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Abstract

Proper management of water resources is a key to climate change adaptation and resilience
in modern societies. Adequate treatment of wastewater is essential for ensuring the sustain-
ability of the water cycle and the health of the environment and the ecosystems that inhabit
it. It can also contribute to water supply needs in regions facing issues stemming from water
stress. In this context, computer models can play an important role in assisting wastewater
treatment systems facing growing populations and more stringent demands.

This study proposes the combined use of an ozone decomposition model and a micropol-
lutant model to simulate micropollutant removal through ozonation. The model is based on
the use of second-order rate constants, denominated kinetic coefficients, and it solves a con-
tinuity equation that describes the dynamics of compounds over time. It is developed from
the work of Audenaert et al. (2013), which includes the presence of Dissolved Organic Matter
(DOM), and adds the effect of Total Suspended Solids (TSS). It also considers fractionation
steps for the Chemical Oxyen Demand (COD) and the conjugated, particulate and soluble
fractions of a sample of micropollutants, to enable it to be used in combination with other
treatment configurations.

The model is calibrated by using two sets of data, one from batch experiments carried out
by Juárez et al. (2021) and the other from the operation of an ozonation pilot plant (Ekblad
et al., 2021). The validation is then performed by comparing to experimental data from Lee
et al. (2014), and achieved with an average coefficient of determination (r2) of 0.89.

Overall, the model presents a good fit for simulations with values based on batch experi-
mentation, and to a lesser extent in comparison to the data from the pilot plant. Moreover,
when the model diverges from the source data it does so with an underestimation in most
cases. It also shows lower removal performance with the addition of H2O2, and better removal
capacity with higher Hydraulic Retention Time (HRT). It responds, however, with negligible
sensitivity to variations in pH.

This research offers many possibilities for future work, as it could be applied into risk
impact studies, expanded to other micropollutant species, or improved by deepening the work
on the effect of TSS, pH, nitrogen species, particulate organic matter, inorganic matter, or
others.

The model can also be tested in combination with other treatment configurations and hy-
brid systems, or together with Computational Fluid Dynamics (CFD). Lastly, there could be
a way to put the emerging potential of Artificial Intelligence (AI) to the benefit of wastewater
treatment modelling.

Keywords: Micropollutants, water reuse, wastewater treatment models, ozonation, com-
puter modeling.
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from Juárez et al. (2021). The wastewater stream used does not contain TSS. 37

5.3 Removal performance of the model simulation after calibrating for the scav-
enging effects of TSS in comparison to the reference data from Juárez et al.
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1 Introduction

1.1 Overview

Water resources in modern society are of paramount importance to achieve development,
climate adaptation and overall well-being (Directorate-General for Environment, 2022; Shes-
takova et al., 2020). At the same time, these resources are used unevenly across the globe
and are subjected to stress and scarcity in certain regions, rendering populations vulnerable
to a lack of safe and clean water. Such issues commonly stem from mismanagement, climate
change and population growth, and push forward the need for more efficient water manage-
ment on all scales (Aqueduct Alliance, 2019; Duong and Saphores, 2015; Shestakova et al.,
2020; von Sonntag and von Gunten, 2012).

In light of the latter, efforts towards circular economy call upon the idea of wastewater as
a water source, with the added benefit of retrieving nutrients and energy as well (Directorate-
General for Environment, 2022; Juárez, 2021; Salgot et al., 2006; Shestakova et al., 2020).
Wastewater reclamation has been thus gaining momentum as a solution for increasing water
demands in water stressed areas, mainly for non-potable applications (Alfiya et al., 2017;
Salgot et al., 2006; von Sonntag and von Gunten, 2012). The range of this reuse encompasses
irrigation for agriculture, groundwater recharge, industrial processes and urban consumption
(Dalahmeh and Baresel, 2014; Duong and Saphores, 2015; United Nations, 2014; von Sonntag
and von Gunten, 2012). Hence, different uses of reclaimed wastewater demand different
qualities and proper risk management in order to maintain an adequate level of safety to the
consumers and the environment (Salgot et al., 2006).

It is therefore a key role what wastewater treatment plants (WWTPs) presently do in
providing for the opportunity to effectively reclaim wastewater, as their performance condi-
tions its feasibility. Challenges arise from this situation, with the need for adequate treatment
of a wide variety of pollutants, and in present times a particular group of them, called micro-
pollutants (MPs), has been gathering significant attention (Luo et al., 2014). They consist
of different types of compounds, among them pesticides, flame retardants, pharmaceuticals
and personal care products (Stasinakis and Gatidou, 2010). MPs are present in water at very
low concentrations and their effects on both human health and biodiversity are not yet fully
understood (Grandclément et al., 2017). Evidence has revealed the presence of MPs in urban
systems, groundwater and surface reservoirs all over the world, becoming an environmental
concern at an international scale and a high priority topic of research and policy (Carvalho
et al., 2015; Ekblad et al., 2021; Directive 2000/60/EC, 2000; Grandclément et al., 2017;
Nguyen et al., 2021; von Sonntag and von Gunten, 2012). A particularly pervasive trait of
MPs is their tendency to bioaccumulate to toxic levels, either for humans or other species,
and to move up the food chain (Burkhardt-Holm, 2011; Grandclément et al., 2017; Salgot
et al., 2006).

To worsen the matter, many conventional treatment practices are currently not being
able to efficiently remove micropollutants, and WWTPs may be failing to act as a barrier
between pollution and the environment (Alfiya et al., 2017; Grandclément et al., 2017; Luo
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et al., 2014). WWTPs consider primary, secondary and often times tertiary processess in
their operations, incurring in such cases higher costs and more sophisticated technologies.
These tertiary treatments are applied for more stringent effluent demands, and thus it can
potentially offer better performance in the removal of MPs (Davis, 2010; Luo et al., 2014).
Therefore, developing optimal removal methods for pollutants has become a high priority that
requires a collaborative effort between operators, designers, modellers, policy and decision
makers (Luo et al., 2014).

In all evidence, caring for the water cycle becomes a critical role that water treatment
systems fulfill. Providing with advanced processes that go beyond standard practice is a
need that arises from increasing pollutant loads from growing populations, more strict envir-
onmental demands and water reclamation potential (Davis, 2010; Shestakova et al., 2020).
Among these advanced processes is ozonation, where its application in WWTPs has already
been tested in full-scale in some opportunities (Bourgin et al., 2018; Hollender et al., 2009;
Itzel et al., 2020; Zimmermann et al., 2011). Despite the fact that most plants use ozonation
for its disinfecting properties, it is also capable of reducing MPs in wastewater. This dual
capacity actually renders ozonation as an attractive practice for water reclamation efforts
(Blackbeard et al., 2016; Hernández-Leal et al., 2011).

On the other hand, computer models capable of generating predictions on MP removal
performance have established themselves as a fundamental tool for making water treatment
operations more efficient, that offer engineers and decision makers ways to better assess and
optimize the processes involved, and understand the possible consequences on the surrounding
environment (Audenaert et al., 2013; Bezbarua and Reckhow, 2004; Clouzot et al., 2013).
With evolving technologies being tested and implemented in WWTPs, and more stringent
regulations being put in place, many challenges have arisen for modellers to confront (Clouzot
et al., 2013). Therefore, modelling MP removal is a contribution to keep up the pace with
modern water quality needs that leads to better environmental care and management of
water and reclaimed water resources.

1.2 Aim
A commercial software presently available for modelling wastewater treatment systems is
WEST®, developed by the engineering consultancy firm DHI A/S. It consists of a simulation
tool for the optimization, operation and automation of treatment plants, and it was developed
to perform dynamic modeling and simulation of water quality systems.

The software does not currently have an available ozonation model in their new library,
and the aim of this project is to propose a model that predicts the removal of micropollutants
in wastewater through ozonation, and make it readily available to be included in the new
model library.

1.3 Research Problem
The problem that motivates this research can be divided into two questions:

• What is the best modelling approach to encompass the relevant phenomena involved
in micropollutant removal with ozone dosing?
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• How could this model adapt to different wastewater effluents and treatment configura-
tions?
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2 Background

2.1 Wastewater characteristics

A stream of wastewater is typically composed of domestic and industrial effluents that ori-
ginate from homes, offices, commercial and institutional buildings in the first case, and
factories, manufacturing and chemical processes on the other hand. In addition, there can
usually be stormwater, melted snow and ice in the mix, together with infiltration and inflow
from groundwater. On average, the temperature in wastewater usually varies between 10 to
20°C, and the pH gravitates around 6.5 to 8.5 (Davis, 2010; Shestakova et al., 2020).

Traditionally, wastewater is characterized in terms of biochemical oxygen demand (BOD),
chemical oxygen demand (COD) (both to indicate presence of organic matter), total nitrogen
(TN) or total Kjeldahl nitrogen (TKN), and total phosphorus (TP). On top of that, industrial
activities contribute with a significantly diverse range of pollutants associated with the differ-
ent process that can be involved (Davis, 2010). From such characterizations, water treatment
targets the removal of waste to increase water quality to admissible standards. One of the
main motivators is the concern for environment protection, as contamination of water bodies
pose a dangerous threat to the ecosystems and their biodiversity, including human well-being
(Salgot et al., 2006; Shestakova et al., 2020). In the case of industrial effluents, the treatment
often times takes place at the source, as local collection systems and wastewater treatment
plants may not be prepared to handle industry-specific water matrices and thus discharge
streams with remaining contaminants (Davis, 2010; Shestakova et al., 2020).

Generally speaking, wastewater can be treated by a variety of methods, which can be
physical, biological, chemical and physico-chemical. Physical processes involve the separation
of solid particles, biological processes rely on microorganic action to consume dissolved pol-
lutants, chemical treatment induces chemical reactions on pollutants, and physico-chemical
methods combine the first and the last mentioned (Shestakova et al., 2020).

2.2 What are micropollutants

Micropollutants are organic and inorganic compounds found in concentrations in the nano
and microgram scales, that pose a threat to the ecosystems in the form of behavioral changes,
impacts on anatomy and reproduction, antibiotic resistance and even higher mortality in
living organisms that can be long term (Brodin et al., 2013; Clouzot et al., 2013; Kidd
et al., 2007; Qiao et al., 2018; Schultz et al., 2011; Stasinakis and Gatidou, 2010). Examples
of these contaminants are pharmaceuticals, illicit drugs, surfactants, industrial chemicals,
flame retardants, pesticides, metallic trace elements, steroid hormones, microbial pathogens
and personal care products, and can be grouped by application, molecular similarity and
biochemical activity, among other categories (Clouzot et al., 2013; Grandclément et al., 2017;
Juárez, 2021; Luo et al., 2014; Kasprzyk-Hordern et al., 2009; Loos et al., 2013; Ternes and
Joss, 2007; Stasinakis and Gatidou, 2010). Out of all MPs, compounds from industrial
activities, pharmaceuticals and personal care products are the most present in wastewater
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(Alfiya et al., 2017; Undeman et al., 2022). Figure 2.1 depicts (a) the concentration ranges
of certain micropollutants in contrast with common macropollutants (Stamm et al., 2016;
Undeman et al., 2022) and (b) their presence in WWTP effluents within the Baltic Sea
drainage basin, gathered from a database built by Undeman et al. (2022). PFASs, PAHs
and PCBs stand for per- and poly- fluoroalkyl substances, polyaromatic hydrocarbons and
polychlorinated biphenyls, respectively (Ibid.).

a) b)

Figure 2.1: a) Concentration ranges of certain micropollutants in contrast with Total Phosphorus,
DOC and Nitrate. The ranges cover from the 25th to the 75th percentiles (Stamm et al., 2016;
Undeman et al., 2022). b) Compilation of observed concentrations of MPs in WWTP effluens
within the Baltic Sea drainage basin, gathered from a database built with literature search from
sources published between the years 2000 and 2020 (Undeman et al., 2022).

