by means of combined systems.

Regarding these considerations, ozone application in this thesis has been focus in point 1. and
2. (Figure 1.2) to prove the suitability of the complete wastewater treatment system comparing
two strategies.

= CAS

o

CAS recirculation loop

Pretreatment Primary Settling Tank Secondary Settling Tank
2 9
fl'ertiary Treatment
LI u
Reverse Osmosis Microfiltration Sand Filtration

.

Figure 1.2. Ozone application strategy

1.5 Structure of the PhD Thesis

The main objective of this work is to analyze the possible benefits of the ozone application in
non-conventional ozone application points along the wastewater treatment chain in order to
mitigate the micropollutant issue. Thus, ozone was applied at the outlet of the primary effluent
clarifier before the biological treatment (Conventional activated Sludge) and at the recycling
loop of the Conventional Activated Sludge. In this thesis, ozonation process has been chosen for
its already known capacity to oxidize and degrade organic matter. This PhD dissertation pretends
to evaluate the ozonation impact on the quality of the effluents, mainly on the removal and
degradation of micropollutants and organic matter at lab scale. The work aims at assessing the
suitability of ozonation for the enhancement of the water quality. Moreover, other aspects
related to the ozone technology have been deeply studied with the purpose of participate in a
better implementation of the process.

The second chapter consists in an introduction to the water problematic: current state of art of
the water-related issues, their causes and effects. Furthermore, it describes the advanced
oxidation technologies giving information about the implementation of these processes and the
benefits of their application. At the end of this chapter, ozonation appears as the main
technology applied: its mechanisms and applications are discussed. Finally, micropollutants
occurrence, organic matter classification and relevant legislations are exposed.
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Materials and methods used in the research works are described in the third chapter. Here,
aspects related with samples collection, wastewater characterization, sample preparation,
analytical devices and experimental set up are discussed. Moreover, analytical methods for
micropollutant analysis and further analysis are presented.

The fourth chapter presents the results obtained from the ozone application to primary
effluents. The discussion involves the technical aspects related to ozone demand, organic matter
and aggregate parameters. In addition, application of low ozone doses for degradation of
micropollutants as a pre-treatment of the biological process has been analyzed.

Chapter fifth is reserved to ozonation applied to the Conventional Activated Sludge (CAS): its
impact in the sludge quality and behavior with focus on micropollutants removal has been
studied. Moreover, the aspects related with the ozone dosage and demand has been described.

The impact of ozonation on next biological processes has been tested and presented in chapter
six. To do so, a primary effluent previously ozonated has been used as an inlet effluent for a
biological treatment at lab scale. The idea of this work was to check if the combination of
processes promotes a synergetic effect over water and sludge quality. Moreover the toxicity and
its relationship with biodegradability was tested in this chapter. Afterward, a complimentary
study was perform combining sludge ozonation and anaerobic treatment in order to investigate
if ozonation of sludge could enhance anaerobic treatment and biogas production.

Finally, the seventh and last chapter is dedicated to the main conclusions based on the objectives
of each individual chapter and their respective results. It is in this chapter where some
recommendations and further steps are mentioned to complete and develop the determined
conclusions.



State of Art

2. STATE OF ART

2.1 Water Role: Importance, perspectives and sustainable development.

Water (H;0), chemically the result of two bonds between oxygen and two atoms of hydrogen,
is essential for life in all the levels: humans, animals and plants depend on it for their existence.
In the human magnitude, sustainable water management, water infrastructures and water
quality play key-roles in living standards, economic growth and social cohesion (WWAP 2016).
From the point of view of economics, environmental or social, water is also extremely related
with jobs. Almost 80% of the jobs that are considered the global workforce are dependent upon
having access to an adequate supply of water-related services, including sanitation (WWAP
2016). Additionally, on top of the biological importance, water is also the core of our
development.

The world’s water distribution and availability, over time and space, greatly depends on the
continuous cycle of evaporation, precipitation and runoff: the water cycle. However, human
actions interfere with the natural water cycle and therefore they should be considered when
the real water cycle is analyzed.

The unsustainable growth, the changes in the consumption pattern and the climate change have
positioned water resources under pressure (WWAP 2015, 2016). Over the past century, the
population growth and rising living standards (food, textile and energy) of the middle class have
increased the water demand becoming in some cases unsustainable. However, the relationship
between water demand and population growth is not linear. As it is described in the WWAP
2016 report, an increase of 33% in the world population and of 60% in the food demand is
expected until 2050. Furthermore, social patterns like the increasing meat consumption, bigger
homes, the use of motor vehicles and electrical devices will rise the global water demand since
water consumption is needed for both, production and use (WWAP 2015). Moving to numbers,
the estimated global water deficit will be of 40% in 2030. On the other hand, climate change
has a significant impact in the water balance, quality and availability: variability in precipitation
patterns, increase on the temperature, run offs that sweep along pollutants and intrusion of
seawaters (WWAP 2015).

Besides the different causes of water scarcity, three levels of water scarcity can be considered:

1. Physical water scarcity: when the water resources development exceeds the
sustainable limits.

2. Economic water scarcity: when the problematic involve financial limitations that drive
to a lack of infrastructures.

3. Institutional water scarcity: when the public organisms are not able to ensure secure
and equitable supply of water to users.

