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Abstract

Mathematical models elaborated for removal of microconstituents (MCs) in activated
sludge (AS) system have not incorporated developments in International Water
Association (IWA) models. In this thesis, sorption and biodegradation kinetic models that
can be applied to describe transformation of MCs in an AS process were evaluated
(volatilization and photodegradation were considered negligible).

Bisphenol-A (BPA), 17a-ethinylestradiol (EE2), and triclosan (TCS) have been
selected as target compounds in this thesis. Sorption batch tests were conducted to
retrieve Kkinetic and equilibrium data. Nine lab-scale continuous flow porous-pot
bioreactors operating at various solids retention times (SRTs) and hydraulic retention
times (HRTs) were studied for biodegradation of MCs. The effects of SRT, HRT and the
biomass concentration on sorption and removal of MCs were also investigated and the
results of each phase were incorporated into MCs fate models. Freundlich and linear
sorption isotherms and pseudo-second-order kinetic models with different Kkinetic rates
were found to best fit the sorption and desorption results. The result of biodegradation
study in the presence of 20 pg/L of MCs demonstrated 90-98, 63-91 and 97-98% mean

removal rates of BPA, EE2 and TCS, respectively, in systems operating at SRT of 5-15d



and HRT of 4-10 h. Calculation of mass fluxes of selected MCs in the dissolved and
particulate phases showed that biotransformation was the principal removal mechanism
of targeted MCs.

The fate models for the degradation mechanism of selected MCs were evaluated by
applying various mathematical models. The pseudo-second-order model was found to
best fit the results when active MCs degraders (Xc) were used in the model. It was found
that biodegradation studies should incorporate Xc and not mixed liquor suspended solids
concentration in their Kinetic formulations. Therefore, the result of this study could be
seen in the context, where the active MCs degraders are proposed to reduce the
variability of biodegradation kinetic rates in AS systems operating at different operational
conditions. Finally nitrification inhibitors, allylthiourea (ATU) were added to reactors
and it was found that although nitrification process affects the fate of MCs in AS system,

heterotrophs were most likely responsible for the biotransformation of the targeted MCs.
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Chapter 1: Introduction

1.1 Problem Statement

The occurrence and the fate of toxic, biopersistent microconstituents (MCs) in water
sources and their removal in wastewater treatment plants (WWTPs) as major point
sources are a growing concern since some of these substances remain at detectable levels
in WWTP effluents. MCs were defined by the Water Environment Federation (WEF) as
“natural and human-made substances, including elements and inorganic and organic
chemicals, detected within water and the environment for which a prudent course of
action is suggested for the continued assessment of the potential impact on human health
and the environment.”’

MCs can be classified as natural and synthetic compounds. Natural sources include
hormones excreted by humans and animals, substances found in metals, inorganic ions,
plants or fungi, and by-products of natural combustion processes. Synthetic MCs include
certain biocides (pesticides, herbicides, and fungicides) and their degradation products,
pharmaceuticals and personal care products (PPCPs), combustion by-products from
burning fossil fuels and incineration of industrial and municipal waste, industrial

chemicals and by-products in their production as well as their environmental degradation



Page |2

products. Although pesticides and other toxins have long been recognized as persistent,
bioaccumulative, and toxic (PBT) agents, only in the past couple of decades through
work in which the Canadian National Water Research Institute (e.g., see NWRI
Publications, 1997) was seminal, has there been recognition of environmental
ramifications of MCs that are indeed in low concentrations at the source, e.g., agents in
pharmaceuticals and PPCPs. Therefore to categorize all those compounds, such as
endocrine disrupting compounds (EDCs), pesticides, PPCPs, and pharmaceutically active
compounds (PhACs) that might have negative impacts on humans and environment,
broader category of chemicals and compounds often referred to in the literature as
“emerging contaminants”, “Compounds of Emerging Concern (CECs)”, “Emerging
pollutants”, “Trace Organic Compounds (TOrCs)”, “Micropollutants” or ‘“MCs’’. Figure

1-1, shows the different types of MCs which can be found in the literature.