In addition, there is the possibility of MPs being precursors of other types of products,
some of them originated from metabolic processes that may take place in the human body.
These can lead to metabolized compounds to be excreted and ultimately enter the environ-
ment (Juárez, 2021; Kasprzyk-Hordern et al., 2009; Dorado et al., 2003; Miao et al., 2005;
Testa et al., 2012). Apprehensions like the ones mentioned and the threat they represent are
also brought to the discussion over wastewater reclamation (Duong and Saphores, 2015).

The vast diversity of MPs arises from the different usage and consumption that they
are made for, and has a direct impact on the complexity of the challenges that treatment
processes have to face (Luo et al., 2014). MPs have been observed to be discharged through
WWTPs, as mentioned earlier, and are carried to the treatment plants through domestic,
industrial, agricultural (e.g.: containing manure) and hospital discharges, landfill leachate
and stormwater runoff (Luo et al., 2014; Juárez, 2021; Stangroom et al., 1998). Furthermore,
these streams are subjected to spatial and temporal variations depending on local practices,
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industrial rates of production, metabolisms, water consumption and performance of WWTPs
(Jelić et al., 2012; Luo et al., 2014; Petrović et al., 2009). Lastly, when MPs reach water
bodies, they are subjected to processes that will depend on both their physico-chemical
properties (e.g.: solubility, polarity, etc.) and the characteristics of the receiving bodies (i.e.:
whether it is a groundwater or surface water reservoir, if there is sediment present, etc.)
(Stasinakis and Gatidou, 2010).

Much is still unknown regarding the effects that MPs can have on the environment and
human health, and their diversity only complicates things, as it becomes unfeasible to target
them one by one (Grandclément et al., 2017; Lee et al., 2014; Loos et al., 2013; Luo et al.,
2014; Ternes and Joss, 2007).

2.3 The treatment of micropollutants

Wastewater containing micropollutants has to be adequately treated to improve its quality
and to avoid potential hazardous impacts, as mentioned in the previous section, whether the
intention is to reclaim it or to discharge it into a receiving body (Alfiya et al., 2017; Juárez,
2021).

Micropollutant treatment is affected by the contaminants’ physico-chemical properties
and by the conditions of the treatment processes (Luo et al., 2014). And the processes
themselves should be designed in order to attain the desired quality of the effluent. From
a historical perspective, the configuration of WWTPs have mostly aimed at the removal
of organic matter, nitrogen and phosphorus with primary, secondary and - sometimes -
tertiary processes, resulting in the partial treatment of certain MPs (Fal̊as et al., 2016; Luo
et al., 2014). For example, fragrances, pharmaceuticals, hormones and endocrine disruptive
compounds have been found to have removal rates varying between 10 to 40% in primary
treatment, according to a recount made by Luo et al. (2014). In more general terms, MPs can
be removed when primary and activated sludge capture compounds before being removed as
waste, or when compounds are transformed or volatilized, or when they experience dispersion,
dilution, biodegradation or biotransformation, with the last two mentioned being the main
responsible for removal in biological treatment (Clara et al., 2005; Luo et al., 2014). Still,
many contaminants remain unaltered (Choubert et al., 2011; Clara et al., 2005).

Thus, advanced treatment has better performance when dealing with MPs, and is more
broadly implemented when the goal is to produce high effluent quality, which in turn often
implies higher costs, and are intended for specific purposes (e.g.: reuse) (Luo et al., 2014).
A broad catalogue of alternatives can be considered to upgrade a WWTP, which include
processes that rely on biological treatment, activated carbon-based treatment, membrane
filtration, advanced oxidation processes (AOPs), or hybrid configurations, each with their
own set of pros and cons to their application (Al-Rifai et al., 2011; Altmann et al., 2014;
Juárez, 2021; Fal̊as et al., 2013, 2016; Huber et al., 2003; Nowotny et al., 2007). So far,
there is no single specific treatment configuration that guarantees complete MP removal, but
AOPs, activated carbon adsorption, reverse osmosis and membrane bioreactors (MBRs) are
generally regarded as high performing alternatives (Luo et al., 2014). Particularly activated
carbon and ozonation are believed to show the most promise (Altmann et al., 2014; Huber
et al., 2003; Nowotny et al., 2007; Ternes et al., 2002).
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2.3.1 Membrane filtration
Filtration with the use of membranes is accomplished when compounds are too big to go
through its pores, are adsorpted into the membrane or are repelled by charge. The efficiency
depends on the characteristics of the membrane itself, but also on the conditions it operates
and the rate at which its pores clog (i.e.: fouling). Nanofiltration (NF) and reverse osmosis
(RO) show good potential for micropollutant treatment and have higher removal efficiency
than their coarser counterparts (microfiltration (MF) and ultrafiltration (UF)) because of
their smaller pore size (Chang, 2010; Luo et al., 2014; Schäfer et al., 2011).

2.3.2 Membrane bioreactors (MBRs) and biofiltration
MBRs consist of biological treatment through activated sludge in conjunction with membrane
filtration. In this case, membrane interception can target compounds that adhere to the
activated sludge but are resistant to its effects. Complementarily, the sludge retention time
(SRT) can be adjusted in order to enhance their microbial degradation (Luo et al., 2014;
Radjenović et al., 2009; Spring et al., 2007). In a 2012 resarch by Trinh et al., removal of
MPs was observed in a full-scale MBR with a performance that was resilient to seasonal
variations, thanks to the combined action of biotransformation and adsorption. The overall
performance of MBRs may vary depending on sludge age and concentration, anoxic and
anaerobic stages, wastewater characterization, temperature, pH and conductivity (Kovalova
et al., 2012; Trinh et al., 2012).

Biofiltration, on the other hand, includes techniques such as sand and trickling filters
and beds of activated carbon. In this settings, attached growth takes place for biological
treatment and their performance appears to be notable for micropollutant removal, despite
it not being widely tested yet (Luo et al., 2014).

2.3.3 Activated carbon
Activated carbon is an adsorbent material that has the capability to remove contaminants,
and is applied either as powdered activated carbon (PAC) or granular activated carbon
(GAC). Until recent times it was mostly used for drinking water treatment, due to its ap-
plication on odor and taste control. Now, its use in wastewater treatment has brought new
challenges due to the different nature of the processes and flow qualities involved (Ekblad
et al., 2021; Luo et al., 2014; Nowotny et al., 2007).

The application of PAC has yielded a removal rate of 80% and more, and is being con-
sidered effective in adsorbing recalcitrant and non-biodegradable micropollutants. GAC, in
turn, shows similar results yet it demands additional care to avoid saturation over time, which
would affect its efficiency. These techniques can also be hindered in the presence of highly
contaminated waters or organic matter, due to the generation of competition for binding
sites and consequent appearance of blockage (Luo et al., 2014).

2.3.4 Ozonation and other advanced oxidation processes
These technologies rely on redox reactions that oxidize micropollutants and have demon-
strated high degradation rates. Traditionally used for their disinfecting properties, it high-
lights their appeal as a wastewater treatment process for this dual function, even more so
when dealing with water reuse efforts (Blackbeard et al., 2016; Hernández-Leal et al., 2011).
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As previously mentioned, ozonation in particular is presently being applied at full scale in
WWTPs and a general focus of study (Bourgin et al., 2018; Hollender et al., 2009; Huber
et al., 2003; Itzel et al., 2020; Juárez, 2021; Luo et al., 2014; Nakada et al., 2007; Zimmermann
et al., 2011).

Ozonation degrades compounds by dissolving highly reactive ozone molecules into the
water stream, that trigger chain chemical reactions in the solution. Thus, the reactivity of
the targeted pollutants, together with the wastewater characteristics, play an important role
on removal efficiency, which evidences its dependence to the specific substances present in
the process (Ekblad et al., 2019, 2021; Hansen et al., 2016; von Sonntag and von Gunten,
2012; Zucker et al., 2015). A collection of works mentioned in Lee et al. (2013) shows that
contemporary research in different countries has shown MP elimination of 80% and over
in wastewater, and similar results for the case of biologically treated greywater. However,
limitations still remain given the diversity of micropollutants and wastewater matrices to be
dealt with (Hernández-Leal et al., 2011; Lee et al., 2013).

An example of other AOPs that have been a subject of interest are UV-based processes.
The exposition to UV has been reported to remove up to 90% of selected MPs if combined
with the addition of hydrogen peroxide (H2O2) (Kim et al., 2009).

2.3.5 Considerations regarding micropollutant removal
The measurement of percent removal of MPs is commonly used to describe treatment per-
formance and characterize their reduction from wastewater (Stadler et al., 2012). A research
done by Luo et al. (2014), which gathered the average removal of a sample of micropollutants
in WWTPs located in 14 countries and regions, revealed differences between compounds of
the same usage class, and inconsistencies between measurements for the same contaminant
at different locations.

However, arguments have come up to push forward the need to additionally consider
by-products and transformation products, as they contribute to toxicity too. By-products
can result from reactions originated by a treatment process being applied to wastewater.
Transformation products (TPs), on the other hand, consist of conjugated forms of the parent
compound caused by human and microbial metabolism. Furthermore, their conjugation and
de-conjugation dynamics can even cause for negative removal observations. Pharmaceuticals
enveloped in organic matter that are later released during treatment are another source of
increase in parent compounds’ concentration along a wastewater treatment line (Kharel et al.,
2021; Luo et al., 2014; Polesel et al., 2016; Stadler et al., 2012).

The existence of TPs adds another layer to the complexity of micropollutant treatment
systems, and reporting removal rates without tracking the mechanisms of TP formation
and elimination might generate an inaccurate picture of the reality of effluent quality and
environmental management (Stadler et al., 2012). To continue with the case of ozonation,
hybrid systems are encouraged to address the issue with by-products and transformation
products, although which ones to pick is not a trivial decision and should be addressed in
future research (Kharel et al., 2020, 2021; Stadler et al., 2012).

An alternative to hunt every possible by-product or TP would be to perform a risk
evaluation, that would require the identification and priorization of the most hazardous
contaminants, to link them to potential vulnerable zones and the consequential impact they
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would induce (Stadler et al., 2012).

