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Abstract

Micropollutants and microplastics are ubiquitously detected in environment, which are directly
linked to human health and ecosystems safety. Conventional wastewater treatment plants
(WWTPs) are regarded as a major source for discharging these contaminants into environment.
Therefore, it is of great significance to study the behavior of these pollutants and their removal
potential in WWTPs. This work investigated specific treatment processes to determine their

efficiency in removing target micropollutants and microplastics.

Primary treatments in WWTPs are first step to removal solid particle and other floated
materials from the water stream. Therefore, the process is important for microplastics particles.
The behavior of microplastic, especially for microfiber from laundry water were investigated
in coagulation process. Over 90% removal efficiency of microfibers in pure water and laundry
wastewater occurred by ferric chloride and poly aluminum chloride. As 90% of microfibers
transferred into primary sludge after coagulation, the effect of microfibers on anaerobic
digestion was explored. Microfibers have showed positive effect on anerobic digestion with

methane production increased 6% to 35%.

Micropollutants are frequently found at pg/L-ng/L in wastewater. Many hydrophobic organics
tend to adsorb on primary and secondary sludge (biosolids), however show poor removal in
anaerobic digestion. Thermal alkaline hydrolysis (TAH) as a pretreatment method for removal
of several commonly found micropollutants in biosolids was investigated for improving the
safety of biosolid reuse as fertilizer or other land applications. Optimum detection methods for
simultaneous detection of five micropollutants from water and biosolids using LC-MS were
established. The TAH was found as an effective process to remove micropollutants in biosolids

with an average 40% removal efficiency for the target micropollutants.

Additionally, micropollutants also are frequently detected in secondary effluent. The effluent
after reverse osmosis can drop to pH 5 to 5.5. Therefore, the pH could be a factor in UV
photolysis efficiency of micropollutants for potable reuse of municipal wastewater. Direct UV
photolysis was evaluated to remove target micropollutants at varying pH 5.0-8.0. Sulfa,
fluroquinolones, and tetracycline group are sensitive to pH and sulfa group showed a high

photodegradation rate.
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Summary for Lay Audience

Micropollutants and microplastics, are two kinds of contaminants in environment, which come
from many sources closely related to daily life. Micropollutants refer to industrial chemicals,
pharmaceuticals, and personal care products such as antibiotics, hormones such as estrogen,
synthetic musk, cleaners, and disinfectants. Microplastics are tiny plastic pieces with a
diameter less than 5 mm from direct plastic fragments or breakdown of larger plastic pieces
under environmental weathering activities. Both micropollutants and microplastics are
regarded as global environmental problems due to their possible negative effects on human
health and ecosystems. Generally, wastewater treatment plants (WWTPs) play an important
role on protecting human and environment from contaminants as barriers. Therefore, the

removal of several micropollutants and microplastics were studied in this work.

This research aimed at investigating various treatment processes in WWTPs related to the
elimination of micropollutants and microplastics including coagulation, anaerobic digestion,
post-treatment of anaerobic digestion, and UV disinfection. The results indicated coagulation
as a process in primary treatment in WWTP, can remove over 90% microfibers by adding
coagulants. Most of microfibers retained in sludge and enhanced methane production in
anaerobic digestion. Furthermore, post-treatment with thermal-alkaline at pH 11.0 removed
40% of target micropollutant. This is beneficial for reuse of biosolids as fertilizer or other land

applications.

UV disinfection is a promising process for potable reuse application. Selected micropollutants
were removed efficiently by direct UV photolysis, in which pH affected the UV
photodegradation performance. The results in this work are useful for understanding the
treatment performance of coagulation, thermos-alkaline treatment, and UV photolysis for the

removal of micropollutants and microplastics in WWTPs.
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Chapter 1

1 Introduction

1.1 Rationale

Micropollutants and microplastics have become global concerns in recent years due to their
potential negative effects on ecosystem and human health. Municipal wastewater treatment
plants (WWTPs) are usually regarded as first barrier to protect water quality by removing
these harmful contaminants before water can be discharged or reused. However, many
micropollutants are found in WWTP effluents and aquatic systems at ug/L to ng/L level
(Bollmann et al., 2019). Similarly, microplastics are also found at 0.28 to 3.14 x 10*
particles/L and 0.01 to 2.97 x 107 particles/L in influent and effluent, respectively (Liu et
al., 2021). The inadequate performance of WWTPs lead to major discharge of the
micropollutants and microplastics into environment. Previous studies found that
micropollutants can cause accumulation in food chain, hormone imbalance, long-term
chronic effects, antibiotics resistance gene (Patel et al., 2019). Microplastics also can be
vectors for micropollutants by absorbing them and releasing into the environment (Hiiffer
et al., 2019). Therefore, it is of great significance to investigate their behavior in WWTPs

and efficacy of potential treatment processes for them.