Figure 2.1 presents the global physical and economical water scarcity. There are some areas
where the rainfall is concentrated during a concrete season. However, the same area can suffer
a drought during the following seasons. Supposing that this area has conceived infrastructures
to store and manage the water, the drought can be compensated and the population will not
suffer the water scarcity crisis. Thus, in addition to the physical water scarcity, the funding for
infrastructures as well as the political and institutional decisions have an important role in the
water management.
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Little or no water scarcity’
Physical water scarcity?
Approaching physical water scarcity®

Economic water scarcity*

Not estimated

Figure 2.1 Global Physical and Economic Water Scarcity (WWAP 2016).

1. Abundant water resources and less than 25% of water from rivers withdrawn for human purposes; 2. Non-
abundant water resources and more than 75% of rivers flow withdrawn for human purposes; 3. Non-abundant water
resources and more than 60% of river flows are withdrawn; 4. Water resources are abundant compared to use but
less than 25% of water from rivers is withdrawn for human purposes.

The right to safe drinking water and sanitation is a recognized human right. It is interrelated with
other human rights like the right to life and dignity, to food and housing and to healthy
occupational and environmental conditions (UNGA 2010). However, 663 million people do not
have access to drinking water separately to the water that is used by animals and can contain
faecal contamination. Furthermore, at least 1.8 billion people do not have access to water with
enough quality to be safe for human health and finally, 2.4 billion people (more than a third of
the global population) do not use improve sanitation facilities (Unicef/WHO 2015). All these
information reflect the need for the governments to display their efforts towards measures for
safe drinking water and sanitation.

In this scenario where the water quality and quantity are a worldwide concern, research and
development have analyzed and generated various emerging technologies that can promote the
use of alternative sources of water. Indeed, the use of municipal wastewater represents
approximately 35% approximately of the total water used in some countries (WWAP 2016). So,
nowadays, there is a value in used water. Resource recovery and the analysis of the possible
hazards related with the reuse of wastewater are gaining importance regarding the economic
and environmental context. Currently, important actions are being considered to speed up
innovation and development establishing a link between research, market needs, public
perception, institutions and environment.

2.2 Wastewater Reuse

Wastewater reclamation might represent a real option to generate supplementary water
sources and to cover a part of the water demand. Bixio et al. (Bixio et al. 2006) defined certain
measures that should be targeted to reinforce the use of reclaimed water: 1. Modification of
water legislation, 2. Intensification of the collaboration between partners, 3. Definition of
protocols and guidelines for wastewater reuse, 4. Promotion of economic benefits from
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wastewater reuse and 5. Raising social support. Various applications for reclaimed wastewater
can be considered: Irrigation of agricultural and urban areas, for recreational uses, for cooling
systems of industries and for enrichment of groundwater bodies (environmental uses) (Bixio et
al. 2006, Rizzo et al. 2013).

Different uses have been observed for water reuse in Europe depending on the geographical
area. In northern Europe 55% of the reclaimed water is involve in urban or environmental uses
and 33% for industrial functions. In southern Europe, however, the reuse is mainly for
agricultural irrigation (44%) and urban or environmental applications (37%). France is an
exception since it has only published guidelines for agricultural irrigation (Bixio et al. 2006).

Despite the restricted uses in agriculture irrigation and industrial applications, one third of the
reclaimed water depends on the secondary treatment. The implementation of Membrane
Bioreactors (MBR) technologies have promoted the improvement of the secondary effluent
quality satisfying the faecal coliforms criteria of WHO guideline and for instance, permitting its
use for unrestricted agricultural irrigation (i.e. Schilde WWTP, Belgium) (Bixio et al. 2006).
Tertiary treatment is needed when conventional secondary treatment is applied to fulfill the
requirements for unrestricted agricultural irrigation. To obtain the desired standards, filtration
followed by disinfection (Chlorination, UV, Ozone and Peracetic Acid application) are commonly
used (Bixio et al. 2006). Higher level of treatment is required when the possible applications are
aquifer recharge, industrial process water, mixed urban- agriculture irrigation and household
uses. In this cases, two steps of filtration are demanded: Microfiltration (MF) or Ultrafiltration
(UF) followed by Nanofiltration (NF) or Reverse Osmosis (RO) (Bixio et al. 2006).

The challenge is to obtain the desired quality and sufficient quantity by means of the most
sustainable process. Moreover, it is important to define different levels of qualities for different
types of reuse and to find adequate treatments and technologies to assure the quality limits.
For instance, the reclaimed water used for agricultural and urban irrigation, must fulfill
standards since the water pollutants can bioaccumulate in plants and non-target organisms
(Fatta-Kassinos et al. 2016). Indeed, the uncomplete removal of organic contaminants of
emerging concern (CECs) by the conventional WWTPs is a limitation for the reuse (Fatta-Kassinos
et al. 2016) because is a gate for the pollutants to the terrestrial and aquatic environment.

The mobility, persistence and bioaccumulation of CECs greatly depends on their physico-
chemical properties even though climatic conditions and a variety of other environmental
factors are also determining. Different studies have been performed regarding the link between
reclaimed water and the fate of pollutants in the environment. Xu et al. (Xu et al. 2008) , for
instance, detected levels between 0.55-9.08 ng/g of Clofibric Acid, Ibuprofen, Naproxen,
Triclosan, Bisphenol A and Estrone in a soil from a Golf Course in California irrigated with reused
water. In Guanzhou, China, six Pharmaceuticals and Personal Care Products (PPCPs) were
detected in samples of irrigated areas (Bisphenol-A, 4-Nonylphenol, Triclosan, Triclocarban,
Salicylic Acid and Clorifibric Acid). As it has been described above, different compounds have
been detected in soils previously irrigated with reclaimed water even though there are a lots of
data not detected in soils in different countries (Li 2014).