2.4 Current and future regulations

There are regulations at present times that set standards and define targets for water quality
demands in the effluents from wastewater treatment plants. Notably in Europe, a Dir-
ective was put forward in 1991 to avoid adverse effects on the environment generated by
urban and industrial wastewater discharge, called Urban Wastewater Treatment Directive
(UWWTD) (Directive 91/271/EEC, 1991; Directorate-General for Environment, 2022). It
has been amended since then, and together with additional European legislation, more spe-
cific issues regarding wastewater quality have been added, like the Directive amendment
targeting eutrophication in 1998 (Directive 98/15/EC, 1998; European Commission, 2023),
the EU Water Framework Directive adding a list of 45 priority substances in the year 2000
(Directive 2000/60/EC, 2000), the European Parliament Directive defining quality standards
for 33 priority substances in 2008 (Directive 2008/105/EC, 2008), the Decision on a watch
list of micropollutants for EU-wide monitoring in 2015 - updated in 2020 and in 2022 (Com-
mission Implementing Decision (EU) 2015/495, 2015; Commission Implementing Decision
(EU) 2020/1161, 2020; Commission Implementing Decision (EU) 2022/1307, 2022) - and the
Council Directive regulating bromate levels in drinking water in 2020, among others (Council
Directive 2020/2184, 2020; Directorate-General for Environment, 2022; Juárez, 2021). Sim-
ilar examples can be gathered from countries outside the EU, like the Clean Water Act in
the United States and the Canadian Environment Protection Act (Canadian Environmental
Protection Act, 1999; Davis, 2010; Luo et al., 2014; U.S. House of Representatives Congress,
2018).

The present regulatory framework demands more information about chemicals of high
concern, which in turn affect how they are handled. In Europe, water supply and sanitation
is receiving e2 billion a year in investment on average, and at the same time new pollut-
ants are emerging that have a hazardous potential at low concentrations (Clouzot et al.,
2013; Directorate-General for Environment, 2022). And more efforts are expected to come
up in the near future. There is a new revision of the UWWTD in the works to aim at
reducing even more the levels of urban pollution, with special emphasis on pharmaceuticals
and personal care products. In the face of this dynamic scenario, it is of utmost import-
ance that researchers, engineers, modelers and decision makers stay up to date with the
social and environmental needs in order to tackle these issues head on (Clouzot et al., 2013;
Directorate-General for Environment, 2022).

2.5 Computational tools for wastewater treatment sys-

tems

The development of computational tools during the past century, together with increasingly
stringent demands for nutrient removal at WWTPs in the 80’s pushed for improvements in
existing treatment systems that were backed by computer-based simulation models. Like
in present times, they allowed for optimization in the design and operation of plants, for
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better understanding of experimental work and to support the role of operators (Dupont and
Sinkjær, 1994).

As quoted by Dupont and Sinkjær (1994), WWTP optimization with computational
tools normally requires choosing an adequate model, characterising the influent wastewater
and the treatment processes considered, calibrating and validating the model, optimizing
what is intended to be improved, implementing the results, and subsequently monitoring the
processes’ performance in light of the new findings.

There have been several models and iterations of models being developed over the years,
most notably the Activated Sludge Model (ASM), which has gone through many versions
and modifications and still is being frequently used (Gujer et al., 1999; Henze et al., 2006;
Iacopozzi et al., 2007; Polesel et al., 2016; Zhou et al., 2013). On the other hand, the
Integrated Urban Wastewater and Stormwater system (IUWS) model is an example of a
larger scale model that includes different systems, namely drainage networks, stormwater,
wastewater and sludge treatment, and water recipients. Its use has allowed, among other
things, for the modelling of micropollutant fluxes (Vezzaro et al., 2014).

In present times, several software tools have been developed by engineering and consulting
companies to provide for wastewater treatment services, such as BioWin, STOAT, Sumo©

and WEST® (BioWin, 2023; STOAT, 2023; Sumo, 2023; WEST, 2023)(DHI A/S, 2023;
Dynamita Process Modeling, 2023; EnviroSim, 2023; WRc, 2023).
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3 Ozonation

Ozone is among the strongest oxidizers applicable to the treatment of water due to its high
reactivity. It has been historically used for disinfection purposes for the most part, but also as
an alternative for the removal of pollutants such as metals, pharmaceuticals, microorganisms,
and dissolved organic matter either as a stand-alone application or in combination with other
technologies (Audenaert et al., 2010; Camel and Bermond, 1998; Elovitz and von Gunten,
1999; Huber et al., 2005; Juárez, 2021; Rodŕıguez et al., 2008; Tuhkanen and Mariñosa, 2010).

3.1 The ozonation process in wastewater treatment

The advanced oxidation processes (AOPs) that take place with the degradation or transform-
ation of compounds by reactive chemical species, in addition to disinfection, makes ozonation
an appealing and economically feasible alternative for the treatment of micropollutants in
wastewater and water reuse efforts, specially if implemented as an advanced treatment step
(Audenaert et al., 2010; Bourgin et al., 2018; Grandclément et al., 2017; Huber et al., 2005;
Rodŕıguez et al., 2008; Shestakova et al., 2020; von Sonntag and von Gunten, 2012).

3.1.1 Ozone decomposition and other reactions in the water mat-
rix

The ozone molecule (O3) reacts with other species by oxidizing certain moieties, that is,
parts of other molecules that are common within groups of compounds. Ozone is a selective
oxidant that only interacts with amino groups, activated aromatic systems and a specific
type of hydrocarbons called olefins (Ekblad et al., 2021; McNaught and Wilkinson, 2019;
Rokhina and Virkutyte, 2010; von Sonntag and von Gunten, 2012). However, ozone action is
complemented by a second phenomenon centered around hydroxyl radicals (OH·). These are
formed in side reactions from the decomposition of ozone in water (Juárez, 2021; Rodŕıguez
et al., 2008; von Sonntag and von Gunten, 2012).

Hydroxyl radicals are also highly reactive, but in contrast to ozone’s selective quality,
they are non-selective and can target the compounds that show resistance to ozone (Elovitz
and von Gunten, 1999; Minakata et al., 2009; Rokhina and Virkutyte, 2010; Virkutyte and
Rokhina, 2010). Their formation is favored with the presence of hydrogen peroxide (H2O2)
and in environments with high pH. Individually, the oxidation potential of both O3 and OH·
is notoriously higher than other oxidizing agents, hence the ozonation process profits from
both of their oxidizing effects for the removal of micropollutants (Lee et al., 2014; Luo et al.,
2014; Juárez, 2021; Rodŕıguez et al., 2008; von Sonntag and von Gunten, 2012).

Ozone is generated by exciting oxygen molecules (O2) with the use of an energy source.
The oxygen molecules are brought to a higher energy state and then split into two oxygen
radicals (O·). These radicals are then free to bind to another O2 molecule with the aid of a
collision partner (A) to form O3, as displayed in the following reactions (Kogelschatz, 2003;
von Sonntag and von Gunten, 2012):
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O2 + e −→ 2O· (3.1)

O2 +O ·+A −→ O3 + A (3.2)

While reaction 3.2 is taking place, other instances of O· consumption compete with the
ozone formation. This competition becomes accentuated if air is fed as the gas source, since
nitrogen species come into play as well and make the reaction system more complex, as
reviewed by Kogelschatz (2003).

On the other hand, once ozone is formed and exposed to a water matrix for treatment, it
begins its decomposition in the presence of electron-rich moities of dissolved organic matter
(DOM) and pollutants by means of a chain reaction. As a result, OH· radicals emerge and
together with O3 they react with DOM and other oxidizable compounds as new species get
formed and subsequently consumed in the reaction system. Thus, reactions take place that
involve the water matrix (M) - which includes DOM and other compounds - and the micro-
pollutants (MP ) competing for ozone and the hydroxyl radicals, as shown below (Juárez,
2021; von Sonntag and von Gunten, 2012):

M +O3 +OH· −→ Mox (3.3)

MP +O3 +OH· −→ MP ox (3.4)

The reactivity of a micropollutant is a crucial factor that characterises how rapidly and
efficiently it is eliminated by ozonation, and those with high reactivity with ozone get quickly
oxidized (von Sonntag and von Gunten, 2012). In parallel, a fraction of the hydroxyl radicals
are usually scavenged (i.e.: consumed by interacting with other substances) by other com-
pounds present in the water matrix, but they contribute to the removal of micropollutants
too. In other words, the presence of dissolved organic and inorganic matter - and other spe-
cies - affect ozone decomposition dynamics. More precisely, it impacts the amount of ozone
needed for treatment, the rate at which OH· forms and depletes and the rate at which O3 is
decomposed. This translates into ozone decreasing more rapidly in wastewater than in higher
quality streams (Buffle et al., 2006b; Juárez et al., 2021; McNaught and Wilkinson, 2019; von
Sonntag and von Gunten, 2012; Zucker et al., 2015). Furthermore, DOM’s characterisation
varies among different streams depending on their origin and affects the overall water matrix,
which is also influenced by the vast diversity of micropollutants that could be present in the
mix. Thus, the nearly infinite combinations of compounds that conform the water matrix,
and the abundance of the ozone molecule itself, have an additional and crucial impact on the
effectiveness of the ozonation process (Lee et al., 2013; Rodŕıguez et al., 2008; von Sonntag
and von Gunten, 2012).

3.1.2 Design and operational aspects
To cope with the different characteristics of the effluents being treated with ozonation, ozone
doses are commonly normalized with respect to the amount of dissolved organic carbon
(DOC) contained in them. This term can be likened to DOM, and both are treated as equi-
valent in the present study (Hopkinson and Vallino, 2005). Normalized ozone dose is referred
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to as ’specific ozone dose’ and expressed in grams of ozone per grams of DOC, although some
other parameters are also known to be used for standardizing purposes (Altmann et al., 2014;
Ekblad et al., 2021; Juárez et al., 2021; Kharel et al., 2020; Lee et al., 2013, 2014). Despite
this convention, and because of the sensitivity of ozonation to the reactivity of each micro-
pollutant, the removal performance is specific to each substance, so the quality of a treated
water sample would show different rates of removal for different micropollutants at a same
ozone dose (Ekblad et al., 2021; Lee et al., 2014).

Aside from the specific dosing, other design and operational parameters can be tuned
in order to modify the ozonation performance. For instance, the temperature, the ozone
dispersion method, the hydraulic retention time (HRT), previous coagulant addition and as
previously mentioned, the pH and direct application of H2O2 could potentially be used to
impact the outcome of the treatment, some with higher impact than others (Ekblad et al.,
2021; Hansen et al., 2016; Juárez, 2021; Lee et al., 2013, 2014)(Ekblad et al., 2021; Hansen et
al., 2016; Juárez et al., 2021a, Lee et al., 2013; Lee et al., 2014). To exemplify, the solubility
of ozone in water decreases as temperature rises, and its concentration is more stable at lower
pH values, decreasing faster in neutral or alkaline environments. Whereas with regards to
HRT, higher periods maximize the oxidation of micropollutants but also increase the chances
of causing some of the ozone to remain as a residual in the ozonation unit (von Sonntag and
von Gunten, 2012).