As literature reported, primary treatment can remove most of microplastics compared to
secondary and tertiary treatment. Coagulation is the main technology for microplastics
removal in primary process, which have achieved 70% to 90% removal. Therefore, further
investigation has been recommended focusing on the removal behavior of microplastic
during coagulation process. After coagulation, over 90% microplastics were retained in
sludge at an average concentration around 22.7 X 103 particles/kg dry sludge according to
recent publications (Zhang et al., 2020). Municipal WWTPs are expected to satisfactorily
the demands of cities. Sludge or biosolids can be recycled and used as fertilizer after
treatment and stabilization for sustainable development. Those contaminants retained in
biosolids have potential physical and chemical damages in environment such as: internal
abrasions or disruption of the digestive system, reduced growth and reproduction

(Mathalon et al., 2014). Anaerobic digestion is widely used to stabilize sludge and produce



renewable biosolid resources. The effect of microplastics on anaerobic digestion need to
be clarified.

The occurrence and fate of micropollutants vary with compounds as well as WWTPs,
mainly due to their physical and chemical characteristics, such as octanol-water coefficient
(Kow) and solubility (Dubey et al., 2021). Musk fragrances or hormones group of
compounds with medium or high Kow are more likely attached to sludge (Alvarino et al.,
2018). The existence of micropollutants in biosolid have potential risk to environment and
human. Thermal alkaline hydrolysis treatment is an innovative commercial technology to
remove pathogens and provide high solid, low viscosity products. The good application

prospect of removing micropollutants in biosolid should be investigated.

Hydrophilic micropollutants such as caffeine, sulfamethazine, and sulfamethoxazole are
frequently detected in liquid stream/water (Quesada et al., 2019). UV advanced oxidation
process (AOP), a proven technology for trace organic contaminants removal in drinking
water treatment, there is a higher level of performance validation requirements given public
health risks associated with potable reuse of wastewater. In general, the effluent from
reverse osmosis treatment presented a lower pH range. The effect of pH on removal of UV
photolysis require to be demonstrated, which can provide information for the application

of UV for a pilot reuse process and improve energy efficiency.

Therefore, micropollutants and microplastics are significant concerns in reuse applications
where robust and eco-efficient technologies are urgently needed. The technologies
involved in this PhD research will be based on coagulation, anaerobic digestion and
pre/post treatment, and direct UV photolysis process, which are common technologies in
WWTPs. The development and investigation of these technologies for reuse application
are very much needed. This research is directed towards addressing some of these issues

as presented in the objectives below.



1.2 Objectives

The overall objective of this PhD thesis is to investigate the effect and removal of
micropollutants and microplastics during specific process during wastewater treatment.

The specific objectives are outlined below:

a) To investigate effect of coagulation on microfibers in laundry water, demonstrate the
removal efficiency and mechanism of microfibers in laundry water during coagulation via

ferric and polyaluminum chloride (PACI);

b) To evaluate impact of microfibers and ozone pretreated microfibers on anaerobic

digestion and phosphorus removal,

c¢) To quantify pharmaceuticals and personal care products (PPCPs) in biosolids; determine
partition of these compounds between water and various sludge, and investigation of the

fate of model PPCPs in thermal and alkaline treatment;

d) To study and compare pH dependence molar absorptivity of model micropollutants and
effect of pH on select micropollutants during direct UV photolysis. Although most
processes run at natural pH of water around 7.0, the pH of permeate from reverse osmosis

can be about 5.0.

1.3 Thesis organization

Chapter 1 presents a brief overview of the thesis and the rationale behind assessing the
importance to investigate micropollutants and microplastics in WWTPs. It briefly
summarizes the background, underlines the demand for this research and provides the

specific research goals.

Chapter 2 provides a comprehensive literature review on micropollutants and microplastics
including their definition and impact on environment and human, fate and occurrence in
WWTPs, quantification of micropollutants and microplastics, and emerging and
conventional processes for the treatment of microplastics and micropollutants.
Additionally, the review also presents the research knowledge gaps and scope of further

research.



Chapter 3 is a research article entitled “Effect of coagulation on microfibers in laundry
water”. The objective of this work was to understand the behavior of microfibers from
practical laundry process during coagulation, where ferric chloride and PACI were used as
coagulants. The removal efficiencies were 86%-96% and 30%-94% in control study and
laundry water, respectively. Additionally, the presence of surfactant in detergent in laundry

wastewater reduced the removal efficiency of microfibers by coagulation.