The reclaimed water is not the only pathway to introduce CECs to the environment, the use of
sludge from WWTPs to enhance land and fertilize agricultural soils is another major via (Fatta-
Kassinos et al. 2016).

On the other hand, toxicity is an important aspect to considerate regarding wastewater reuse.
Indeed, an array of bioassays to monitor any impact in the different levels of organisms is

7
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needed. The adverse effects have been reported even at the level of ng/L in the case of chronic
exposures and pg/L in the case of acute toxicity (Fatta-Kassinos et al. 2016).

Thus, it is crucial to continue the research either in lab scale or in industrial scale of the
micropollutants and their relationship with the reused water.

2.3 Wastewater characteristics

There is a high variability of liquid and solid wastes between communities. Wastewater can be
defined as the combination of the liquid waste or water carried wastes removed from
residences, institutions, commercial and industrial places and might be mixed with
groundwater, surface water and storm water (Tchobanoglous and Burton 1991).

Wastewater treatment aims to protect the quality of freshwater and make the reclaimed water
more acceptable for reuse (Shon et al. 2006). It started at the end of the 1800s and beginning
of the 1900s (Tchobanoglous and Burton 1991). Until 1940, wastewater had mainly a domestic
origin. In the case of the EEUU, during the 40s, the industrial development increased the
industrial wastewater discharged in the municipal WWTPs. This new scenario changed the
composition of the wastewater introducing heavy metals and synthetic organic compounds
(Tchobanoglous and Burton 1991). Similar situation happened in Europe and currently in the
developing countries.

It is important to be aware of the wastewater composition since it can be crucial to understand
the interactions between the organic and inorganic compounds (Shon et al. 2006). In addition
to the organic matter, wastewater contains pathogenic microorganisms, nutrients and toxic
compounds that may be mutagenic or carcinogenic between others (Tchobanoglous and Burton
1991). The organic composition of wastewater is about 50% proteins, 40% carbohydrates, 10%
fats and oils, and trace amounts of priority compounds, surfactants and emerging pollutants
(Shon et al. 2006).

2.4 Effluent Organic Matter

The organic matter found in WWTP effluents is named Effluent Organic Matter (EfOM). EfOM is
composed of heterogeneous organic compounds based on wide-spread molecular weight (MW)
distribution and polydispersity (Nam and Amy 2008). EfOM is characterized by three main
components (Jarusutthirak et al. 2002, Krasner et al. 2009, Shon et al. 2006):

a. Natural Organic Matter (NOM)
b. Synthetic organic compounds (SOC)
c. Soluble microbial products (SMP)
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Figure 2.2 Organic constituents of EfOM divided by dEfOM and particulate EFOM (POC)Organic constituents of
EfOM divided by dEfOM and particulate EfOM (POC)

Moreover, dissolved Effluent Organic Matter (dEfOM) is the major constituent of EFOM (86% of
the COD (Shon et al. 2006). This fraction is smaller than 0.45um. Thus, the EfOM is classified in
two main groups regarding the size criteria:

a. Particulate organic carbon having a size higher than 0.45um

b. Dissolved organic carbon having a size smaller than 0.45um, it can be also named
dEfOM. Dissolved organic carbon (DOC) fraction, dissolved organic nitrogen (DON)
fraction and Dissolved Organic Phosphorous (DOP) fraction can be differentiated.

In Figure 2.2, the EfOM compounds according to Levine et al. (Levine et al. 1985) are shown.
Specific treatments should be used to remove each compound depending on their size. POC can
be removed easily by solid liquid separation processes (Shon et al. 2006). Nonetheless, the
smaller compounds (dEfOM) can pass through the different treatment steps and are more
difficult to eliminate with the conventional treatment (Shon et al. 2006).

2.4.1 Natural Organic Matter

Natural Organic Matter (NOM) is a key parameter for water treatment design and operation
(Eikebrokk et al. 2004). It is originated from the decomposition of plants and microbial materials
and it is present ubiquitously in natural waters but also in soils and sediments (Nebbioso and
Piccolo 2013). Indeed, in a wastewater, 75% approximately of the suspended solids and 40% of
the filterable solids are organic in nature (Shon et al. 2006). NOM is composed mainly of carbon,
hydrogen, oxygen and in a minor level from heteroatoms as nitrogen, sulfur and phosphorus
(Hertkorn et al. 2008). Besides the atomic composition, NOM is formed by a wide range of
compounds: from aliphatic to aromatic, from highly charged to uncharged and with different
molecular sizes (Matilainen and Sillanpda 2010). Moreover, climate variations and the
hydrological regimes are determinant to the amount of NOM in water. Likewise, the nature of
NOM varies between sources and seasons (Matilainen and Sillanpda 2010). An increase in the
qguantity of NOM has been observed in surface waters during the last 9-42 years, depending on
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the location (Eikebrokk et al. 2004, Worrall and Burt 2010). This fact can be due to air and water
temperature increases, rainfall intensity and atmospheric CO; increase (Matilainen and Sillanpaa
2010). NOM may have a negative impact in the water quality affecting its color, taste, odor and
promoting biological growth and corrosion in the distribution systems (Eikebrokk et al. 2004).
Furthermore, it can be complexed with heavy metals, it can adsorb organic micropollutants, and
can promote the formation of disinfection byproducts (DBPs) and therefore is considered as a
health hazard (Eikebrokk et al. 2004).