Moreover, energy consumption from the application of ozone into the wastewater stream
can be optimized in order to make the process economically or energetically feasible. When
the ozone molecules are excited (i.e.: subjected to high voltage) they may or may not be
exposed to oxygen, since the solubility of the former is much higher than that of the latter,
so its presence is not a detriment to the process. Also, the discharge method may vary as
it can be infused into the water through bubbles, static mixers or Venturi injectors. Thus,
some decisions need to be made on this topic (Ekblad et al., 2021; Liu et al., 2020; Juárez,
2021; von Sonntag and von Gunten, 2012).

3.1.3 Additional considerations
Aside from the aforementioned relevance of the different phenomena and parameters involved
in the ozonation process, there is even more research to perform to continue refining the
knowledge of this treatment alternative. Currently, the effect of particulate matter is still to
be thoroughly considered as most times it is left out of calculations for ozone dosing (Juárez,
2021; Juárez et al., 2021; Zucker et al., 2015).

Even more so, metabolites, which result from a living being’s metabolism modifying
micropollutants (e.g.: pharmaceuticals), have to be considered when dealing with wastewater
treatment (Kharel et al., 2021; McNaught and Wilkinson, 2019). Lastly, the appearance of
transformation products and oxidation by-products downstream of an ozonation treatment
unit is of utmost importance and necessary to consider as well. Some additional treatment
steps could be added to improve the system’s performance, like biological post-filtration with
sand or activated carbon filter (Audenaert et al., 2010; Clouzot et al., 2013; Esplugas et al.,
2007; Hollender et al., 2009; Kharel et al., 2021; Luo et al., 2014).

All things considered, there is still substantial research to be made to better understand
the dynamics involved in the application of ozonation for the removal of micropollutants in
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wastewater (Kharel et al., 2021).

3.2 Computer modelling of ozonation
Computer models are an essential tool for the design, optimization and control of water
treatment systems and the overall engineering of the processes involved (Audenaert et al.,
2013). When dealing with the treatment of micropollutants, models help decision-makers and
engineers better comprehend the fate of these substances and their trace constituents (i.e.
transformation products), how to optimize their removal and potentially reduce the impact
they may generate on the environment (Bezbarua and Reckhow, 2004; Clouzot et al., 2013;
Stadler et al., 2012). In the case of ozonation procedures, they contribute to set adequate
ozone doses for a given treatment process (Rodŕıguez et al., 2008).

Nervertheless, the large number of micropollutants pose difficulties to modellers not only
due to their diversity, but also because of the constant updates on MP behaviour and dy-
namics, treatment technologies and regulatory targets (Clouzot et al., 2013). Clouzot et al.
(2013) propose that MPs should be addressed by groups based on common characteristics
between them instead of individually, and search for ways to mathematically represent their
transformations in various treatment contexts, such as the effects of activated sludge, to
better control that toxicity values are never met in the outflows of wastewater treatment
plants.

Ozonation modelling essentially replicates the reduction of one or several pollutants (it
may include other parameters as well, such as COD) as a response to ozone supply. It relies
upon process conditions and kinetic parameters (Audenaert et al., 2010; Rodŕıguez et al.,
2008)(Audenaert et al., 2010; Rodŕıguez et al., 2008), and has been mostly tackled with
mechanistic, empirical and semi-empirical approaches (Audenaert et al., 2010; Westerhoff
et al., 1997).

• Mechanistic approaches: the extent of their usefulness in the engineering field de-
pends on the knowledge of kinetic constants and stoichiometry of the ozone reactions,
thus they are affected by the complexity of addressing said parameters in wildly dif-
ferent contexts (Audenaert et al., 2010, 2013; Juárez et al., 2021; Lee et al., 2014; Liu
et al., 2020; Rodŕıguez et al., 2008).

• Empirical approaches: based mostly on measured and experimental data, they have
been developed as a predicting tool for the removal of micropollutants with ozona-
tion. They may be less flexible depending on how tailored they are conceived from
the empirical data gathered (Ekblad et al., 2021; Juárez et al., 2021; Westerhoff et al.,
1997).

• Semi-empirical approaches: Usually stem from recalibration of mechanistic para-
meters or modifications not rooted on chemical or kinetic principles or phenomena, in
order to fill in for lacking knowledge that would otherwise hinder a mechanistic model
(Audenaert et al., 2013; Elovitz and von Gunten, 1999).

A semi-empirical model based on chemical kinetics and highlited in this research has
been used in several previous studies. It is based on micropollutant removal by the combined
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effect of ozone and the hydroxyl radical, and can be applied if the O3 and OH· concentrations
and rate constants are known (Audenaert et al., 2013; Buffle et al., 2006a; Elovitz and von
Gunten, 1999; Lee et al., 2013, 2014; Rodŕıguez et al., 2008; von Sonntag and von Gunten,
2012; Zimmermann et al., 2011). Elovitz and von Gunten (1999) presented equation 3.5,
which describes the decrease of a given micropollutant’s concentration over time:

−d[MPo]

dt
= kO3 × [O3]× [MPo] + kOH· × [OH·]× [MPo] (3.5)

The coefficients kO3 and kOH· are second-order rate constants associated to the respective
chemical reactions between MPo and O3, and MPo with OH· (Elovitz and von Gunten,
1999; Lee and von Gunten, 2010; Lee et al., 2013, 2014).

The use of this equation and a normalized ozone dosage (i.e. in g O3/g DOC) allows for a
fairly versatile removal model, although continuous and further research should help increase
its reliability (Lee et al., 2013; Liu et al., 2020).
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4 Materials and Methods

The process of construction of the model for micropollutant removal through ozonation in-
volves the use of a commercial software and data from academic sources to build and calibrate
its performance. The methodology employed is detailed in the present section.

4.1 The WEST® software

This study uses a sophisticated commercial software called WEST®, a simulation tool for
the optimization, operation and automation of treatment plants. It was developed by the
consultancy firm DHI A/S as part of the company’s software portfolio for hydraulic and
hydrological engineering to perform dynamic modeling and simulation of water quality sys-
tems. It offers great adaptability to custom scenarios, with a variety of useful tools in a
user-friendly interface and built-in advanced experiments that allow for model calibration,
scenario analyses, uncertainty analyses, local and global analyses, among others (DHI A/S,
2022; WEST Getting Started, 2022; WEST Models Guide, 2023).

The simulations carried out in this research use the variable-coefficient ODE (VODE)
solver (Brown et al., 1989) with a variable step size, an absolute tolerance of 1 × 10−20 and
a relative tolerance of 1× 10−5.

4.2 The ozonation model
The ozonation model proposed in this study solves a continuity equation that describes the
change in mass over time for all the species involved, and can be divided into two parts:
transport and conversion. Given an ozonation chamber with fixed volume in which the
ozonation process takes place, the rate of change of the mass of each compound is described
by the equation shown below.

dMass

dt
= Transport+ Conversion× V olume (4.1)

The Transport element from equation 4.1 is simply the difference between the mass that
enters the volume and the mass that leaves it over time, while Conversion stands for the
change in concentration of each compound over time. The latter being multiplied by the
fixed volume of the chamber, equation 4.1’s units are mass over time.

The solution to the Conversion part of the equation is the core of the model, and is con-
formed of essentially two parts, namely an ozone decomposition model and a micropollutant
removal model, both based on constant rates referred as kinetic coefficients. The ozonation
model is integrated and stored in an ’Ozonation block’ within the software.

4.2.1 Ozone decomposition
As mentioned earlier in this study, the ozone molecule decomposes once in contact with an
aqueous medium, and a set of chain reactions produces various radical oxidizing species. Said
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equations can and have been modelled in order to describe the varying concentrations of O3

and the radicals over time. A mass balance of ozone accounting for its solubility in water is
also often included, and these type of models for ozone decomposition have been available in
literature for many years now (Bezbarua and Reckhow, 2004; Bühler et al., 1984; Rodŕıguez
et al., 2008; Staehelin et al., 1984).

The SHB model

The model selected for this work is a modification to the SHB model, which has shown
good performance and accurate component reactions and rates from previous evaluations
(Bezbarua and Reckhow, 2004). This original model, named after J. Staehelin, J. Hoigné
and R.E. Bülher, was developed through a study on ozone decomposition by pulse radiolysis
and published in two parts in 1984. In their work, they propose a chain mechanism with
initiation, promotion and termination steps as the best reaction model to describe ozone
decomposition in pure water (Bezbarua and Reckhow, 2004; Bühler et al., 1984; Staehelin
et al., 1984).

Audenaert et al. (2013) version

The version used is the one proposed by Audenaert et al. (2013), which also includes the effect
of DOM in the matrix. DOM is divided into four groups with similar properties: DOM1,
DOM2, DOM3 and DOM4. Groups 1 and 2 can be represented by compounds to the likes
of formic acid and tertiary butanol, respectively, and only react with the HO· radical, while
tertiary amines and olefins would be representative of groups 3 and 4, which react with both
O3 and HO· (Audenaert et al., 2013; Westerhoff et al., 1997).

The complete model portrayed in Audenaert et al. (2013) work consists of a series of 33
second order differential equations and involves the use of 29 kinetic coefficients. However,
after a sensitivity analysis it was concluded that just a small fraction of the original composi-
tion had an effective impact on the modelling of O3 and OH· concentrations (Audenaert et al.,
2013). This simplified model is represented by the Gujer Matrix shown in Table 4.1. Such a
notation serves as a means of representing a system of ordinary differential equations (ODEs)
in a simplified and intelligible manner (Ibid.). The table contains the model’s reactions, plus
a few additions described in the following sections. In this matrix, each column accounts
for a component present in the water, and each row shows a reaction taking place. The
stoichiometric factors filling the matrix are multipliers of the reaction rates, so the change
in concentration over time for each component can be written as the sum of the product
between all the stoichiometric factors and the corresponding rates, within the respective
column. Equation 4.2 shows how the change over time in concentration C j of a compound
j can be obtained from a Gujer matrix, where f ij is the stoichiometric factor of reaction i
towards compound j, Ri is the product of reaction i’s reactants’ concentrations, and ki is the
rate constant for reaction i.

dC j

dt
=

reactions∑

i=1

f ij × ki ×Ri (4.2)
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4.2.2 Micropollutant removal
Equation 3.5 reviewed in section 3.2 can be easily implemented into the ozone decompos-
ition model mentioned earlier. Thus, an additional pair of differential equations with its
corresponding rate constants kO3 and kOH· can describe the concentration of a specific micro-
pollutant in the wastewater stream. The complete set of equations is presented in the Gujer
matrix of Table 4.1, with the last two rows accounting for micropollutant removal.