Chapter 4 is a research article entitled “Effect of microfiber and ozone pretreated
microfiber on anaerobic digestion” In this study, the effect of various abundance of
microfibers in anaerobic digestion was investigated. The methane production was
enhanced by low concentration of microfibers, while inhibited at high concentration.
Phosphorus was found to adsorb in microfibers in control study during coagulation, and
also removed during anaerobic digestion due to the addition of microfiber. With increasing
microfibers concentration, the removal efficiency of phosphorus was increased.

Furthermore, after ozone pretreatment, the removal efficiency of P was also increased.

Chapter 5 is a published research article entitled “Simultaneous quantification of five
pharmaceuticals and personal care products in biosolids and their fate in thermo-alkaline
treatment”. The aim of this study was to develop and optimize the simultaneous detection
method for the selected PPCPs from complex biosolids matrix by LC-MS in ng/L range.
The partition of these PPCPs between water and sludge was determined, which suggested
89%—-98% sorption onto solid phase due to their high octanol-water coefficients. The
compounds were detected in the range of 54 + 3 to 6166 + 532 ng/g in raw biosolids
collected from a local WWTP. About 42% to 99% degradation of these compounds
occurred after thermo-alkaline hydrolysis (TAH).

Chapter 6 is a research article entitled “pH dependence molar absorptivity of selected
micropollutants and effect on UV photolysis.” This work investigated the effect of pH on
molar absorption of 12 micropollutants at 254 nm, and on direct UV photolysis by a UV
collimated beam apparatus. Furthermore, the behavior of absorption scans from 200 nm to
800 nm at pH 5.0-8.0 were also studied, improving our understanding for the potential of

photolysis using alternative sources of radiation.



Chapter 7 is the summary of major research findings along with some recommendations

for future research.

1.4 Thesis format

This thesis has been prepared in the integrated-article format according to the specifications
provided by the School of Graduate and Postdoctoral Studies located at the University of
Western Ontario. Chapter 3 has been prepared for submission to Science of the Total
Environment. Chapter 4 has been prepared for submission to Bioresource Technology.
Chapter 5 of this thesis has been published in Journal of Environmental Management.

Chapter 6 has been prepared for submission to Chemosphere.
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Chapter 2

2 Literature Review

2.1 Micropollutants and Microplastics

211 Micropollutants

Micropollutants, a wide range of organic chemicals, which cause significant concern due
to their potential effect on environmental and human health. The substances may reach the
environment by the discharge of partially or fully treated wastewater and sludge to
agricultural lands. In the Canadian Environmental annual report (2017-2018), an inventory
of approximately 23,000 substances is listed. There are various categories of
micropollutants depending on the Chemical Abstracts Service (CAS), including
pharmaceutical and personal care products (PPCPs), current-use pesticides (CUPs), and

endocrine-modulating chemicals (EMCs). These categories are discussed below.
Pharmaceutical and personal care products (PPCPs)

The term pharmaceutical and personal care products (PPCPs) was first introduced by
Christian G. Daughton in the 1999 issue of Environmental Health Perspectives. Most of
the pharmaceuticals taken by humans and livestock are not metabolized in organisms but
are discharged directly into the environment. In addition to antibiotics and steroids, many
PPCPs have been detected in various environmental samples, animal tissues, and human
blood. Typical examples include prescriptions and over-the-counter pharmaceutical
preparations for the treatment of human or animal diseases (e.g. antibiotics, painkillers,
antiepileptic and antihypertensive drugs, contraceptives, anti-inflammatory drugs, etc.) and
various kinds of care products used in human daily life (e.g. soap, shampoo, cosmetics,

hair gel, hair dye, etc.) (Boyd et al., 2004).

PPCPs includes a variety group of organic compounds and can be separated into two main
types, pharmaceuticals, and personal care products (Figure 2.1). Among the
pharmaceutical groups, many studies have been dedicated by research communities

towards antibiotics for their extensive use in human medicine and agriculture, which might
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affect human health and antibiotics resistance in the environment (Ben et al., 2019). For
personal care products, antimicrobial agents, such as miconazole, triclosan and triclocarban

are received significant due to their frequently detection in environment (Jia et al., 2020).