2.4.2 From Organic Pollutants to Emerging micropollutants

As it has been mentioned before, reuse of wastewater is a strategy that can lead to a better and
more sustainable water management. Nonetheless, the pollution of freshwater with SOCs is
rising nowadays (Eggen et al. 2014). SOCs as Pharmaceuticals, hormones, PPCPs, artificial
sweeteners, perfluorinated compounds, brominated flame retardants and surfactants between
others, can represent a limitation since their partial removal and byproducts can damage
terrestrial and aquatic environment (Fatta-Kassinos et al. 2016).

During the last years, environmental research has extended its focus from the conventional
environmental pollutants (PCBs, DDT, dioxins and pesticides) to the emerging contaminants
(Pharmaceuticals and PPCPs)(Ternes and Joss 2006). The fast development and the increasing
use of new analytical tools have enabled the identification of organic pollutants in a range of
low concentrations (ng/L- pug/L) and in wide variety of water matrices (wastewater, surface
water, groundwater, drinking water) and solid matrices (sewage sludge, manure, soil,
sediment)(Fatta-Kassinos et al. 2016, Jelic et al. 2011, Ternes and Joss 2006).

The chemical pollution of the aquatic environment by our society is an experiment in real scale.
Indeed, we have just analyzed the possible future impacts but right now, we are not able to
anticipate the full list of effects for chronic exposure and pollution(Luo et al. 2014). However,
the ecological effects of a group of compounds named Endocrine Disrupting Compounds (EDCs)
have been already noticed (Luo et al. 2014). Due to their molecular structure, this group of
compounds can mimic or interfere with the natural hormone pathways (Clara et al. 2005, Luo et
al. 2014). Thus, these compounds have been associated with the feminization of male fish
changing the sex ratios and therefore, modifying population densities (Liu et al. 2009, Luo et al.
2014, Tan et al. 2007).

2.4.3 Soluble microbial products and extracellular polymeric substances

Soluble microbial products (SMPs) and extracellular polymeric substances (EPSs) are the major
fraction of dEfOM in wastewater (Jarusutthirak and Amy 2007). They are biologically generated
from substrate metabolism during biomass growth and released from cell lysis, diffuse through
cell membrane or excreted for other purposes (Shon et al. 2006). Their characteristics can vary
between WWTPs as a result of the different treatment processes and water characteristics. In
general, they exhibit high MW, hydrophilic and low SUVA character (Jarusutthirak and Amy
2007).

10
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2.5 General Legal Framework

The environmental awareness of our society has increased during the last 50 years. In 1972, the
United States of America (USA) by means of the Federal Water Pollution Control Act, better
known as Clean Water Act (CWA), created the Natural Pollutant Discharge Elimination System
(NPDES). CWA established the basic structure for regulating discharges of pollutants into the
USA waters and for regulating quality standards for surface water. Indeed, NPDES provided two
levels of control, the technology-based limits and water quality-based limits. After the major
NPDES amendment in 1977, point source discharges to surface waters were regulated, including
municipal wastewater effluents (Benedetti 2006). In USA, the minimum water quality standards
(WQS) are settled by the Environmental Protection Agency (EPA), even though states with
delegated authority can set more stringent requirements (Benedetti 2006). NPDES program has
been updated and expanded several times, being the last amended version from the summer of
2016.

In Europe, the water legislation also began in the early 70s. The first European action was done
in 1975 regarding drinking water quality and the water sources used for the water abstraction.
This process concluded in 1980, establishing the quality targets for drinking water. Moreover, it
also included other issues as legislation on fish, shellfish, bathing and ground waters. The main
measure was focused in the Dangerous Substances Directive (67/548/ EEC)(Directive 1967).

The Urban Waste Water Treatment Directive (91/271/EEC) was launched in 1991, promoting
the secondary treatment and additional treatments whenever it is required. The Directive
demanded that all the European agglomerations with a size higher than 2000 population
equivalents had to be equipped with collecting and treatment systems for their wastewaters
(Council 1991). It aimed to protect the environment from the negative effects of urban
wastewater discharges and specific industrial discharges. Moreover, it identified and established
polluted water areas, nitrate vulnerable zones, codes of good practices regarding agriculture,
action programs and national monitoring (EU 2016). At the same time, the Nitrates Directive,
concerning the nitrates from agriculture, was approved. Five years later, the Directive for
Integrated pollution and Prevention Control was adopted (EU 2016). It was focused on pollution
related with industrial installations. In 1998, a new Drinking Water Directive was approved.

In 2000, the Water Framework Directive 2000/60/EC was created to provide measures against
the surface water pollution. It was divided in two main sections:

a. Selection and identification of hazardous substances (Priority Compounds) at
European Union level

b. Selection and identification of hazardous substances at national level (specific river
basin pollutants).