Effect of suspended solids

Two experimental studies reviewed for this research have demonstrated a scavenging effect
of suspended solids (SS) in the overall removal performance of ozonation treatment (Ekblad
et al., 2021; Juárez et al., 2021), which motivate the inclusion of two more reactions to the
Gujer matrix (see Table 4.1). These attempt to simulate the scavenging of O3 and of OH·
by total suspended solids (TSS). They are assigned a kinetic coefficient each and are also
subjected to calibration.

Table 4.1: Gujer matrix used to model ozone decomposition and micropollutant removal (Audenaert
et al., 2013; Elovitz and von Gunten, 1999).

Reactions CO2 CO3
-· H2O2 H+ HCO3

- HCO3· HO- HO· HO2
- HO2· Reaction rates

Chain initiation

O3 + HO- −→ HO2
- + O2 -1 1 k1 × [O3] × [HO-]

O3 + HO2
- −→ HO2· + O3

-· -1 1 k2 × [O3] × [HO2
-]

Chain propagation

O3 + HO· −→ HO2· + O2 -1 1 k9 × [O3] × [HO·]
H2O2 −→ HO2

- + H+ -1 1 1 k11 × [H2O2]

HO2
- + H+ −→ H2O2 1 -1 -1 k12 × [HO2

-] × [H+]

Carbonate reaction

HO· + HCO3
- −→ HCO3· + HO- -1 1 1 -1 k17 × [HO·] × [HCO3

-]

DOM reactions

CO3
-· + HO· −→ CO2 + HO2

- 1 -1 -1 1 k26 × [CO3
-·] × [HO·]

HO· + DOM1 −→ products -1 k28 × [HO·] × [DOM1]

HO· + DOM2 −→ products -1 k28 × [HO·] × [DOM2]

HO· + DOM3 −→ products -1 k28 × [HO·] × [DOM3]

HO· + DOM4 −→ products -1 k28 × [HO·] × [DOM4]

O3 + DOM3 −→ products k29 × [O3] × [DOM3]

O3 + DOM4 −→ products k29 × [O3] × [DOM4]

Mass transfer kLa × ([O3
*] - [O3])

Effect of TSS

TSS scavenging of O3 kTSS-O3 × [O3] × [TSS]

TSS scavenging of HO· -1 kTSS-OH· × [HO·] × [TSS]

Micropollutant reactions

O3 + MPo −→ products kO3 × [O3] × [MPo]

HO· + MPo −→ products -1 kOH· × [HO·] × [MPo]
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Table 4.1: Gujer matrix used to model ozone decomposition and micropollutant removal (Audenaert
et al., 2013; Elovitz and von Gunten, 1999) (Continued).

Reactions O2 O2
-· O3 O3

-· DOM1 DOM2 DOM3 DOM4 TSS MP Reaction rates

Chain initiation

O3 + HO- −→ HO2
- + O2 1 -1 k1 × [O3] × [HO-]

O3 + HO2
- −→ HO2· + O3

-· -1 1 k2 × [O3] × [HO2
-]

Chain propagation

O3 + HO· −→ HO2· + O2 1 -1 k9 × [O3] × [HO·]
H2O2 −→ HO2

- + H+ k11 × [H2O2]

HO2
- + H+ −→ H2O2 k12 × [HO2

-] × [H+]

Carbonate reaction

HO· + HCO3
- −→ HCO3· + HO- k17 × [HO·] × [HCO3

-]

DOM reactions

CO3
-· + HO· −→ CO2 + HO2

- k26 × [CO3
-·] × [HO·]

HO· + DOM1 −→ products 1 -1 k28 × [HO·] × [DOM1]

HO· + DOM2 −→ products -1 k28 × [HO·] × [DOM2]

HO· + DOM3 −→ products -1 k28 × [HO·] × [DOM3]

HO· + DOM4 −→ products -1 k28 × [HO·] × [DOM4]

O3 + DOM3 −→ products -1 1 -1 k29 × [O3] × [DOM3]

O3 + DOM4 −→ products -1 -1 k29 × [O3] × [DOM4]

Mass transfer 1 kLa × ([O3
*] - [O3])

Effect of TSS

TSS scavenging of O3 -1 -1 kTSS-O3 × [O3] × [TSS]

TSS scavenging of HO· -1 kTSS-OH· × [HO·] × [TSS]

Micropollutant reactions

O3 + MPo −→ products -1 -1 kO3 × [O3] × [MPo]

HO· + MPo −→ products -1 kOH· × [HO·] × [MPo]

Sample of micropollutants

Among many criteria that could have been used for selecting a handful of micropollutants
to test in this study, nine micropollutants were chosen which where most frequently found
in the references gathered for experimental data. The sample consists of Benzotriazole, Car-
bamazepine, Diclofenac, Gabapentin, Metoprolol, Oxazepam, Sulfamethoxazole - included in
the latest watch list added for monitoring substances accross the European Union (Commis-
sion Implementing Decision (EU) 2022/1307, 2022), Valsartan and Venlafaxine. Table 4.2
lists their molar masses (Kim et al., 2023) and the corresponding values for kO3 and kOH·.

4.2.3 Assumptions on compound fractionation
In order to disaggregate commonly used influent species for wastewater characterization,
three main assumptions must be considered to ’translate’ them into the compounds that
form part of the model, listed across the columns in Table 4.1. This section of the model is
all stored in a ’Transformation block’ and made available for the integration of the ’Ozonation
block’ to any WWTP model in WEST®.

22



Table 4.2: Micropollutant sample used in this study. Values for kO3 and kOH· are
obtained from Lee et al. (2013), (Lee et al., 2014) and (Liu et al., 2020) either
as averages or stand-alone values.

Micropollutant Molar mass [gr/mole] kO3 [M-1 d-1] kOH· [M-1 d-1]

Benzotriazolea 119.12 2.1× 107 6.6× 1014

Carbamazepineb 236.27 2.6× 1010 7.6× 1014

Diclofenacc 296.15 8.6× 1010 6.5× 1014

Gabapentina 171.24 1.9× 107 4.8× 1014

Metoprolola 267.36 1.7× 108 6.3× 1014

Oxazepama 286.71 8.6× 104 7.9× 1014

Sulfamethoxazolec 253.28 4.8× 1010 6.0× 1014

Valsartana 435.52 3.3× 106 8.6× 1015

Venlafaxinea 277.40 7.3× 108 8.6× 1015

a From Lee et al. (2014).
b Average from Lee et al. (2013), (Lee et al., 2014) and (Liu et al., 2020).
c Average from Lee et al. (2013) and (Lee et al., 2014).

Ozone decomposition species

The initial conditions for the ozone decomposition species CO2, CO3
-·, H2O2, H

+, HCO3
-,

HCO3·, HO·, HO2
-, HO-, HO2·, O2

-·, O3 and O3
-· are taken from Audenaert et al. (2013),

which in turn were obtained from Bezbarua and Reckhow’s work in 2004. It should be
noted that O3 concentration is initially 0 gr/m3 but is later modified by ozone dosage during
simulations. In addition, O2 initial concentration is also assumed to be 0 gr/m3.

COD to DOC

The amount of organic matter, measured in chemical oxygen demand (COD), is assumed to
be divided into particulate and soluble fractions. The soluble COD is then fractionated again
into fermentation products, readily biodegradable organic matter and inert soluble matter
(WEST Models Guide, 2023).

The main assumptions taken are how these soluble COD groups are associated with the
DOM groups. According to Phan et al. (2022), the overall quantity of COD divided by DOC
- that is, the COD/DOC ratio - represents on average the degree of oxidation of organic com-
pounds. For this study, a ratio of 3 is picked as representative of wastewater treatment plant
effluents (Nöthe et al., 2009). The latter means that total DOM (or DOC) is estimated as
one third of the total soluble COD. Lastly, it is assumed that fermentation products compose
DOM1, while readily biodegradable organic matter, on the other hand, is assigned to DOM2.
The inert soluble matter is equally distributed to DOM3 and DOM4. The concentration
of each of these DOM groups is thus calculated as a third part of the concentration of the
compounds respectively associated with each. A diagram of this fractionation scheme better
explains it, and can be appreciated in Figure 4.1. Table 4.3 lists the values of each fraction
shown in the diagram.

The value of f TSS COD is estimated based on the assumption that there are few sludge
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Influent COD Soluble COD

Particulate COD

Readily biodegradable organic matter

Fermentation products

Inert soluble matter

DOM1

DOM2

DOM3

DOM4

1− TSS/f TSS COD

TSS/f TSS COD

f S F

f S A

1− f S F − f S A

1/f COD DOC

1/f COD DOC

0.5/f COD DOC

0.5/f COD DOC

Figure 4.1: Fractionation of chemical oxygen demand (COD) into dissolved organic matter (DOM).

Table 4.3: Values for fractions used in COD to DOC fractionation (Phan et al., 2022; WEST,
2023).

Fraction Value

f TSS COD 0.95
f S A 0.25
f S F 0.375

f COD DOC 3

residues after secondary treatment in comparison to a generally conventional influent into a
wastewater treatment plant. The other fractions f S A and f S F are taken from established
values used within WEST® applications (WEST, 2023).

Micropollutants’ conjugate, particulate and soluble fractions

A major assumption agreed upon during the elaboration of the present research, is the
fractionation of micropollutants into three species: soluble, particulate and conjugate. The
first two, as their names suggest, reffer to the amount of a compound to dissolve in the aqueous
media and the amount that precipitates. The conjugate fraction refers to a micropollutant
going through human metabolism, where a hydrophilic moiety is added to its composition to
facilitate excretion (Delli Compagni et al., 2020; Polesel et al., 2016; Testa et al., 2012).

Thus, the scope of the present model only considers the soluble fraction of the micropol-
lutants analyzed, and does not consider the phenomena involving the metabolized conjugates
or the precipitates (see Figure 4.2). To reasonably calculate the soluble fractions (f S), an
expression that employs their respective sorption coefficients (Kd) and the total amount of
suspended solids (TSS) is used. This is exemplified in Equation 4.3, where the sorption coeffi-
cient, also known as solid-water partition coefficient, is commonly used to account for sorption
and desorption dynamics of compounds in the presence of suspended solids (Delli Compagni
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et al., 2020; Joss et al., 2005, 2006).

f S =
1

1 +Kd × TSS
(4.3)

Table 4.4 shows the values for f conj and Kd used for the estimation of the soluble con-
centration of micropollutants in the model. The values are based off previous works with
applied fractionations (Delli Compagni et al., 2020; Joss et al., 2005, 2006; Mazioti et al.,
2015; Polesel et al., 2016).

Table 4.4: Values for fractions used for micropollutant fractionation, based off previous exemplary
works(Delli Compagni et al., 2020; Joss et al., 2005, 2006; Mazioti et al., 2015; Polesel et al., 2016).

Micropollutant f conj Kd

Benzotriazole 0 0.22
Carbamazepine 0.92 0.1

Diclofenac 0.76 0.1
Gabapentin 0 0.1
Metoprolol 0.1 0.1
Oxazepam 0.1 0.1

Sulfamethoxazole 0.8 0.1
Valsartan 0 0.1
Venlafaxine 0 0.1

Total micropollutant concentration

Conjugate fraction

Micropollutant fraction

Particulate fraction

Soluble fraction

f conj

1− f conj

1− f S

f S

Figure 4.2: Fractionation of a Micropollutant.