Pharmaceutic
als and
Personal care
- Products :
Plasticizer Brominated
and (PPCBS) flame
Industrial retardants

Material (BFRs)
N -

Combusion

by productst Meiale

Microconstituents

Pesticides
and Disinfectants
Surfactant

- -~

Nano Musks and
materials fragrances

Figure 1-1. Different types of MCs
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MCs can be discharged into wastewaters by the general population due to the use of
products containing them. Some degradation or transformation of these compounds take
place at WWTPs and then final dilution of the WWTP effluent by receiving waters
occurs. Some of the MCs are volatile and escape to the atmosphere; others are adsorbed
or absorbed by solids or biosolids and finally migrate to landfills along with sludge
produced in WWTPs. Effluents from municipal WWTPs have been implicated as a major
source to surface waters. WWTPs receive MCs from sources including plastics, plant
material, cleaning products, pesticides, household chemicals and consumer products,
natural and synthetic hormones excreted by humans, and PPCPs washed from the body or
flushed to the sanitary sewer. WWTPs might also treat industrial or hospital effluents and
stormwater runoff that contain MCs. Although wastewater treatment processes remove
some MCs to some extent, resistant chemicals may remain at detectable levels in WWTP
effluents. Through the effluent discharge to surface water or groundwater, MCs may be
diluted or degraded by physical or biological processes, but some persist in the
environment or might be detected due to constant loading. Several studies have shown
possible toxicity to non-target organisms due to combined and synergistic effects of MCs
at environmentally relevant concentrations (Pomati et al., 2008; Quinn et al., 2009).
Furthermore, since several aquatic species are exposed to MCs for their entire life cycle,

chronic toxicity of MCs is a great concern.
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Because of this growing interest, scientists have studied the environmental fate and
toxicology properties of MCs (Melcer and Klecka, 2011; Radjenovic et al., 2009;
Samaras et al., 2013) and although no legal limits have been established yet, regulatory
authorities around the world have conducted monitoring programs and risk assessments
of different MCs for future guidelines of concentration limits of MCs in water bodies or
in discharged WWTPs effluent (Roig, 2010).

Conventional wastewater treatment systems, such as activated sludge (AS) are not
designed to remove MCs at very low concentration. In addition, advanced treatment
methods, such as membrane bioreactor (Lee et al., 2008), advanced oxidation (Plahuta et
al., 2014), ozonation or use of granulated activated carbon (Margot et al., 2013), are
being explored. However; these treatment options are often expensive to install and
operate and might only be feasible for larger WWTPs. Therefore, information on how
various MCs are removed from current facilities need to be studied and opportunities to
optimize and enhance their treatment need to be explored which requires understanding
of the effect of operational conditions, environmental parameters and compound specific
properties on the fate of MCs in treatment processes.

The environment in a WWTP biotreatment process, which is the most common form
of wastewater treatment, is significantly different from the natural environment. The
environment in a biotreatment reactor is rich in organics with a high concentration of

suspended solids (SS) which includes a significant concentration of acclimated
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microorganisms. Some MCs can be utilized as primary substrates but others are utilized
as secondary substrates in conjunction with a primary substrate, i.e., co-metabolism. In
biotreatment, the possibility of co-metabolism exists which is a significant route for “real
treatment”, i.e., the rendering of a harmful substance as a completely harmless entity.

The partitioning of MCs between solid and liquid phases is significant due to the
large concentration of biomass and associated solids. Furthermore, stripping of volatile
compounds is enhanced due to the intense aeration required in AS processes and the
favourable environment for stripping in other processes such as a trickling filter.
Accumulation of MCs on solids wasted from a biotreatment operation or losses of them
through volatilization are not real treatments but nonetheless they are significant
phenomena that affect the fate of MCs in biotreatment or throughout a WWTP.

The number of phenomena and factors affecting the fate of MCs is large, demanding
a robust experimental protocol to elucidate all phenomena. Models are still in a state of
development and different conceptualizations and data acquisition commensurate with
the model, coupled with natural variation, have led to a considerable variability and
inconsistency in reported information. The mathematical models developed for design
and operation of biological wastewater treatment such as those from the International
Water Association (IWA) were only developed to describe removal of chemical oxygen
demand (COD), nitrogen and phosphorus and not concerned with specific chemical

compounds. Consequently commercial modeling software for MCs removal in secondary
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WWTPs such as SimpleTreat, ASTreat, STP, and TOXCHEM+ have been developed,
but the models used in these packages for various MCs with different physico-chemical
properties and biodegradability have not incorporated developments in IWA models
which present numerous possibilities that have not been evaluated.