‘ PPCPs I
pharmaceuticals personal care
products

Lipid

Antibiotics B-blockers ) \ regulators ) \ Preservatives Fragrances

Ciprofloxacin  |buprofen  17-B-Estradiol ~Betaxolol Atorvastatin  Parabens Triclocarban DEET Galaxolid(HHCB) Benzophenone-3
Norfloxacin Diclofenac  Estrone Metoprolol ~ Gemfibrozil  Resorcinol  Tyjcjosan Tonalide(AHTN) octocrylene
Penicillin Propranolol

Sulfamethoxazole

Figure 2.1: Typical classes of PPCPs and their representative chemicals in environment

In 2010, about 12.9 billions, 10 billions, and 6 billions antibiotic pills were consumed in
India, China and the United State, respectively (Arun et al., 2017), and in 2012 the total
consumption of antibiotics in European (outside hospitals) was 3400 t (Szymanska et al.,
2019). More than 80 antibiotics have been detected in the waters of Austria, Germany,
Britain, Italy, Spain, Switzerland, the Netherlands, the United States, and Japan. Residues
of antibiotics were also detected in soil and sediment, sludge and even in fertilizer (Ternes
et al., 2004). Globally, the use of antibiotics has been increased by 65% from 2000 and
2015 (Klein et al., 2018).

Current-use pesticides (CUPs)

CUPs include three major types: insecticides, herbicides and fungicides according to their

functional application, such as glyphosate, atrazine and alachlor, which play a key role in
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the agriculture to protect crops from insect, unwanted seed or fungal diseases (Lewis et al.,
2016). Researchers have shown that CUPs adversely affect both aquatic and terrestrial

ecosystems, which cause many health issues (Organization, 2018).

Due to the widely application of pesticides in agricultural land and their potential risks in
environment, the occurrence and fate of pesticides are regularly investigated by research
from many parts of the world. Four CUPs (trifluralin, chlorothalonil, chlorpyrifos, and
dicofol) have been detected in surface seawater in China, ranging from 59.06 + 126.94
pg'm-3 to 115.94 + 123.16 pg'm3. These CUPs also end up in seawater due to
precipitation, irrigation, or air-sea gas exchange (Hamza et al., 2016). Wang et al. (2018)
investigated 15 CUPs in the Great Lakes basin and found total concentrations of 0.38—1760
pg/m? based on seasonal variations (S. Wang et al., 2018). The total amount of pesticides
consumptions has been assessed to reach up to 3.5 million tons globally (A. Sharma et al.,
2019), which also has been estimated to a further increased until 2027 due to continuous

growth in agriculture industry (Fuhrimann et al., 2020).
Endocrine modulating compounds (EMCs)

EMCs are defined as substances that interfere with the normal function of endocrine or
hormone systems. These are chemicals existing in the environment that can interfere with
the human or animal endocrine system and may lead to abnormal effects through ingestion
and accumulation over time, rather than from acute toxicity. Even if the environmental
concentration is very low, they could still cause endocrine imbalance in organisms,
resulting in a variety of abnormal phenomena such as reproductive disorders, larval death
and even extinction. EMCs include some organic compounds like alkylphenol, alkylphenol

polyoxyether, bisphenol A, phthalate, polychlorobiphenyl, etc.

2.1.2  Microplastics

Microplastics (MPs), refer to small synthetic polymer plastic particles smaller than 5 mm
in diameter. With the development of human activities and industry, numerous MPs
including synthetic fibers, microbeads, and fragments of irregular shape (Chubarenko et
al., 2016) and other microplastics in cosmetics and personal care products have been given

much attention for decades. Microplastics can be subdivided into two different types,
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primary and secondary microplastics (Figure 2.2). Primary microplastics refer to
manufactured plastic products with the micro size, including polyester, polystyrene,
polypropylene, and polyethylene in personal care products. While secondary microplastics
are consisting of the breakdown of large plastic products, such as facial scrubbers, fishing

net, films under the environmental stressors.

Plastics

L AR il

clothing, cleaning, person care products environmental stressors UV radiation, wave action, weather, species eat
&activities
Primary R Secondary
Microplastics Microplastics

Microplastics

Figure 2.2: Primary and secondary microplastics in environment

2.1.3 Wastewater treatment plants (WWTPs) as a source of

micropollutants and microplastics into environment

Generally, a typical wastewater treatment is not specifically designed to remove
micropollutants or microplastics. Therefore, major sources of micropollutants as well as
microplastics into the environment are the WWTPs (Murphy et al., 2016). Numerous
micropollutants and microplastics originate from the treated effluent of conventional

WWTPs, in which the microcontaminants are not completely removed. WWTPs act as
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primary barriers to protect water bodies of contamination by micropollutants and
microplastics. Therefore, it is of great significance to study about the effect and behavior

of them in WWTPs.