4.2.4 Other assumptions and limitations
A few other assumptions and limitations worth mentioning are the following:

• Any form of data collection relies solely on literature review instead of laboratory
experiences, and in turn is subjected to each sources’ own boundaries and limitations.

• Modelling results are subjected to both the computational capacity and software lim-
itations inherent to the tools utilized.
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• Due to time constrains it was preferred to work with micropollutants that are most
frequently mentioned in the literature instead of working with representative groups of
micropollutants.

• The testing of the model in combination with an existing WWTP configuration is left
out of scope.

• No fractionation and transformation products from the ozonation process are taken
into account.

• Since for the time being the model is thought for advanced treatment, sufficiently low
concentrations of nitrogen species are expected so that their effect on ozone decompos-
ition and micropollutant removal is negligible.

• The kinetic coefficients shown in Table 4.2 were obtained at a pH of 7 and some of
them change in more basic environments, but for the purpose of this research they
were assumed constant.

• The effects of pressure and temperature are not considered.

4.3 Calibration procedure
The calibration procedure focuses solely on the values of the kinetic coefficients for O3 and
OH· exposures in the equations for micropollutants’ reactions (kO3 and kOH·, respectively),
and for the scavenging effect of TSS on O3 and OH· (kTSS-O3 and kTSS-OH·, respectively). This
means that only the reactions under the rows titled ”Effect of TSS” and ”Micropollutant
reactions” in Table 4.1 are affected by the calibration.

There are two main sources of experimental data used for the calibration of the model,
Juárez et al. (2021) that employed laboratory-scale procedures to measure micropollutant
removal in the presence of suspended solids (SS), and Ekblad et al. (2021) that operated
an ozonation pilot plant and measured its removal performance under different variations as
well. No data is used to evaluate the performance of the ozonation model in combination
with another treatment configuration. Consequently, the sources previously mentioned are
replicated using the ozonation model where only the MP removal from ozonation itself is
taken into account.

The calibration procedure is performed based on ozone dosage and percentage of removal
of soluble micropollutants in the wastewater stream.

4.3.1 Batch experimentation
The batch experiments performed by Juárez et al. (2021) consisted of different wastewater
samples from six wastewater treatment plants (WWTPs) kept in bottles for at least an hour.
Micropollutants were artificially added to the samples to match a desired initial concentration,
and then each sample was ozonated by adding an ozone stock solution. Later, different
concentrations of SS were also added to samples from the Lund̊akra WWTP in Landskrona,
Sweden. The SS was added as a suspension of thickened sludge, and several ozone-response
curves were obtained from all cases evaluated (Juárez et al., 2021). For the calibration
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process, only the batch samples from Lund̊akra for various SS concentrations are considered.
The model layout consists of an isolated ’Ozonation block’ represented by an ozonation
chamber in the software, as protrayed in Figure 4.3.

Figure 4.3: Ozonation block represented by an ozonation chamber in WEST®.

The characterization of the different wastewater samples for each degree of SS presence
are shown in the table below.

Table 4.5: Wastewater effluent data from batch experiments. Values are given for para-
meters and compounds under each of the effluents from 0 to 200 g SS/m3 (Juárez et al.,
2021).

0 10 25 50 75 100 200

CODCr
a[gr/m3] 17.2 28.7 46.4 77 99 125.4 214.6

SS [gr/m3] 0 12 26 48 80 102 196
pH [-] 8 7.8 7.8 7.8 7.8 7.8 7.8

Benzotriazole [μg/L] 1.905 1.833 1.724 1.743 1.844 2.071 1.874
Carbamazepine [μg/L] 2.414 - - 2.531 2.695 3.007 2.917

Diclofenac [μg/L] 2.884 2.717 2.792 2.651 2.775 2.684 2.580
Gabapentin [μg/L] 5.211 - 5.982 8.481 8.906 10.123 8.744
Metoprolol [μg/L] 4.112 3.877 4.150 3.986 3.934 3.937 3.975
Oxazepam [μg/L] 2.713 2.344 2.330 1.850 1.927 2.097 2.019

Sulfamethoxazole [μg/L] 1.505 1.671 1.465 1.286 1.323 1.373 1.150
Valsartan [μg/L] 3.464 3.352 3.403 3.080 3.192 3.409 3.474
Venlafaxine [μg/L] 2.748 2.923 3.094 2.754 2.773 2.980 2.954

a COD measured with the dichromate method (Juárez et al., 2021).

A particular assumption is taken for the calibration using this source. The mass balance
equation shown in the Gujer matrix of Table 4.1 is assumed to not contribute to the ozone
dynamics in the samples, as the initial ozone doses are considered high enough so that the
effect of the mass balance is comparatively negligible.

4.3.2 Ozonation pilot plant
The operation of an ozonation pilot plant performed by Ekblad et al. (2021) was carried
out during a period of 7 months. Installed at the Lund̊akra WWTP the pilot plant treated
wastewater samples extracted both before and after a post-precipitation stage of the treat-
ment plant. Ozonation was achieved with an ozone generator and either a static mixer or
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a Venturi injector, and the reaction took place in a pressurized environment with an HRT
of 10 minutes. They later proceeded to operate the pilot plant while changing the HRT,
the ozone dispersion method and the wastewater temperature, and added precipitation with
aluminum chloride to test different treatment scenarios (Ekblad et al., 2021). Only the initial
results with the streams after post-precipitation with 10 minutes of HRT are considered for
the calibration process. The layout of the model in WEST® is shown in Figure 4.4.

Inflow Sensor Transformation
block

Sensor

Flow
combiner

Ozone
dose

Sensor

Ozonation
chamber

Outflow

Figure 4.4: Layout of the ozonation treatment model in WEST®.

Table 4.6 lists the characteristics of both wastewater streams before and after post-
precipitation.

Table 4.6: Wastewater effluent data from the operation of the pilot plant. Values are given for both
before and after post-precipitation (Ekblad et al., 2021).

Before post-precipitation After post-precipitation

COD [gr/m3] 35.1 27.5
DOC [gr C/m3] 10.6 10.0

SS [gr/m3] 7.5 1.8
pH [-] 7.6 7.6

Benzotriazole [μg/L] 0.535
Gabapentin [μg/L] 2.280
Metoprolol [μg/L] 3.900
Oxazepam [μg/L] 0.560
Valsartan [μg/L] 1.350
Venlafaxine [μg/L] 1.225

4.3.3 The calibrating sequence
The calibration procedure is separated into three stages. The first two stages use the data
from the batch experiments, starting with the calibration of the kinetic coefficients of the
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sample of micropollutants, and following with the calibration of the kinetic coefficients asso-
ciated with the scavenging effect of TSS. The third stage is to calibrate the micropollutants’
kinetic coefficients in the context of continuous operation, and thus the model is put to the
test in two different modelling scenarios.

The way the coefficients are calibrated is by changing the exponent of a multiplying factor,
as expressed by Equation 4.4. The calibrating factor is expressed by x.

kcalibrated = koriginal × 10x (4.4)

This calibration, as mentioned before, is applied to kO3 and kOH· for each micropollutant,
and to kTSS-O3 and kTSS-OH· to adjust the ozone-response curves for the removal performance
that the model simulates.

4.4 Validation procedure

Validation is performed with the use of Lee et al. research (2014), where laboratory exper-
imentation was carried out to study the removal of micropollutants with varying doses of
ozone at two different pH values and with the addition of hydrogen peroxide (H2O2). The
wastewater sample used was an effluent from a membrane bioreactor (MBR) pilot plant that
treated a hospital wastewater in the Swiss city of Baden (Lee et al., 2014). Table 4.7 shown
next characterizes the MBR effluent.

Table 4.7: Hospital wastewater effluent after MBR treatment (Lee et al., 2014).

Value

DOC [gr C/m3] 5.1
Alkalinity [gr HCO3

-/m3] 469.85
pH [-] 7

Benzotriazole [μg/L] 14.30
Carbamazepine [μg/L] 236.27

Diclofenac [μg/L] 1.11
Gabapentin [μg/L] 2.40
Metoprolol [μg/L] 0.29
Oxazepam [μg/L] 0.25

Sulfamethoxazole [μg/L] 1.47
Valsartan [μg/L] 0.18
Venlafaxine [μg/L] 0.19

As in the calibration process, the validation is done by comparing the resulting removal of
the soluble fractions of micropollutants with respect to the dose of ozone added to the water
sample. Only the results at a pH of 7 and without any addition of H2O2 are considered for
the validation process.

Additionally, the assumption about the mass balance mentioned in section 4.3.1 is kept
for this procedure.

29



It is also worth mentioning that the simulations in this case are performed with the same
VODE solver and absolute tolerance of 1 × 10−20, but a relative tolerance of 1 × 10−4 to
adjust for computational capacity.

4.5 Sensitivity analysis
A brief analysis of sensitivity to certain parameters is considered in this study. There is
available data that measured changes in MP removal from differences in pH and addition of
H2O2 (Lee et al., 2014) and variations of the HRT (Ekblad et al., 2021), albeit not always
for all 9 micropollutants. Additional runs are therefore performed to test the behaviour of
the model in light of such changes.
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5 Results and Discussion

The resulting values for the kinetic coefficients of each micropollutant, together with the
values for the coefficients for TSS scavenging are shown in Table 5.1. As previously stated,
there are two sets of results, one from calibrating with batch data (Juárez et al., 2021),
and one from calibrating with data from an ozonation pilot plant (Ekblad et al., 2021). A
common phenomena found during the whole calibrating process, is a low sensitivity of the
model to variations of the kOH· coefficient in contrast with kO3 . The model is hence calibrated
by only changing the kinetic coefficients associated to O3 exposure.

As seen in Table 5.1, the multiplying factors for both sets of data are similar, and in
some cases the kinetic coefficients change significantly. Oxazepam is the most extreme case,
that originally had the lowest coefficients but it is then adjusted to an order of magnitude
closer to the other micropollutants’ coefficients. Figure 5.1 provides a more clear view of the
change that the coefficients undergo after calibration.

Table 5.1: Calibration results from batch data (Juárez et al., 2021) and ozonation pilot plant data
(Ekblad et al., 2021). The multiplying factor is written as 10x, where x is the exponent which value
is used for the calibration as shown in the third and fifth columns.