The first consequence of the Directive 2000/60/EC was the decision 2455/2001/EC that
presented the first list of priority substances. Some years later, the Groundwater Directive
(2006/118/EC) was adopted introducing actions to prevent or limit inputs of pollutants into
groundwater. Moreover, in 2008 a new directive was approved establishing the environmental
quality standards (Directive 2008/105/EC) and amending the Directive 2000/60/EC. It
established the limit on concentrations of 33 priority pollutants and 8 other pollutants (Directive
2008). One year later, the Commission Directive 2009/90/EC was adopted providing quality
rules for chemical analysis and monitoring of water, sediment and biota (EU 2016). In 2013, the
last Directive 2013/39/EU was launched focusing in developing new technologies to deal with

11



Ozonation of Municipal Wastewater for Water Reuse

water pollution. In addition, it expanded the list of priority compounds from 33 to 45 substances
or/and groups of substances (Ribeiro et al. 2015).

Table 2.1 List of organic priority substances in the field of water policy and certain other pollutants defined in the
Directive 2013/39/EU extracted from (Ribeiro et al. 2015). 2 Other pollutants defined in the Directive, not included
in the priority substances list. ® Group of substances listed as a class.

EQS biota

(ng/kg wet
weight)

Priority
hazardous
substance

MAC-EQS
(ng/L)

AA-EQS (ug/L)

Compounds

Organochlorine

Cyclodiene pesticides? including

pesticides aldrin, dieldrin, endrin and isodrin UL n-a. ) Be
Endosulfan 0.0005-0.005 0.004-0.01 - Yes
Dicofol 3.2x 10 °-1.3x10°3 n.a. 33 Yes
Heptachlor and heptachlor epoxide 1x10°® -2x107 3x10°-3x10* 6.7 x 103 Yes
Pentachlorophenol 0.4 1.0 - No
Hexachlorf)cyclohexane (HCH):e.g. 0.002-0.02 0.02-0.04 ) Yes
y-HCH or lindane
Hexachlorobenzene - 0.05 10 Yes
Hexachlorobutandiene - 0.6 55 Yes
Dichlorodiphenyltrichloroethane 0.025 (DDT total), na ) No
(DDT) total® and p,p'-DDT? 0.01 (p,p'-DDT) o
T e 0.1 03 - No
pesticides
Chlorpyrifos (Chlorpyrifos-ethyl) 0.03 0.1 - No
Dichlorvos 6x10°-6x10*  7x10°-7x10* - Yes
Triazine pesticides Atrazine 0.6 2.0 - No
Cybutryne 0.0025 0.016 - No
Simazine 1.0 4.0 - No
Terbutryn 0.0065-0.065 0.034-0.34 - No
Phenylurea pesticides  Diuron 0.2 1.8 - No
Isoproturon 0.3 1.0 - No
Chloroac.eFamIlde Alachlor 03 0.7 ) No
pesticide
Dinitroaniline pesticide  Trifluralin 0.03 n.a. - Yes
Pyrethroid Pesticide Cypermethrin 8x10°-8x10°  6x10°-8x10* - No
Dlph.e'nyl ethers Aclonifen 0.012-0.12 0.012-12 =
pesticides No
Bifenox 0.0012-0.012 0.004-0.04 - No
Quinoline pesticide Quinoxyfen 0.015-0.15 0.54-2.7 - Yes
Tributyltin compounds including
Organotin tributyltin-cation 0.0002 0.0015 ) Yes
Brominated diphenylethers - 0.014-0.14 0.0085 Yes
Hexabromocyclododecanes 0.0008 - 0.0016 0.05-0.5 167 Yes
Polyaromatic 4
s e () Benzo(a)pyrene 1.7x 10 0.027-0.27 5 Yes
Benzo(a)pyrene Benzo(a) pyrene
is considered as a is considered as
iz e e marker for the 0.017 a marker for the Yes
other PAHs other PAHs
Benzo(k)fluoranthene 0017 Yes
Benzo(g,h,i)-perylene 8.2x10%-8.2x103 Yes
Indeno(1,2,3-cd)-pyrene n.a. Yes
PAHs listed separately ~ Anthracene 0.1 0.1 - Yes
Fluoranthene 0.0063 0.12 30 No
Naphtalene 2.0 130 - No
Toxic
. . o e equivalents(
:’:(I:\I/chl?rmated dibenzo-p-dioxins ) na PCDDs +PCDEs Yes
Dioxins and dioxin-like + PCB-DL):
compounds® 0.0065
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Dioxin-like polychlorinated
biphenyls (PCB-DL)

Solvents Benzene 8-10 50 - No
Trichlorobenzenes 0.4 n.a. - No
Pentachlorobenzene 0.0007-0.007 n.a. - Yes
Chloroalkanes, C10-13 0.4 1.4 - Yes
1,2-Dichloroethane 10 n.a. - No
Dichloromethane 20 n.a. - No
Trichloromethane 2.5 n.a. - No
Carbon Tetrachloride? 12 n.a. - No
Tetrachloro-ethylene @ 10 n.a. - No
Trichloro-ethylene 2 10 n.a. - No

Industrial Compounds Di(2-ethylhexyl)phthalate (DEHP) 13 n.a. - Yes
.Perfluc.>roc.Jctane sulfonic acids and 1.3x10 -6.5x10 72-36 91 Yes
its derivatives(PFOS)
Nonylphenol including isomer 4- 03 20 ) Yes
nonylphenol
Octylphenol including isomer 4- 0.01-0.1 na. ) No

(1,1',3,3'-tetramethylbutyl)- phenol

Finally, on March 2015, the Commission Decision (EU) 2015/495 established a watch list of 10
substances or/and group of substances. The selected substances may pose a significant risk to
or via the aquatic environment but there is still not enough data to state a conclusion. The watch
list included pharmaceuticals as Diclofenac, 17-B- estradiol (E2), 17-a- ethinylestradiol (EE2) and
the macrolide antibiotics Erythromycin, Clarithromycin, Azithromycin.