Although the presence of MCs during wastewater treatment has been studied by a
plethora of reports, significant differences on their concentration levels and removal rates
as well as contradictory results on their fate have been reported (Deblonde et al., 2011;
Stasinakis et al., 2010). Most studies do not report sufficient information to evaluate the
possible fate models for MCs removal and incorporates all those findings from other
researchers; furthermore, assumptions are often not experimentally verified.
Consequently only limited normalization is possible to relate models or rate coefficients.
On the other hand, it should be mentioned that the majority of environmental surveys
previously undertaken have mainly been focused on dissolved concentrations of these
compounds in wastewater at environmentally relevant concentrations (Feng et al., 2010;
Radjenovic et al., 2009; Seyhi et al., 2011). Only in the last few years researchers started
to study the MCs concentration in the solid phase at very low concentrations (Nie et al.,

2009; Stasinakis et al., 2010; Stevens-Garmon et al., 2011; Zhao et al., 2008).

1.2 Thesis Motivation and Contributions

This research provides the new fundamental understanding of the kinetic models for

removal of MCs in AS system. Beyond studying the biodegradation and sorption kinetics,
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the role of sludge retention time (SRT) and hydraulic retention time (HRT) in removal of
MCs is investigated and the role of nitrification and nitrifiers versus heterotrophs is
studied.

It is important to understand the concept of “removal” when discussing the fate of
MCs in WWTP biotreatment process. Studies have shown that for many MCs,
transformation by-products (conjugated or metabolized form of parent compound) exist
and may even exceed the concentration and/or toxicity of the parent form (Dann and
Hontela, 2011; Kang et al., 2006; Prasse et al., 2012). Nevertheless, the first kinetic step
in any biotreatment systems is the transformation of parent compounds into non-parent
forms that must be quantified as a first measure to understand the fate of MCs in
WWTPs. Therefore, the term “removal” in this thesis generally refers to all the losses of
MCs parent compounds from aqueous or solid phases. Therefore, possible by-products of
MCs and their toxicity level have not been studied in this research. There are two major
facets of the research which are undertaken in experimentation: (1) evaluate both solid
and liquid phase biodegradation kinetics and (2) determine the simplest model that
encompasses all important phenomena. The impacts of active mass and particulate debris
in mixed liquor are delineated. The overall long-term objectives of the study are to
improve biodegradation kinetics models for MCs. The specific objectives of the proposed

research are as follows.
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1. Review existing kinetic models for MC removal in biotreatment processes in
WWTPs and determine the most general model(s) for adsorption and particularly for
biodegradation to be allied with the data collected in this study that unifies data for
different groups of compounds or specific compounds.

2. Conduct batch sorption studies to develop the best fit adsorption isotherms that
are based on total SS (TSS) and volatile SS (VSS). Both sorption and desorption Kinetics
are determined.

3. Conduct bench-scale continuous-flow AS studies to gather data and evaluate the
removal of various MCs under different operating conditions in both the liquid and solid
phases. Nitrification inhibitor is added to reactors to study the role of nitrification and
nitrifiers versus heterotrophic biomass during biotransformation of MCs.

4. Develop biodegradation models for individual MCs based on the laboratory data
acquired in this study and data from the literature. Advantages and disadvantages of
different models are outlined. The most practical model that can be applied in the field,
cognizant of data acquisition limitations at most WWTPs, in addition to the most

theoretically correct model is described.

1.3 Thesis Organization

The first chapter in this study (Chapter 1) consists of the background information on

the significance of this research as well as the objectives of this study.
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Chapter 2 presents the literature review explaining the different removal pathways of
MCs in typical sewage treatment and the different operational conditions and factors
which influence the removal efficiency of these compounds. Besides, three specific
compounds, namely 17a-ethinylestradiol (EE2), bisphenol-A (BPA), and triclosan (TCS)
that represent the broad range of MCs in environment are identified and a broad
description of selected MCs is provided, detailing their most relevant physico-chemical
properties which influence their fate and behaviour along sewage treatment. The chapter
finishes with the literature review for the kinetic models that can be used to describe
transformation of MCs (volatilization and photodegradation were considered negligible)
in an AS process.