A major part of most wastewater treatment systems including primary treatment, such as
screening, grit removal, primary sedimentation, and primary clarification; secondary
treatment which usually are biological processes and secondary settling, and tertiary
treatment units also apply to advanced wastewater treatment systems such as membrane
filtration process, gas stripping, ion exchange, advanced oxidation process and ultraviolet

(UV) radiation disinfection.
1) Effect on primary treatment

Generally speaking, screening is the first unit in WWTPs, which of uniform size that is
used to remove suspended solids from wastewater. The clear opening ranging from 6-150
mm (coarse screens), 6 mm (fine screens), and lower than 0.5 um (microscreens).
Considering the small size of microbeads, they may cause blockage to the fine screens and
microscreens. For grit chambers, the horizontal-flow grit is generally designed for removal
of 0.15 mm and 0.21 mm diameter particles. If MPs size is smaller than 0.15 mm, the
process would not be efficient for removal of them and bigger size microplastics have
potential effect grit removal process. Furthermore, microplastics can be an issue for
coagulation and flocculation processes due to the interaction between their negative charge

and alum sulfate, ferric chloride or other chemicals flocculating agents (Enfrin et al., 2019).
2) Effect on biological treatment

The secondary treatment processes are usually biochemical in nature. The effluent from
primary treatment is treated in activated sludge plant using various aerobic-anaerobic
modes. The sludge from secondary treatment goes for anaerobic digestion. Anaerobic
digestion is one of most common treatment processes for sewage sludge stabilization. As
mentioned before, 90% of microplastics are retained in sewage sludge, and the abundance
of microplastics in sludge can be up to 170,900 particle/kg sludge (Talvitie et al., 2017).

Thus, effects of microplastics during anaerobic digestion needs to be studied specifically.
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Several studies showed that the presence of microplastics may inhibit methane production,
which is one stage of the four steps in anaerobic digestion. PES (200 pm) resulted in an
approximately 10% reduction in methane production at various microplastics abundances
(Li et al., 2020). Wei et al. have indicated that PVC (1 mm) inhibited methane production
by 75.8 + 0.2% to 90.6 + 0.3% compared to the control. It was reported that the high
concentration of PE has inhibited methane production by 12.4%-27.5%, while low
concentration of PE showed no significant influence on methane production (Wei et al.,
2019). This indicates the effects of microplastics on methane production varied from the
size and characteristics. Microplastics show slight negative correlation to hydrolysis rates,
which was lower than the control (L. Li et al., 2020). Furthermore, the characteristics of
sludge such as higher concentration of carbohydrate, NH4"-N, NO»-N, may lead to
inhibition in anaerobic digestion process. The mechanistic study has found that the toxic
components such as bisphenol A (BPA) leaching from PVC usually have more adverse
effects on methane production and hydrolysis-acidification process (Wei et al., 2019).
However, there is not enough information on the mechanism of inhibitions on anaerobic

digestion due to microplastics and further studies are required.
3) Effect of tertiary treatment

Tertiary treatment usually including filtration and disinfection, varies in different treatment
plants based on various treatment purposes. Mostly ultrafiltration and microfiltration
processes are widely applied in WWTPs, unless tertiary treatment using reverse osmosis is
required for potable water reuse application. In general, the abundance of microplastics is
likely to cause membrane fouling by blockage, which could result in negative filtration
performance(Li et al., 2020). Ma et al. have investigated the effect of PE particles on
ultrafiltration membrane fouling. As shown in Figure 2.3, the membrane fouling was
gradually aggravated in two stages (Abdelrasoul et al., 2013): first stage happens when size
of microplastics particles larger than pores blocks the pores; second stage occurs owing to
the accumulation of microplastics with size larger than pore size on the membrane surface
forming filter cake. The membrane fouling results in increased transmembrane pressure,
which affects pretreatment needs, cleaning requirements, operation time, performance, and

increased energy consumptions. Understanding the effect of microplastics on filtration
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performance is critical to avoid membrane fouling by microplastics. Thus, further research

is needed towards to this purpose to keep filtration effective and stable.