2.6 Conventional Municipal Wastewater treatment

Nowadays, different combinations of processes and technologies can conform a Municipal
Wastewater Treatment Plant (MWWTP). Nonetheless, the cost and other considerations limit
the range of real options (SUEZ 2016). According to the last version of SUEZ’s Degremont®
Water Handbook, the most important and conventional restrictions when designing a MWWTP
are:

e The characteristics of the effluent to be treated

e Water’s quality objective and its reliability

e Final destination of the Sludge produced

e The plant situation

e Different construction layouts

e Parcel size

e The concerns related with sustainable development

Commonly, the Municipal WWTPs are organized in four stages that include physical, chemical
and biological processes. In Figure 2.3, the conventional wastewater treatment with an
additional tertiary step is presented. The first step of treatment train is usually a preliminary
treatment (screens and grit chambers) to remove floating and inorganic solids, such as sand and
grit particles. These solids can produce blockages and scrapes in pipelines and the treatment
system. Secondly, the primary treatment consists in the removal of suspended solids by means
of settling tanks and clarifiers. Afterwards, the secondary biological treatment takes place which
aims to degrade the biodegradable binding organic matter and nutrients, mainly present under
dissolved form. This step that it is the “core” of the wastewater treatment uses a wide range of
microorganisms and bacteria. Finally, when reclamation is pursued or in case of discharge in
sensitive areas, it is need an additional tertiary treatment which involves different filtration
steps and disinfection by Chlorine, Ozone or UV.
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Figure 2.3 Conventional Wastewater Treatment with an additional tertiary treatment

Wastewater treatment plants (WWTPs) will have an important role in the future eco-cities since
will provide energy by means of a system characterized by the smallest possible ecological
footprint(Lazarova et al. 2012). In addition, it is important to optimize the consumption of
energy needed for the wastewater treatment. So, the future objectives to achieve are defined
by:

- Minimization of the energy needed for the wastewater treatment.
- Reduction of the carbon footprint
- Promotion of wastewater treatment self-sufficiency.

However, several ecological effects have been observed downstream of WWTP outfalls,
probably due to the incomplete removal of pollutants by the conventional WWTPs (Margot et
al. 2015). The analysis and understanding of the pollutants fate in Conventional WWTPs is fully
necessary to create measures to reduce their release in the environment. Thus, another set of
future objectives regarding micropollutants and quality standards must be considered (Eggen et
al. 2014):

- Removal of nutrient excess to avoid eutrophication of aquatic ecosystems

- Removal of pathogens and fecal bacteria to enhance hygenic conditions of the receiving
waters

- Improvement of water quality (degradable organicsa and micropollutants) to protect
the ecosystem and to facilitate the intake downstream for drinking water purposes.
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These objectives are presented schematically in the figure below (Figure 2.4)

DRINKINGWATER

Nutrients

DOC

Pathogens

Color

Micropollutants =

Figure 2.4 Schematic diagrams of current (left) and future needs (Right) extracted from (Eggen et al. 2014)

2.6.1 Micropollutant occurrence and fate in WWTPs

Even though, conventional WWTPs are designed to treat solid wastes, suspended solids and
biodegradable dEfOM, many micropollutants are also affected by the treatment train (Margot
et al. 2015). Hence, half of the micropollutant load is eliminated either by sorption to the sludge,
biological degradation, volatilization and abiotic degradation (Eggen et al. 2014, Margot et al.
2015). Despite this fact, some hydrophilic compounds are neither adsorbed into the sludge nor
eliminated in the discharge effluents(Eggen et al. 2014). Consequently, some of these
micropollutants can end up in the aquatic environment generating negative effects, including
long-term and short-term toxicity (Luo et al. 2014). The different mechanisms that can affect
micropollutants during the conventional treatment train are described below:

a. Sorption: Hydrophobic micropollutants and positively charged micropollutants can
sorb onto sludge and/or particulate matter but also colloidal matter (1 nm to 1pum). In
the case of Sludge, there are two types of interactions: Hydrophobic between the
micropollutants and EPS, cell membrane and suspended solids; and Electrostatic
interactions between positive charged micropollutants and negative charged surface
of microorganisms and EfOM (Margot et al. 2015). When micropollutants are
adsorbed into colloidal matter their solubility increases limiting their removal by
sorption. In the case of sorption, the fate of micropollutants will fall onto the final fate
of the sludge.
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Micropollutant Reversible adsorption

° (phase equilibrium)
s .