Chapter 3 describes the experimental methods employed to carry out the
experimental work and presents a description of the laboratory reactors to simulate AS
system, and methodologies used. In this chapter, the analytical methods for determination
of conventional parameters (e.g. organic matter, nitrogen, temperature, solids content, pH
and dissolved oxygen) are detailed. Furthermore, a simple and economical method for the
extraction and determination of selected MCs, using high-performance liquid
chromatography (HPLC) coupled with ultraviolent (UV) detection at environmentally
relevant concentrations in both dissolved and particulate phases are explained.

In Chapter 4, batch experiments with activated and deactivated sludge originating

from continuous flow porous-pot reactors operating at SRTs of 5, 10, and 15 days are
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conducted in order to investigate the sorption kinetics and distinguish physicochemical
sorption and biosorption. The effect of SRT and the biomass concentration on sorption
kinetics is also studied. Selected MCs shows high sorption affinity to the non-active
biomass during the first 30 min of the experiment, which is gradually reduced until
equilibrium is reached. Desorption results shows two distinct stages, a very rapid
desorption within 20 min followed by a slow desorption stage. Biosorption study
indicates that the soluble concentrations of target compounds decreased rapidly for
selected MCs similar to the sorption study; however, the soluble and solid phase
concentrations continues to decrease slowly during the length of the experiment which
indicates the possible biodegradation of these compounds in both phases. Finally,
mathematical models are applied to describe the sorption and desorption mechanism and
Freundlich isotherms with values of 1/n close to 1 are found to best fit the results which
demonstrate that all tested concentrations result on the linear part of the Freundlich
isotherm. Calculation of the Freundlich constant, Kr and distribution coefficient, Ky
exhibits the greater tendency of EE2 and TCS for sorption, compared to BPA. The results
of this study indicates that the SRT has a clear effect on the sorption kinetics where the
highest sorption rate constant is achieved for a SRT of 10 days for all three target
substances. This could be due to change of the morphology of the biomass from reactors

operating at different SRTs.
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Chapter 5 describes the fate of selected MCs in simulated AS systems. In this
chapter biodegradation and sorption were investigated at the pg/L range for EE2, BPA,
and TCS. The effects of SRT, HRT and the biomass concentration on sorption and
removal of MCs were also studied. The result of batch study in chapter 4 is used to
compare with the sorption rates estimated using the concentration of MCs in solid and
liquid phases from continuous-flow reactors. The sorption kinetic data are modeled using
intra-particle diffusion model, pseudo-first-order and pseudo-second-order equations. The
operation of continuous-flow AS systems in the presence of 20 pug/L of MCs indicated
that 90-98, 63-91 and 97-98% of BPA, EE2 and TCS, respectively, can be removed
during the AS process in systems operating at SRT of 5-15 d and HRT of 4-10 h.
Determination of MCs in the dissolved and particulate phase and calculation of their
mass flux showed that biotransformation was the principal removal mechanism of
selected MCs. Statistical analysis revealed that both SRT and HRT had a significant
effect on the fate of MCs where highest biotransformation removal rate was found for
TCS and BPA in reactors operating at higher SRTs whereas the lower rate of 58% was
found for EE2 in the reactor operating at SRT of 5 d and HRT of 4 h. The MCs removal
rate in the presence of nitrification inhibitor illustrated the role of heterotrophs versus
autotrophs in fate of MCs. It was found that heterotrophs were most likely responsible for

the degradation of selected MCs.
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In Chapter 6, mathematical models were applied to describe the degradation
mechanism of selected MCs. In this chapter the mixed liquor aliquots were decanted from
reactors at beginning of each experimental phase and the active fraction of the mixed
liquor was determined. The biological degradation rate constants (Km, Kms, Kmp) as well
as the concentration of active MC degraders (Xc) were estimated from fitting the
analytical solution to the measured data found in previous chapter by minimizing the sum
of the squares of the weighted derivatives y° between measurements and the calculated
model results. The AQUASIM and Excel software were used in this study for parameter
estimation and model comparison. The result of X¢ estimation showed that the SRT plays
an important role in formation of the biomass capable of degrading selected MCs. It is
also observed that the MCs degraders are naturally present in the AS system even at low
SRTs, however the concentration of X¢ is much lower in SRTs of 5 d comparing to SRT
15 d. Evaluation of various biodegradation kinetic models showed poor agreement
between measured data and modeled values except for pseudo-second-order model with
degradation by active MCs degraders only in soluble phase. The result of this study could
be seen in the context, where the active MCs degraders are proposed to reduce the
variability of K, in AS systems operating at different operational conditions.