Original values Batch data Pilot plant data

Micropollutant kO3 [M-1 d-1] × 10x kO3 [M-1 d-1] × 10x kO3 [M-1 d-1]

Benzotriazole 2.1× 107 0.90 1.6× 108 0.42 5.5× 107

Carbamazepine 2.6× 1010 -1.90 3.3× 108

Diclofenac 8.6× 1010 -2.40 3.4× 108

Gabapentin 1.9× 107 0.30 3.8× 107 0.42 5.0× 107

Metoprolol 1.7× 108 0.10 2.2× 108 0.15 2.4× 108

Oxazepam 8.6× 104 3.25 1.5× 108 3.00 8.6× 107

Sulfamethoxazole 4.8× 1010 -2.01 4.8× 108

Valsartan 3.3× 106 1.75 1.8× 108 1.65 1.5× 108

Venlafaxine 7.3× 108 -0.70 1.5× 108 -0.50 2.3× 108

TSS 2.0× 103

After calibrating the different target parameters, simulation results are plotted and con-
trasted with their respective reference data. The plots, displayed in the following sections,
show the micropollutant removal from ozonation measured in percentage, and the ozone dose
in grams of ozone per grams of either COD or DOC, depending on the source data.
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Figure 5.1: Values for kO3 after calibration with batch data in red (Juárez et al., 2021) and ozonation
pilot plant data in blue (Ekblad et al., 2021).

5.1 Calibration with batch data

Simulation results are shown in contrast to the data retrieved from the batch experiments
performed by Juárez et al. (2021). The wastewater stream characterized in the second column
of Table 4.5, with no presence of suspended solids (SS) is taken as input. The ozone dose in
this research was administered in g O3/g COD.

5.1.1 Calibration of kinetic coefficients for micropollutant removal
Figure 5.2 shows the comparison between the simulation and reference data with no TSS.

From the results, it can be appreciated that the model is able to adjust rather satisfactorily
for most of the micropolluntants, with a slightly more notorious divergence in the cases
of Benzotrizole, Gabapentine, Metoprolol and Venlafaxine. For the former and the latter,
the curves fall short to estimate the removal before reaching the plateau at 100 %, as the
reference data indicates a steeper removal curve. In the case of Gabapentin, the removal is
characterized by an ’S’ shape, which if looked attentively is also the shape of the reference
data in the plot, though the bends occur in different places. The simulated results match the
reference data for low ozone doses (≤ 0.25 g O3/g COD), then underestimates the removal
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capacity for doses between 0.25 and 0.5 g O3/g COD, to later slightly overestimate the removal
when reaching 0.6 g O3/g COD. A possible explanation for this, is the fact that Gabapentin
is administered at a higher concentration than the rest of the compounds (Table 4.5), while
also having the smallest kO3 value. This would explain why the removal is comparatively
lower at the beginning, as the rate of removal given by equation 3.5 is proportionally lower
to Gabapentin’s initial concentration. In the case of Metoprolol, the reference data shows
unexpected removal values for the last two points, so those are not considered when judging
the model’s fit.

5.1.2 Calibration of the scavenging effect of TSS
Figure 5.3 shows the comparison between the simulation and reference data including the
scavenging effect of TSS at two different concentrations of 50 and 200 g TSS/m3.

The quality of the model’s performance decreases with the addition of suspended solids.
The calibration of kTSS-O3 attempts to match the removal reported by Juárez et al. (2021)
at 200 g TSS/m3, and then simulations are tested for lower TSS concentrations. With
the exception of Gabapentin, the model is shown to replicate the data adequately at low
ozone doses but then underestimates the removal of Carbamazepine, Diclofenac, Metoprolol,
Sulfamethoxazole and Venlafaxine. It does however fit the curve for Valsartan from beginning
to end, with just a slight over estimation towards the highest removal values. In the case
of Oxazepam, the overestimation is higher at higher ozone doses, and in the case of Gapa-
pentin the model is not able to correctly describe the shape of the curve and consistently
underestimates its removal.

In contrast, the curves at 50 g TSS/m3 reveal a lower sensitivity of the model to TSS, in
comparison to the reference data. It consistently simulates lower removal performance for all
micropollutants, and ultimately begs the question of whether the proposed representation of
the scavenging effect is good enough. The structure of this effect is modelled using the same
approach as the one for micropollutant removal, as written in equation 3.5. Nonetheless, a
different mathematical representation could potentially yield better results.

On the other hand, some phenomena currently left out of scope could actually be indirectly
represented by this ’TSS effect’. For example, the effect of nitrogen species could be skewing
the results and suggesting the need to include them in a future iteration of the model.

5.2 Calibration with pilot plant data

The resulting simulation of MP removal is shown here against the data retrieved from the
operation of the ozonation pilot plant by Ekblad et al. (2021). As Figure 5.4 shows, the
ozone dose in this case was measured in g O3/g DOC.

As the data after post-precipitation is the one used for the calibration, the model shows a
better fit with those points. Nevertheless, there is a prevalent underestimation of the removal
performance with the exception of Valsartan. Also, contrary to the previous calibration,
Gabapentin shows the best fit out of the micropollutants tested (with the stream after post-
precipitation).
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Overall, the model shows better agreement at lower doses of ozone, but also the reference
data used is more scattered than the match data. This is expected given the sources of
uncertainty from the operation of the pilot plant are more complex. In addition, these
simulations include the equation for mass transfer for ozone, shown in Table 4.1. As reported
by Audenaert et al. (2013), the values for kLa and [O3

*] are very influential in the model’s
performance, and thus better results could potentially be achieved by further calibrating
them. This can also explain the lower quality of the simulation fit with respect to the
reference data.

The model is consistent in estimating a poorer performance with the stream before post-
precipitation, which also agrees with the remarks posed by the authors of the source research
(Ekblad et al., 2021).

5.3 Validation of the model

The model parameters obtained from the calibration with batch data are applied without
any changes to the data from Lee et al. (2014) (See Table 4.7). The result of the validation is
displayed in Figure 5.5. The coefficient of determination (r2) is included for each plot, which
in turn is calculated by equation 5.1.

r2 = 1− SSE

SST
(5.1)

The terms SSE and SST refer to the error sum of squares and the total sum of squares,
respectively Devore (2011). The average value of r2 for all micropollutants is 0.89.

The validation achieved is deemed satisfactory. With five out of the nine micropollutants
tested, the r2 value is equal or higher than 0.94, and with only two it is lower than 0.8. In
most cases, and in line with the calibration process, the removal is underestimated. The
exceptions are Metoprolol, Gabapentin and Valsartan, which seem to reach a plateau lower
than a 100% removal.

Valsartan results show the best fit, followed by Oxazepam and Bezotriazole, that reveal a
slightly lower simulated removal with the addition of 1 g O3/g DOC. With Carbamazepine,
Diclofenac, Sulfamethoxazole and Venlafaxine, the model underestimates the removal until
matching the reference data at their plateaus, least in the case of Sulfamethoxazole and most
accentuated with Venlafaxine. Lastly, Gabapentin is again the worst fit as it displays its ’S’
shape, that in this case is not correspondent to the shape of the curve formed by the reference
data.

Altogether, the model is able to give a sound estimation of the expected removal per-
formance of micropollutants from an ozonation treatment. It is calibrated using data from
the Lund̊akra WWTP and validated with a hospital effluent treated with a MBR, and is
able to produce consistent results given the different origins and characterizations of the two
water streams. Moreover, when the model diverges from the source data it does so with
an underestimation in most cases, which could be even considered as a safety factor from a
conservative point of view.
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5.4 Sensitivity to selected parameters

To test the sensitivity of the model to pH and H2O2, the parameters obtained with the
calibration with batch data (Lee et al., 2014) are used. The sensitivity to HRT is tested with
the calibration with the pilot plant data (Ekblad et al., 2021).

5.4.1 pH
Figure 5.6 shows how the model reacts at two different pH values: 7 and 8.5. From the results
it is apparent that the model has marginal sensitivity to the variations in pH. As previously
stated, the main reason for this is that the values for kO3 are assumed constant, whereas
Lee et al. (2014) use higher values at a pH of 8.5 for Benzotriazole, Gabapentin, Metoprolol,
Sulfamethoxazole and Venlafaxine. Variations in removal performance of these compounds
would thus be expected by employing a pH-sensitive kO3 coefficient. In spite of this, the only
variations that the pH produces in this model so far are from the different concentrations in
the H+ and OH- ions.

From the source data, however, it can be appreciated that also Valsartan shows to be quite
sensitive to pH variations, and even Oxazepam to a lesser extent. This kind of behaviour
might suggest that a pH-sensitive kO3 coefficient could be used to model the removal of these
compounds too.

5.4.2 H2O2

The plots in Figure 5.7 display how the removal of micropollutants is affected by an increasing
dose of hydrogen peroxide (H2O2), corresponding to 0, 0.25 and 0.5 in moles of H2O2 per
moles of O3. The ozone dose reported for this data set is 1 g O3/g DOC, and is kept
accordingly for these simulations.

It is unclear from the Gujer matrix of Table 4.1 how H2O2 would impact on MP removal.
As said in section 3.1.1, H2O2 favors the formation of hydroxyl radicals (Luo et al., 2014) but
this relationship is not translated into a reaction equation in the model being used. From
the plots, the model actually shows a negative response from removal in the presence of
H2O2, which agrees with the trend that the source data shows for Benzotriazole, Gabapentin,
Oxazepam and Sulfamethoxazole.

The simulated removal curve only fits the data well for Benzotriazole and Oxazepam at
a pH of 8.5. For the other compounds it just highlights the difference between the reference
data and the simulated data at 1 g O3/g DOC previously evidenced in Figure 5.6.

5.4.3 HRT
The hydraulic retention time (HRT) is adjusted between 5 and 40 minutes and the changes
in removal performance of the model are plotted in Figure 5.8.

Not much agreement is met between the simulated curves and the reference data. The
model reveals a high sensitivity to HRT, and in Ekblad et al. (2021) they report that the
impact of HRT is not significant enough to prove itself relevant.
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The effect of HRT remains nevertheless consistent accross the micropollutants tested,
and it’s relevance in the model can be explained by the fact that the main dynamics are
represented by Equation 3.5, where the MP concentration is inversely proportional to time.
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Figure 5.2: Removal performance of the model simulation after calibrating for the kinetic coefficients
of the micropollutant sample in comparison to the reference data from Juárez et al. (2021). The
wastewater stream used does not contain TSS.
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Figure 5.3: Removal performance of the model simulation after calibrating for the scavenging effects
of TSS in comparison to the reference data from Juárez et al. (2021).
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Figure 5.4: Removal performance of the model simulation after calibrating for the kinetic coefficients
of the micropollutant sample in comparison to the reference data from Ekblad et al. (2021).
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Figure 5.5: Removal performance of the calibrated model contrasted with reference data from Lee
et al. (2014). Values for the r2 is added for each micropollutant.
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Figure 5.6: Model sensitivity to pH in contrast with reference data from Lee et al. (2014).
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Figure 5.7: Model sensitivity to addition of H2O2 in contrast with reference data from (Lee et al.,
2014).
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Figure 5.8: Model sensitivity to variations in HRT in contrast with reference data from Ekblad et al.
(2021).