",e Electrostatic attraction

v® Electrostatic repulsion
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Hydrophobicinteractions
/ )
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Dissolved and colloidal
matter (DCM) Particle

Irreversible adsorption
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Figure 2.5 Micropollutant adsorption onto sludge and onto dissolved and colloidal matter extracted from
(Margot et al. 2015)

b. Biological Transformation: as the concentration of micropollutants is low (ng/L - uL),
biological transformation needs the presence of extra carbon and energy sources (Tran
et al. 2013). Biological transformation is the main removal treatment for hydrophilic
compounds. Biological transformation can occur in two main pathways (Margot et al.
2015):

1. Metabolic reactions on mixed substrate: where the micropollutants are used as a
growth substrate together with other organic compounds.

2. Co-metabolic reactions: micropollutants are transformed by side reactions
catalyzed by means of enzymes or cofactors produced during the microbial
conversion of the growth substrate.

Moreover, the degree of biological transformation depends on different working
conditions as: the type and amount of microorganisms, biodegradability of this
pollutants, the hydraulic retention time of the reactor, temperature, pH, redox
conditions and the availability of co-substrates (Cirja et al. 2008, Petrovic et al. 2013,
Ternes and Joss 2006).

c. Volatilization: even though surface volatilization can occur, it mainly takes place
through stripping during aeration. This process depends on the volatility of the
compounds (Henry Law Constant, Ky) (Margot et al. 2015) and it is considered a minor
that it occurs in a minor degree (Luo et al. 2014).

d. Abiotic degradation: During wastewater treatment, organic micropollutants can be
degraded by abiotic reactions such as photolysis and hydrolysis. Photolysis leads the
bond cleavage by de absorption of photons and therefore, the surface-to- volume ratio
and turbidity are crucial parameters. This is a minor process WWTPs. On the other
hand, hydrolysis which is the result of the cleavage of chemical groups by substitution
for H,O or OH. This process is almost negligible but it affects some antibiotics (B-
lactam, macrolide and tetracycline types)(Margot et al. 2015).

As not all the micropollutants are removed through the wastewater treatment, the fate of some
groups of micropollutants typically found in WWTPs are described below. The fate of
micropollutants is influenced by internal and external factors understanding as internal the
chemical structures and properties and by external the specific conditions of each WWTPS (Luo
et al. 2014).
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Table 2.2. Sources of micropollutants in the aquatic environment adapted from (Luo et al. 2014).

Category

Subclasses

Major sources

Distinct

Non exclusive

Surfactants

Non-ionic and anionic

Domestic Wastewater
(bathing, laundry,
dishwashing, etc.)

Industrial Wastewater
(industrial cleaning
discharges)

Pharmaceuticals

Analgesics, anti-
inflammatories,
antibiotics, iodinated
contrast media,
antidiabetics,
antihypertensive
drugs, B-blockers, lipid
regulators, psychiatric
drugs and
antihistamines

Domestic Wastewater
(Urea and feces)

Hospital effluent

Run off from animal
agriculture and
aquaculture

Steroid hormones

Estrogens

Domestic Wastewater
(Urea and feces)

Run off from animal
agriculture and
aquaculture

Fragances, Sunscreen
Filters, Preservatives,

Domestic
Wastewater(bathing,

PPCPs . ; ; i
antimicrobials and shaving, spraying,
insect Repellents swimming)
Agricultural run off
o Insec‘tl.ades, ) Domestic wastewater
Pesticides herb|C|de.st algaecides (from improper cleaning,
and fungicides run-off from gardens,
lawns and roadways etc.)
From incomplete
PAHs combustion of oil, ,
petroleum, coal and wood
. Flame Retardants, .
Industrial . Domestic wastewater (by
. plasticizers, . .
Chemicals leaching out the material)

anticorrosives

Sources that are not
exclusive from one
category include:

Industrial wastewater
(from product
manufacturing
discharges)

Landfill leachate (
from improper
disposal of used,
defective or expired
items)

In general, pharmaceuticals and steroid hormones are highly removed by biodegradation but it
doesn’t occur for pesticides and antibiotics. On the other hand, industrial compounds and PPCPs
are removed by sorption (Luo et al. 2014).

Surfactants are found in industrial applications (cleaners, PPCPs, textiles, paint additives,

lacquers and plastics) as well as household products (detergents and cleaners). In 2005, the most
used surfactants were soaps (23.5%), alcohol ethoxylates (AE, 17.9%) and linear alkylbenzene
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sulfonates (LAS, 16.6%)(Berna et al. 2007). As their consumption is high (> 7.5g day capita™)
and they are discharged directly into the sewage system, their concentration in raw water is high
(>40mg/L) and it may represent the 20-30% of the DOC present in the wastewater(Matthijs et
al. 1999). Despite they are mainly removed by biodegradation (70-95%) and up to 30% by
sorption, surfactants are detected in a range of concentrations from 1-150 ug/L in WWTP
effluents. As they are persistently release, they could promote negative effects on sensitive
aquatic organisms (Margot et al. 2015). In fact, Nonylphenol (NP) and NP ethoxylates have been
recognized as priority compounds by the European Water Frame Directive (WFD)(Directive
2013) and as toxic substances by the Canadian Government (Luo et al. 2014).