Finally, Chapter 7 presents all conclusions drawn from this research in regards to
fate of MCs in AS system and biodegradation kinetic models that describe their fate as

well as possible future extensions to this thesis.
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Figure 1-2, illustrates the structure of this thesis as well as the summary of chapters

and published or submitted journal papers.
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Chapter 2: Technical Background

Summary1

This technical background presents the literature review explaining the different
removal pathways of MCs in typical sewage treatment condition and the different
operational conditions and factors which influence the removal efficiency of these
compounds. Besides, three specific compounds that represent the broad range of MCs in
environment are identified and a broad description of selected MCs is provided, detailing
their most relevant physico-chemical properties which influence their fate and behaviour
along sewage treatment. The literature were also reviewed for the kinetic models that can
be used to describe transformation of MCs (volatilization and photodegradation were

considered negligible) in an AS process.

! Part of this chapter has been submitted for publication to WER journal and published in WEFTEC
2011:

Banihashemi B, Droste RL. Evaluation of Biodegradation Kinetics Models for Microconstituents
Under Typical Sewage Treatment Conditions. Water Environment Federation 2011: 5049-5061.
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2.1 Introduction to Microconstituents

Microconstituents (MCs), also referred to in the literature as ‘“emerging
contaminants”, “Compounds of Emerging Concern (CECs)”, “Emerging pollutants”,
“Trace Organic Compounds (TOrCs)”, consist of a vast and expanding array of
anthropogenic as well as natural substances which commonly exist in waters and
environment at trace level concentrations, ranging from a few ng/L to several pg/L. These
compounds present in the environment as long as they have been made and their ability
to mimic endogenous hormones has been known since at least the 1930’s (Walker and
Janney, 1930) and more importantly by the fish deformation report in UK in 1990s
(Desbrow et al., 1998). However, thanks to recent developments in analytical techniques
their occurrence can be monitored in various environmental samples at very low
concentrations.

The presence of MCs in lakes, rivers, drinking water and their fate in wastewater
treatment plants (WWTPs) as major point sources are a growing concern since some of
these substances persist at detectable levels in WWTP effluents, and discharge into the
rivers (Anderson, 2005; Ashton et al., 2004). Because of this growing interest, scientists
have studied the environmental fate and toxicology properties of MCs (Melcer and
Klecka, 2011; Radjenovic et al., 2009; Samaras et al., 2013) and although no legal limits
have been established yet, regulatory authorities around the world have conducted

monitoring programs and risk assessments of different MCs for future guidelines of
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concentration limits of MCs in water bodies or in discharged WWTPs effluent (Roig,
2010); Advanced Industrial Science and Technology, 2007; Environment Canada and
Health Canada, 2008; European Commission, 2008).

MCs can be classified as natural and synthetic compounds which cover broad range
of compounds from hormones excreted by humans and animals to pharmaceuticals and
personal care products (PPCPs), combustion by-products and metals. The following
paragraphs describe the categories of MCs which has been found in the literature.

Pharmaceuticals and personal care products: In the late 1970s, the human drugs
have been found in environmental samples (Hignite and Azarnoff, 1977). The effect of
these compounds in the environment started to be focused in 1990s, when it was
discovered that some of these compounds interfere with ecosystems at very low
concentration (Halling-Sorensen et al., 1998). Pharmaceuticals are not completely
metabolized by humans or animals; as a result, they are excreted via urine and faeces as
unchanged parent compounds and as metabolites or conjugates (Heberer, 2002a).
Personal care products can be found in products used for beautification and personal
hygiene (skin care products, soaps). Man-made organic chemicals such as sunscreen
agents, antimicrobial disinfectants (e.g., triclosan, TCS), and preservatives, are also
classified as PPCPs, which are introduced to the aquatic environment during regular use

(Ternes et al., 2003).
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Brominated flame retardants (BFRs): BFRs, such as hexabromocyclododecanes
(HBCDs), polybrominated diphenyl ethers (PBDEs), and tetrabromobisphenol-A (TBBP-
A), have been used in consumer products for a long time to reduce fire-related injury and
property damage. Recently, due to their occurrence in the environment and in human
biota, the fate and removal methods for this emerging class of chemicals have been
studied (Segev et al., 2009).