MPs Filter cake

/

/

Membrane First stage Second stage

Figure 2.3: Membrane fouling mechanism caused by microplastics (MPs)

2.1.4 Impact of micropollutants and microplastics on environment

Thousands of industrial and natural chemicals related to anthropogenic activities have
become one of the key worldwide concerns for human and environment. Although the
concentration of micropollutants in the environment is usually detected at low level from
ng/L to pg/L, they still have the potential risks to human health and ecological safety
associated with a number of negative effects. EDCs are known to feminize males fish in
river and lake via mimicking or interfering with natural hormone (Kidd et al., 2007).
Bunzel et al. have investigated the effect of agricultural pesticides on macroinvertebrate
communities; they indicated that pesticide can alter composition of species and change
pesticide-resistance (Bunzel et al., 2013). The accumulated micropollutants in biosolids or
soil have been found toxic to plants, affecting the growth of plant, equilibrium of soil
ecosystems, and root elongation (Carvalho et al., 2014). The micropollutants on animals

and plants may affect further down the food chain, increasing the risk to human health,

Many studies have reported that microplastics were ingested by various organisms and get
accumulated in food chain, which led to possible impacts to human health and
environmental safety (Murphy et al., 2016). The accumulation and effects of microplastics
in aquatic systems have been exhaustively demonstrated in recent decades. In marine

systems, microplastics have been frequently detected on both coastlines and deep-sea
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locales of many countries (Van Cauwenberghe et al., 2013). In freshwater, microplastics
also have been reported in recent publications such as lake Victoria in East Africa (Egessa
et al., 2020), St. Lawrence River between Montreal and Quebec City (Crew et al., 2020),
and Pearl River estuary in China (Yan et al., 2019). Furthermore, MPs were shown to have
negative impacts on leading into other contaminants by adsorbing chemicals such as
pharmaceutical and personal care products, current use pesticides, endocrine-modulating
chemicals, and heavy metals. Fisner et al., observed adsorption of nonpolar micropollutants
such as DDT, PCBs, and PAHs on plastic surface, and ingested by animals (Fisner et al.,
2013).

2.2 Occurrence and fate of micropollutants and

microplastics

2.2.1  Micropollutants in sediment and sludge

Micropollutants usually present in complex mixtures in WWTPs, in which partition onto
solids occur due to their octanol-water coefficient (Kow), partition coefficient (Kq) as well
as acid dissociation constant (pKa). Micropollutants with high octanol-water partition

coefficients (Kow) are more likely to be partitioned into sludge or soil.

Micropollutants in soil or sediment mainly come from sludge from WWTPs and animal
husbandry waste, which can then pollute waterways. When waste sludge or animal
husbandry waste is used as fertilizer or soil modifier, the adsorbed micropollutants can be
desorbed to groundwater or surface water through irrigation and other land application, and
then pollute the water body (Chen et al., 2011). In addition, some micropollutants are
adsorbed by plants (Golet et al., 2003), which become enriched in organisms and can enter
the food chain. As shown in Figure 2.4, a large amount of micropollutants was detected in
sludge. The content of micropollutants in the sludge of WWTPs is generally high,
especially in Asia where it may reach mg/kg levels (Yang et al., 2015). The micropollutants
can be partitioned to the sludge through adsorption due to their low solubility and high

octanol-water coefficient (Venkatesan et al., 2012).
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Figure 2.4: Micropollutants in sediment and sludge across difference continents

Sludge treatment and disposal are cost extensive processes in wastewater treatment. Firstly,
sludge contains a large number of toxic and harmful substances, pathogenic
microorganisms, bacteria, synthetic organic substances and heavy metal ions, which will
have adverse effects on the surrounding environment. Secondly, with only 3-5% of solids,

sludge volume is high with large amount of water.

2.2.2  Micropollutants in aquatic environment

Usually, a typical wastewater treatment plant (WWTP) is not specifically designed to
remove micropollutants. The fate processes for micropollutants in a typical WWTP include
primary treatment, secondary treatment, and tertiary treatment, while the removal
processes include adsorption, coagulation and sedimentation, volatilization,

biodegradation, and abiotic degradation (Das et al., 2017).
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The primary treatment removes suspended solids from wastewater through sieve and
sedimentation processes. In general, primary processes can remove 30% - 40% of
biochemical oxygen demand (BOD), and 55% - 65% of suspended solids. However,
micropollutants with high water solubility will not be removed during primary process. For
example, sulfamethoxazole was found to only have 17% removal efficiency during the

primary treatment due to its low sorption and hydrophilic nature (Yang et al., 2017).

The main task of the secondary treatment is to remove the settleable suspended matter and
soluble biodegradable organic matter in wastewater by biological methods such as
activated sludge, biofilm etc. The principle of biological treatment is the decomposition of
organic matter and the synthesis of organisms through microbial process. Micropollutants
removal efficiency significantly relies on the nature of micropollutants and reactor design.
Chlortetracycline (>99%), doxycycline (64%), sulfamethoxazole (69%), and fluoxetine
(66.7%) showed high removal efficiency in the secondary treatment (Yang et al., 2017).
Table 2.1 shows the collected data of some micropollutants in an aquatic environment
reported from different countries/regions, including Austria, China, France, Brazil, Italy,

Vietnam, Spain, Mexico, Croatia, UK, and the US.