43





6 Conclusions

This study aims at combining an ozone decomposition model and a micropollutant removal
model to simulate micropollutant removal through ozonation. It uses and approach based on
second-order rate constants, denominated kinetic coefficients, to solve a continuity equation
that describes the dynamics of compounds over time. The conclusions obtained are listed as
follows:

• The model has low sensitivity to variations of the kOH· coefficient in contrast with kO3 .
The model is hence calibrated by only changing the kinetic coefficients associated to
O3 exposure.

• The model presents a good fit for simulations with values based on batch experiment-
ation, and to a lesser extent in comparison to the data from the pilot plant.

• The latter could be explained by the fact that kLa and [O3
*] are very influential in the

model’s performance, and might thus need a more adequate calibration.

• Findings show a lower sensitivity of the model to TSS in comparison to the reference
data. It consistently simulates lower removal performance for all micropollutants, which
might suggest other alternatives to representing the scavenging effect.

• Alternatively, other phenomena currently left out of scope could actually be indirectly
represented by the ’TSS effect’. For example, the effect of nitrogen species could be
skewing the results and suggesting the need to include them in a future iteration of the
model.

• The validation is achieved with an average coefficient of determination (r2) of 0.89.

• When the model diverges from the source data it does so with an underestimation in
most cases.

• There is a lower removal performance observed with the addition of H2O2, and better
removal capacity with higher Hydraulic Retention Time (HRT). It responds, however,
with negligible sensitivity to variations in pH.

• The model can be expanded to include other dynamics and phenomena originally left
out of scope.

45





7 Future Work

The extent of additional work that can be addressed in the future can be divided into micro-
pollutant groups, fragmentation and dynamics, scavengers and catalysts, and some additional
computer-related tools. A key aspect common to most continuation alternatives for this re-
search is pilot experimentation and/or laboratory work. This would yield more varied and
tailored empirical data from which the model could benefit greatly. If this research were
to be continued by another student, a concrete suggestion would be to include conjugate,
deconjugate and particulate dynamics and to orient the model to receive a representative
micropollutant to simulate the removal of a group or class of micropollutants, rather than
having to add individual micropollutants to the model.

7.1 Micropollutant groups, fragmentation and dynam-

ics

The need to work with representative groups of micropollutants becomes apparent when
considering the wide spectrum of different types that exist. Even more so, the most hazardous
can continue to be identified and catalogued to facilitate the implementation of risk impact
studies (Stadler et al., 2012). A move towards a grouping approach would help make this
model easier to implement to different cases and a wider variety of studies.

Also, a next iteration would be to include at least to some extent the dynamics of the
conjugate and particulate fractions of the micropollutants. The fractionation aspect is already
considered on the model, but more information - and possibly assumptions - would need
to be gathered for an adequate addition of this kind. But this need not be limited to
conjugate and particulate fractions, as the same strategy can be extended to transformation
and deconjugation as well. The faith of transformation products has already been established
as fundamental to accurately portray the presence of micropollutants in WWTP effluents
(Stadler et al., 2012).

7.2 Scavengers and catalysts

The scavenging effect of TSS in the performance of micropollutant removal is something that
can continue to be improved in this model. A better mathematical representation can be
achieved if laboratory experiments similar to the ones performed by Juárez et al. (2021) are
replicated and possibly extended to a pilot plant operation, as shown in (Ekblad et al., 2021).

Nonetheless, not only TSS can be extended on, but also other agents like the presence of
nitrogen species, particulate organic matter and even inorganic matter under certain condi-
tions (Audenaert et al., 2013). The study of pH is another route to follow, with the imple-
mentation of pH-sensitive kinetic coefficients either just for ozone exposure or for hydroxyl
radical exposure as well.
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7.3 Additional computer-related tools
This model could profit greatly if tested in combination with an Activated Sludge Model
(ASM) or as a hybrid advanced system. Even more so if it is part of a complete WWTP
with all its treatment stages included. With the aid of telemetry, it could become part of a
digital twin of a plant that already operates with ozonation treatment, and the calibration
possibilities would be much greater.

On the other hand, a complete version of the SHB model could be tested instead of the
simplified one used in this research, to elucidate how much more would the model gain in
performance and if it would be a worth modification or not.

One could also hypothesize that the use of Computational Fluid Dynamics (CFD) could
eventually enrich the model, however it would have to be backed up by robust empirical data
and a good notion of which parameters might be of interest in this sort of evaluation.

Lastly, Artificial Intelligence (AI) seems to be a ubiquitous topic in present times, and nat-
urally leads to wonder about the applications it can have on water and wastewater treatment
models. Targeting some of the most challenging aspects of these activities with AI-based
resources could become a fruitful endeavor in the nearby future.
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Letón, P., Fernández-Alba, A. R. and Garćıa-Calvo, E. (2008), Ozone-Based Technolo-
gies in Water and Wastewater Treatment, Springer Berlin Heidelberg, Berlin, Heidelberg,
pp. 127–175.
URL: https:// doi.org/ 10.1007/ 978-3-540-79210-9 4

Rokhina, E. V. and Virkutyte, J. (2010), Advanced catalytic oxidation of emerging Micro-
pollutants , IWA Publishing, book section Chapter 10.
URL: http:// library.oapen.org/ handle/ 20.500.12657/ 25913

Salgot, M., Huertas, E., Weber, S., Dott, W. and Hollender, J. (2006), ‘Wastewater reuse
and risk: definition of key objectives’, Desalination 187(1), 29–40.
URL: https://www.sciencedirect.com/ science/ article/ pii/ S0011916405007186

Schultz, M. M., Painter, M. M., Bartell, S. E., Logue, A., Furlong, E. T., Werner, S. L. and
Schoenfuss, H. L. (2011), ‘Selective uptake and biological consequences of environment-
ally relevant antidepressant pharmaceutical exposures on male fathead minnows’, Aquatic
Toxicology 104(1), 38–47.
URL: https://www.sciencedirect.com/ science/ article/ pii/ S0166445X11000907
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A Popular Science summaries

A.1 Popular Science summary

How can computers help clean our waters?

Computer models to the service of water treatment

Water is running out in many places. Why? Because of inadequate management of
water resources, because of climate change, because of population growth, or a little bit of
everything. When this happens, reusing the water that comes out as waste from human
activities might just as well become an interesting alternative. If you don’t believe this, you
are late to the party. Drinking water and even beer have already been made from treated
wastewater (check out the examples of Windhoek, NEWater and Epic OneWater Brew). So,
one might think that from here on it will be easy to secure water supply wherever we need
it. To get there, however, there’s still a lot of work to do when it comes to cleaning water -
work made easier with the help of computers.

This might sound alarming, but we still don’t know exactly what is hiding in our wastewa-
ters. The more we improve our measuring technologies, the more components we find that
can harm the environment and, therefore, us. A name coined for a notorious group of them
is “micropollutants”. These are sneaky compounds that are present in the tiniest of concen-
trations, but that tend to accumulate over the years and cause mayhem wherever they land.
They come from personal care products, drugs, pesticides, hormones, pathogens and a bunch
of other stuff, and are super tricky to remove. A great deal of effort has gone into researching
how to handle this problem, and many technologies have been identified and developed for
this very purpose. Among those, it’s ozonation.

Ozonation, as its name hints, means using ozone to remove micropollutants from water.
It is a very popular technology due to its effectiveness, but it still needs to be implemented
very carefully so there are not unwanted results. Here is where computers play a very big
role, as they help us simulate a lot of complex phenomena when we apply them to assist
treatment processes.

In this research, a model is proposed that can be used to simulate the removal of mi-
cropollutants from ozonation in wastewater. Nine micropollutants are selected to test the
model, and results are compared with data found in research papers. The model shows a
good agreement with the data, and offers a starting point to keep building and expanding
its capabilities. The aim is to help water engineers that are implementing ozonation, and to
keep expanding what we know about its effects. Water regulations are going to keep getting
ever more strict (and rightly so), and it is good that we use everything we have to continue
improving the quality of the water we treat. That includes all the computer power we can
harness.
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A.2 Resumen de Divulgación Cient́ıfica

¿Cómo pueden los computadores ayudarnos a
limpiar nuestras aguas?

Modelos computacionales al servicio del tratamiento de
aguas

El agua se está acabando en muchos lugares. ¿Por qué? Por la gestión inadecuada del
recurso, por el cambio climático, por el crecimiento poblacional, o por una mezcla de todo
lo anterior. Cuando esto ocurre, el reúso de agua producida como residuo de actividades
humanas puede ser perfectamente considerada como una alternativa interesante. Y esto ya
se ha implementado, por si créıas que no era posible. Agua para beber e incluso cerveza
ya se han producido a partir de aguas residuales (puedes revisar los ejemplos de Windhoek,
NEWater y Epic OneWater Brew). Entonces, uno podŕıa pensar que ya con esto va a ser
fácil garantizar el abastecimiento de agua donde sea que se necesite. Para llegar a eso, no
obstante, aún hay mucho trabajo por hacer cuando hablamos de limpiar nuestras aguas -
trabajo que puede ser facilitado con la ayuda de computadores.

Esto puede sonar alarmante, pero todav́ıa no sabemos exactamente qué es lo que se
esconde en nuestras aguas residuales. Cada vez que nuestros aparatos de medición mejoran,
encontramos nuevos contaminantes que pueden dañar el medio ambiente y, por consiguiente,
a nosotros. A un notorio grupo de éstos se les ha llamado “microcontaminantes”. Estos
son compuestos sigilosamente presentes en concentraciones ı́nfimas, pero que tienden a acu-
mularse a través de los años y causar todo tipo de daños donde sea que caigan. Provienen
de productos de aseo personal, drogas, pesticidas, hormonas, patógenos, y muchas otras
fuentes, y son muy dif́ıciles de remover. Ya se han hecho grandes esfuerzos en investigar
cómo lidiar con este problema, y varias tecnoloǵıas han sido identificadas y desarrolladas
para este propósito. Entre ellas se encuentra la ozonización.

La ozonización se refiere a la aplicación de ozono para la remoción de microcontaminantes
del agua. Es una tecnoloǵıa bastante popular debido a su efectividad, pero aún necesita
implementarse con cuidado para que no genere resultados no deseados. Aqúı es donde los
computadores juegan un gran papel, ya que nos ayudan a simular una gran cantidad de
fenómenos complejos cuando los aplicamos a procesos de tratamiento.

En esta investigación, se propone un modelo que puede utilizarse para simular la remoción
de microcontaminantes por medio de la ozonización de aguas residuales. Son nueve los
microcontaminates que se eligen para evaluar el modelo, y se comparan los resultados con
datos obtenidos de publicaciones académicas. El modelo muestra un buen ajuste con los
datos, y ofrece un punto de partida sobre el cual construir y expandir sus capacidades.
El objetivo es ayudar a ingenieros hidráulicos que implementen ozonización, y continuar
expandiendo lo que sabemos sobre sus efectos. Las regulaciones en torno al agua se vuelven
cada vez más exigentes (y con justa razón), y es bueno usar todo lo que tenemos a disposición
para mejorar la calidad del agua que tratamos. Esto incluye toda la capacidad computacional
que podamos aprovechar.
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