Steroid Hormones: Steroid hormones are a group of compounds that control the
endocrine and immune systems. Natural hormones are classified as estrogens (e.g.,
estradial), progestagents, androgens (e.g., androstenedione), and corticoids (e.g., cortisol).
Other synthetic hormones such as ethinylestradiol and mestranol have also been produced
that can be considered as endogenous compounds. Among these compounds, estrone
(E1), 17B-estradiol (E2), estriol (E3) and 17a-ethinylestradiol (EE2) have received more
scientific attention since they are considered to be the most important contributors to
estrogenicity of treated wastewater and surface waters (Fernandez et al., 2007; Hamid
and Eskicioglu, 2012).

Plasticizer and Industrial Material: Plasticizers are used to make plastics last
longer and improve the flexibility of plastics. Plasticizers can also be used as perfume
fixatives in production of cosmetic and personal care products (e.g., baby products). The

plastic monomer and plasticizer bisphenol A (BPA) are one of worldwide produced
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chemicals that have been used extensively in recent years. BPA is used in the production
of polycarbonate plastics and epoxy resins used in many consumer products.

Pesticides and Surfactant: A pesticide is an organic compound (or mixture of
compounds) that have been used to remove pest’s problems by several ways such as
prevention, destruction, repulse or mitigation. Today, many different classes of pesticides
are used which can be beneficial to humans such as chlorinated hydrocarbons, triazines,
organphosphoric compounds, and substituted urea. Despite the positive effects from their
usage, the extensive use of pesticides resulted in serious environmental contamination
and health problems.

Disinfectants: The use of antiseptics and disinfectants can be found in hospitals and
other health care settings for different daily applications which demonstrate broad
antibacterial activities (Magee, 2012). A broad diversity of active chemical agents is
found in these products, including alcohols, phenols, iodine, and chlorine that have been
used for a long period of time (Magee, 2012).

Musks and fragrances: The term musk is used to describe a various range of
chemically defined substances, which has a common, distinct, and typical flavour but are
widely different in their chemical structure. These musk compounds comprise
representatives occurring naturally in animals and plants as well as artificial substances
posing musk-like odour properties. Synthetic musk and fragrances could be found in

soaps, perfumes, air fresheners, detergents, fabric softeners and other household cleaning
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products. Many of these products are ultimately end up in sewers. Intrinsically, a large
proportion will pass through the WWTP and discharge to rivers (Sun et al., 2014). There
are four synthetic musk fragrances accounting for 95% of those used. These are the nitro-
musks (musk xylene, used in detergents and soaps, and musk ketone, used in cosmetics)
and two polycyclic musks.

Metals: Metals (inorganic MCs) are natural components that can be found in aquatic
systems and most of them are important elements to maintain human and animal lives.
Although burning fossil fuels and smelting of metallic ores would provide energy,
essential metals and minerals to human, but also it can be harmful to human at the toxic

concentration, such as cadmium, mercury or lead.

2.2 Occurrence and Transformation of MCs in the Environment

The environmental and health effects of MCs are receiving increased attention from
scientists, regulators, and the public due to their profound impacts on the health of all life
forms. It should be emphasized that not all MCs are substances that can affect the
endocrine system in humans and animals. To better understand the effect of MCs on the
environment, their fate and pathways in the environment need to be studied.

MCs can be discharged into wastewaters by the general population due to the use of
products containing them. Some degradation or transformation of these compounds take
place at WWTPs and then final dilution of the WWTP effluent by receiving waters

occurs. Some of the MCs are volatile and escape to the atmosphere; others are adsorbed



Page |22

or absorbed by solids or biosolids and finally migrate to landfills along with sludge
produced in WWTPs. Effluents from municipal WWTPs have been implicated as a major
source to surface waters (Andersen et al., 2005; Kasprzyk-Hordern et al., 2009). WWTPs
receive MCs from sources including plastics, plant material, cleaning products,
pesticides, household chemicals and consumer products, natural and synthetic hormones
excreted by humans, and PPCPs washed from the body or flushed to the sanitary sewer.
Studies showed a good correlation between MCs concentrations in wastewater and their
production amounts and usage/consumption patterns (Kasprzyk-Hordern et al., 2008).
WWTPs might also treat industrial, livestock or hospital effluents and stormwater runoff
that contain MCs. Some of these compounds specially pharmaceuticals can be
metabolized to varying degrees and reached the WWTPs in conjugated forms. However,
these conjugated MCs could later be transformed into free (unconjugated) forms by
bacterial populations present in WWTP (Gomes et al., 2009).