Table 2.1: Micropollutants in aquatic environment in different countries/regions
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Effluent Removal
Influent
Selected compounds  Countries or regions  Sampling sites / range Efficiency  Reference
(ng/L) "
(ng/L) (100%)
o Saronikos Gulf (Alygizakis
Amoxicillin WWTPs 0.005-0.128
and the Elefsis Bay ctal., 2016)
Queensland, (Watkinson
STPs 280 30 89.29
Australian et al., 2007)
o Public source (Illinois,
Antipyrine US <0.001
waters 2008)
Groundwater,
o ] (Kuroda et
Antipyrine Vietnam 0.04
tap water and al., 2015)
bottled water
. (Verlicchi et
chloramphenicol North Italy Hospitals 0.004-0.006
al., 2012)
(Xin Zhang
chloramphenicol WWTPs 0-0.026 0-0.011
Dalian, China (-114)-100 et al., 2017)
Surface water
) ] (Kuroda et
Chlortetracycline Vietnam and 0.016
al.,2015)
wastewater
. (Verlicchi et
Chlortetracycline North Italy Hospitals 0.062-0.093
al., 2012)
. (Dong et al.,
Chlortetracycline ) 0.0003-0.02  0-100
Eastern China WWTFs 0.0001-0.03 2016)
) ) ) (Miege et al.,
Ciprofloxacin European countries, WWTPs 0413 0.0723 82.49

2009)



Ciprofloxacin

Ciprofloxacin

Diclofenac

Diclofenac

Diclofenac

Doxycycline

Doxycycline

Fluoxetine

Fluoxetine

Fluoxetine

Fluoxetine

Brazil and North

America

Seine, France

Guangzhou, China

European countries,

Brazil and North

America

UK

Beiyun, China

North Italy

Dalian, China

Us

Us

Shanghai, China

Shanghai, China

Rivers

Tap water

WWTPs

STWs

Rivers

Hospitals

WWTPs

STPs

Drinking

water

WWTPs

Rivers

1.34

0-0.162

0.0024

<0.01

0.006-0.68

0.68 49.25

0.6

0.008-0.015

0.056-0.097

0-100

0.012

<0.005

0.0016 3333

<0.001
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(Tamtam et

al., 2008)

(Q--J. Wang
et al., 2010)

(Miege et al.,
2009)

(Ashton et
al., 2004)

(Dai et al.,
2015)

(Verlicchi et
al.,2012)

(Xin Zhang
etal., 2017)

(Schultz &
Furlong,

2008)

(Snyder,
2008)

(Wu et al.,
2015)

(Wu et al.,
2015)



Fluoxetine

Hydrochlorothiazide

Hydrochlorothiazide

Sulfamethoxazole

Sulfamethoxazole

Sulfamethoxazole

Sulfathiazole

Sulfathiazole

Sulfathiazole

Sulfisoxazole

Sulfisoxazole

Shanghai, China

Us

Cuernavaca,

Mexico

European countries,

Brazil and North

America

Seine, France

UK

Dalian, China

Vietnam

Seine, France

Eastern China

Croatia

Drinking

water

WWTPs

Surface water

WWTPs

Rivers

STWs

WWTPs

Groundwater,

tap water and

bottled water

Nominal

WWTPs

WWTFs

Surface water

0.015

0.342

0-0.004

0.003-0.009

0-0.158

<2.8

0.0089

0.115

0.04-0.14

<0.05

0-0.002

0.00075—
0.001.5

0-0.009

0-0.0003

<0.1

40.67

66.37

0-100

0-100

0-100
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(Wu et al.,
2015)

(Kostich et
al., 2014)

(Rivera-
Jaimes et al.,

2018)

(Miege et al.,
2009)

(Tamtam et

al., 2008)

(Ashton et
al., 2004)

(Xin Zhang
etal., 2017)

(Kuroda et
al., 2015)

(Tamtam et

al., 2008)

(Dong et al.,
2016)

(Ivesié et al.,

2017)
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2.2.3 Microplastics in WWTPs systems

The microplastics entering WWTPs include fiber, films, flakes and spheres (Mahon et al.,
2017; Talvitie et al., 2015). Chemically, they commonly are: polyethylene (PE),
polypropylene (PP), polystyrene (PS), polyethylene terephthalate (PET), polyester (PES)
polyamide (nylon, PA), polyvinyl chloride (PVC), synthetic rubber, polyacrylate (PAC),
alkyds, and acrylic (Murphy et al., 2016). The MPs in WWTPs are hardly originate from
any direct disposal of plastics items (plastic bags, bottles), manufactured pellets, and no
storm water runoffs. Therefore, primary and secondary sources of microplastics in WWTPs
are quite different from microplastics source in marine or freshwater system. WWTPs
receive microplastic contaminants mainly derived from households and various municipal

services.