Pharmaceuticals are highly consumed nowadays. Even though 3000 pharmaceutical products
are available in Europe (Ternes and Joss 2006), the 99% of the consumed pharmaceuticals
correspond to 60 drugs(de Garcia et al. 2013). In Western Europe, the average of active
ingredients consumed per day is 300 mg per inhabitant. Pharmaceuticals and their metabolites
are mainly discharged by means of urine and faces into the sewage system. The concentrations
of pharmaceuticals can vary from less than 1ng/L to over 100 pg/L. The most abundant (0.1 —
10< pg/L) pharmaceutical groups found in wastewater are: analgesics, anti-inflammatory drugs,
antibiotics, iodinated contrast media, antidiabetics, antihypertensive drugs, B-blockers, lipid
regulators, psychiatric drugs and antihistamines (Margot et al. 2015).

The fate of the pharmaceuticals in the WWTPs depend greatly on the biodegradability and
hydrophobic capacity but the major part of the studied drugs have lower removal rates than
50%. However, some hydrophobic and positively charged pharmaceuticals show removals
between 10-80% by sorption (i.e. mefenamic acid, fenofibrate, ofloxacin, norfloxacin and
ciprofloxacin). In these cases, the problem is the final fate of the sludge because some
compounds can persist even after anaerobic digestion. Pharmaceuticals with higher solubility
and low hydrophobicity, are often negative charge at neutral pH and present lower removal by
sorption (<5%)(Verlicchi et al. 2012). Thus, the pharmaceuticals concentrations measured in the
WWTP effluents are in the range of ng/L -ug/L, but they can differ depending on the country(Luo
et al. 2014, Margot et al. 2015). The environmental risk (to the aquatic and terrestrial organisms)
is not only because the effect of each compound separately but because of the effect of the
complex mixture of compounds. Regarding specific antibiotics highly used nowadays,
Sulfamethoxazole show a moderated removal (65%) and Erythromycin shows even a low
removal (3%) after the wastewater treatment (Luo et al. 2014). Also, in the group of Non-
steroidal anti-inflammatory drugs (NSAIDS) disparities have been observed between different
pharmaceuticals, for instance, the lbuprofen removal is higher than 70% but Diclofenac shows
and average removal of 36%. The variations between removals are also found in the case of -
blockers, being in a range of (38-73%) (Luo et al. 2014).

Human pharmaceutical metabolites are found in the same ranges of the parent compounds,
however they are more polar and hydrophilic than the active pharmaceuticals (lkehata et al.
2006). They are not significantly removed by sorption, but depending on the compound can be
biodegraded. lllicit drugs (cocaine, MDMA, amphetamines, etc.) can be found in the range 100-
2000ng/L in the raw wastewater, and it highly increase during the weekends in large cities. In
general, the removals for these drugs are found between 79 — 98%, except for MDMA (O-
26%)(Bijlsma et al. 2012, Kasprzyk-Hordern et al. 2009).

Steroid hormones are mainly introduced to the aquatic environment by household wastewater
and from animal agriculture and aquaculture (Luo et al. 2014). In general, steroid hormones
present concentrations lower than 1ug/L in raw effluents (Luo et al. 2014). This value fall until
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<100 ng/L in the wastewater effluent but it is still a concern due to the high estrogenic effect
(Luo et al. 2014).

Personal Care Products are found in shampoos, washing lotions, skin care products, dental care
products, sunscreen creams and perfumes between others. Due to their application, they are
introduced to the wastewater effluent by the wash off during showering or bathing. Inside this
group of products, we find different subclasses:

e Fragrances: the main synthetic musk found in the environment are Galaxolide and
Tonalide (polycyclic), and the bycyclic hydrocarbon fragrance OTNE. Their concentration
range between 0.5-13pg/L in raw wastewater in spite of that, they show a high
hydrophobicity character which facilities their removal (60-99%) by sorption.
Nevertheless, their concentrations in wastewater effluent are between 250-1300 ng/L.
The problematic regarding these substances fall on their lipophilicity which produces
the bioaccumulation mostly in fish tissues (Margot et al. 2015).

e Preservatives, insect repellents and antimicrobials: parabens are used as
antimicrobials preservatives. They have a small estrogenic effect and bioaccumulate in
human tissues. However, they are well removed in WWTPs (>95%), obtaining really low
concentrations in the effluent (<100 ng/L). Antimicrobial agents as Triclocarban and
Triclosan, are used in PCPPs. The concentration range in raw wastewater is 0.1-10 pg/L,
but due to their hydrophobicity, the removal by sorption is significant (80%). One of the
main active ingredients is the N, N-diethyl-m-toluamide (DEET). The DEET removals are
highly variable ranging from 10-99% depending on the plant and the season (Margot et
al. 2015).

e Sunscreen Filters: Organic UV filters enter to the aquatic environment directly from the
recreational activities or indirectly through municipal wastewater. Usually around 90%
of these compounds are removed in WWTPs. Some UV filters are lipophilic, thus, 50-
95% tend to sorb onto particles, but in general are removed by biodegradation (Margot
et al. 2015).

Biocides and pesticides are designed to control the growth of plants (herbicides), algae
(algicides), insects (insecticides) or fungi (fungicides). In Europe, 500 of these compounds are
approved for use. Even though the agricultural source is considered the main source of these
compounds in surface water, some studies have shown that urban origin is also a significant
contributor to have them in the water effluents. In general, the average concentration of these
compounds in the raw wastewater is lower than 1 pg/L and the efficiencies achieved in the
WWTPs are also low (<50%). Thus, the concentrations of these compounds are found between
5-300ng/L(Margot et al. 2015). Among the possible chronic effects of these compounds are
carcinogenesis, neurotoxicity, effects on reproductio