WWTPs were designed and upgraded with the principal aim of eliminating easily or
moderately biodegradable carbon, nitrogen and phosphorus compounds which regularly
present in the influent at milligram per liter concentrations. However, MCs in raw
wastewaters are generally in the range of pg/L to ng/L, in addition, their chemical and
physical properties, vary greatly (Le-Minh et al., 2010; Ziylan and Ince, 2011), which
influence their fate during the treatments and consequently their removal efficiencies.

Although wastewater treatment processes remove some MCs to some extent, resistant
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chemicals may remain at detectable levels in WWTP effluents. Through the effluent
discharge to surface water or groundwater, MCs may be diluted or degraded by physical
or biological processes, but some persist in the environment or might be detected due to
constant loading.

The occurrence of MCs in the environment has been studied by a plethora of reports
and the typical concentrations and most detected MCs were identified (Aris et al., 2014;
Klecka et al., 2009; Luo et al., 2014; Verlicchi et al., 2012).

Studies on the presence of MCs in WWTP influent showed high occurrence
concentrations of some pharmaceutical compounds such as acetaminophen, caffeine,
ibuprofen (IBP), naproxen and salicylic acid, antibacterial agent (TCS), surfactant
(nonylphenol) and one industrial chemical (Bis(2-ethylhexyl) phthalate, DEHP) in the
concentration range between 0.1 and 10 pg/L. In addition, ibuprofen, atenolol, caffeine
and nonylphenol were found to have the highest concentrations in WWTP influent. The
concentrations of most MCs in effluent were one to two orders of magnitude lower than
those in influent and ranged from 0.001 to 1 pg/L (Luo et al., 2014).

MCs were also monitored in surface water and carbamazepine, sulfamethoxazole and
TCS were the most frequently reported compounds in surface water (Luo et al., 2014).
The maximum concentrations of 36.8, 9.8, 17.0 and 1121.4 pg/L were detected for
ibuprofen, ketoprofen, gemfibrozil (GEM) and caffeine, respectively. The review paper

by Luo et al. (2014) showed that MCs occurs in the natural water bodies of the densely
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populated regions more severely due to the massive usage of these chemicals by the large
population. The fate study on MCs in rivers reveled that natural attenuation of MCs is the
result of river water dilution, or sorption to solids, and not degradation (Gomez et al.,
2012). Carbamazepine, sulfamethoxazole, caffeine and TCS were the most commonly
detected compounds in groundwater with reported concentration of less than 100 ng/L. It
was also found that the concentrations of MCs in drinking water are dependent on water

sources, seasons and the type of drinking water treatment systems (Luo et al., 2014).

2.3 Choosing Target MCs

MCs consist of a broad range of compounds from PPCBs, pesticides, metals to EDCs.
Goals in this proposed research are to study specific compounds that represent the broad
range of MCs in the environment. Different factors have been considered to find the best
representatives: (a) well-studied MCs to compare our results with available studies in the
literature, (b) physical and chemical properties of MCs, (c) available analytical
methodology, (d) known negative impact on environment, (e) presence in conventional
WWTP effluent and water bodies especially in the Canadian environment, and finally (f)
the cost of study. In order to simplify our kinetic models in AS WWTPs, only compounds

with very low volatility that are biodegradable have been chosen.
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2.3.1 Presence in Canadian environment

Burnison et al. (2002) investigated EDCs in municipal sewage effluents in Ontario
and found that the major estrogenic substances were natural and synthetic human
hormones (17B-estradiol, E1, and EE2), alkylphenolics, and occasionally BPA (an
industrial contaminant) and a polar metabolic breakdown product of estriol/estrone.
Fernandez et al. (2007) also measured the 30 primarily estrogenic organic wastewater
contaminants in several influent and effluent wastewater samples in Canada and showed
that EE2 was the more frequently detected synthetic estrogens/progesterone in the
effluent occurring at or below 5 to up to 178 ng/L, other steroidal estrogens were
E1>E2>E3 which were all <20 ng/L.

Bennie (2008) investigated the acidic pharmaceuticals in surface waters of selected
Ontario watersheds and found out that Ibuprofen, gemfibrozil, naproxen and TCS were
detected in surface waters with maximum concentrations of 1590, 103, 753 and 428 ng/L,
respectively. Lishman et al. (2006) also studied 10 acidic pharmaceuticals, TCS and six
polycyclic musks in twelve WWTPs discharging into the Thames River and found that
PPCPs enter Canadian waterways at trace levels (e.g., TCS 0.01-4.01 ug/L in influent
samples and 0.01-0.324 ug/L in effluent samples), and WWTPs can only reduce some of
them in a significant proportion. They also found that the mean influents concentration of
IBP, GEM, and diclofenac (DCF) were 8.45, 0.453 and 0.204 ug/L, respectively, while

mean effluent concentrations were 0.384, 0.246, and 0.194 pg/L, respectively.
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Servos et al. (2005) investigated the presence of selected PPCPs in drinking water in
Ontario, and they showed that the highest levels of TCS in southern Ontario source water
were 34 and 150 ng/L, respectively. Lee and Peart (2000a) conducted a large-scale study
on BPA contamination in Canadian sewage treatment plants (STPs) and found BPA
contamination in all of 72 sewage samples. The concentration of BPA ranged from 0.08
to 4.98 pg/L for the influent, and from 0.01 to 1.08 pg/L for the effluent and 0.033-
36.7ug/g for sewage sludge. Mohapatra et al. (2011) measured BPA in samples from an
urban community Quebec WWTP located in Quebec City and the results showed that
BPA was present in the influent and the effluent with mean concentrations of 1.68 pg/L
and 0.41pg/L, respectively.

Ternes et al. (1999) studied the occurrence of natural estrogens and synthetic
contraceptives in Germany and Canadian STP discharges and found a median
concentration of 0.009 pg/L for EE2 in the WWTPs effluents. Chan et al. (2002)
investigated the existence of EDCs in industrial wastewater samples in Toronto and
found the widely divergent concentrations ranging from <0.01 to 195 pg/L for 4-tert-
octylphenol (OP), from <0.1 to 253 ug/L for nonylphenol (NP), from <2 to 117,570 pg/L
for nonylphenol ethoxylates (NPEO), and from <0.01 to 149 pg/L for BPA in the
wastewater samples.

Boyd et al. (2003) investigated PPCPs in surface and treated waters in Ontario and

found concentrations of naproxen in the Mississippi River and Lake Pontchartrain from
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22 to 107 ng/L. Hao et al. (2006) also studied the occurrence of pharmaceutical and
EDCs in source and finished drinking water in Ontario and found carbamazapine,
gemfibrozil, ibuprofen, BPA, lincomycin, naproxen, monensin, sulfamethoxazole,
tylosin, trimethoprin, bezafibrate, and acetamindophenol in source and drinking water
samples. In one of the most recent studies in Ontario, Kleywegt et al. (2011) found
carbamazepine, gemfibrozil, ibuprofen, and BPA in finished drinking water at
concentration of 4 to 10 times lower than those measured in the source water. Lishman et
al. (2006) conducted a study to investigate polycyclic and nitro musks in Canadian
municipal wastewater and found out that the maximum influent concentrations of
polycyclic and nitro musks were 7,030 and 158 ng/L for Galaxolide and ketone,
respectively. The maximum secondary effluent concentrations were found to be 2,000
ng/L for Galaxolide and 51 ng/L for musk ketone.

In another study, Jeffries et al. (2010) showed the presence of organic contaminants
and potential fish health impact in two rivers in Alberta. In their study, synthetic
estrogens and natural hormones were detected near wastewater effluents and it was
suggested that synthetic estrogens and natural hormones has potential health impacts in

male long-nose dace.

2.3.2 Chemical-physical properties

Once a MC is released into wastewater, it will be scattered between the different

environmental media (e.g., water, soil, surface, sediment) due to its physico-chemical
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properties, such as volatility, solubility, lipophilicity, acidity, and sorption potential.
Moreover, depending on its resistance to biologically or abiotically degradation
processes, it can remain in WWTPs and discharge to the environment through the
effluent. Joss et al. (2006) showed that a significant amount of a compound will be
stripped in a bioreactor with fine bubble aeration if Henry’s constant (H) > 0.003.
Therefore, it can be concluded that stripping process during wastewater treatment is in
general not relevant for the removal of those MCs that has low Henry’s constant (Suarez
et al., 2008b). However, in activated sludge processes intensified volatilization behavior
could be found due to the additional air supply and removal of some MCs can occur