Most frequently found emission of microplastics, fibers, are originated partly from laundry
and textile handling activities (Hernandez et al., 2017), cosmetic/toothpastes (Carr et al.,
2016) as well as personal care products such as shower gel, face cleanser and liquid hand
soap (Gouveia et al., 2018). The presence of flake, film and fragment microplastics indicate
the high impact of decomposition of industrial raw material production and breakdown or
abrasion process of packaging (Xu et al., 2019). These studies indicate relativity between
the microplastics source and human activities. Transport and removal patterns in WWTPs

process are important to consider, as the distribution, effects, and degradation.

2.2.4  Microplastics in the environment

Major sources of microplastics in the environment are the wastewater treatment plants
(WWTP) (Murphy et al., 2016). Many studies have reported MPs were ingested by various
organisms and get accumulated in food chain, which led to possible impacts to human
health and environmental safety (Murphy et al., 2016). Furthermore, MPs were shown to
have negative impacts on leading into other contaminants by adsorbing chemicals such as
pharmaceutical and personal care products, current use pesticides, endocrine-modulating

chemicals, and heavy metals.

The knowledge on fate and transport of microplastics in WWTPs is much lower than that

of aquatic environment. Until most recently, the studies of microplastics in WWTPs
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recorded high concentrations of microplastics in varied WWTPs across courtiers and
regions (Table 2.2). Microplastics have been found in: North America, in the 17 different
facilities across United States (Mason et al., 2016), and a major urban WWTP in Vancouver
(Gies et al., 2018); in Europe, Schmidt et al. provided an approximation of MPs annual
discharge by WWTPs into 10 major river basins in Germany, a 14,000 population
equivalents WWTP in Sweden has been demonstrated high abundance occurrence of
microplastics (Magnusson et al., 2014). The Seyhan and Yiiregir WWTP in Turkey has
detected millions of microplastics in both influent and effluent for 6 days in August
(Giindogdu et al., 2018). In Asia, the occurrence of microplastics in sewage sludge samples
from 11 Chinese province have been investigated, which revealed tremendous abundance
of microplastics up to hundred trillion (Li et al., 2018). After that, 650 million/day
microplastics have been found in seven WWTPs of Xiamen as a typical coastal city in
China (Long et al., 2019). Park et al., have investigated a nationwide survey of
microplastics in 50 representative WWTPs providing current level of microplastics in

Korea.
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Table 2.2: Studies on detecting microplastics in WWTPs

size classes (or

Countries or regions  sampling abundance reference
mesh size)
1.76(+/- 0.31)
Vancouver, Canada  Influent Ium (Gies et al., 2018)
trillion/year
4 million/day 125-355um >355 (Mason et al.,
United States Effluent
(average) pm 2016)
7 trillion /year (Schmidt et al.,
Germany Effluent 10-5000 pm
(average) 2020)
Sweden Influent 3.2 million/ hour =300 um (Magnusson &
Sweden Effluent 1770/hour >300 pm Norén, 2014)
5-1 mm, 1-
0.5 mm, 0.5- (Magni et al.,
Northern Italy Effluent 160 million/day
0.1 mm, 0.1- 2019)
0.01lmm
1 million-6.5
Turkey Influent . 55 pm
million/day (Giindogdu et al.,
220,000-1.5 2018)
Turkey Effluent 55 pm
million/day
China Sewage sludge 156 trillion/year 37 um-5 mm (Lietal.,2018)
355,125,63,and
Xiamen, China Effluent 650 million/day (Long et al., 2019)
43 pm
5 mm, 1 mm, 300
Korea Influent 10-470 /L (Park et al., 2020)
pm, and 100 pm
5 mm, 1 mm, 300
Korea Effluent 0.004-0.51 /L (Park et al., 2020)

pm, and 100 pm
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The concentration, size distribution and polymer type of microplastics in WWTPs varied
with geographical location, analytical methods, population served, sampling season etc.
Studies presented in Table 2.2 have demonstrated that WWTPs are a considerable source
of contaminations of microplastics release to river, ocean or other waterway; meanwhile,
high removal efficiency of MPs from influent to effluent was recorded in various WWTPs,
while over 90 % of microplastics remained in WWTPs sludge; furthermore, fibers and
fragments were most frequently detected microplastics, while most frequently observed
polymer types were polyester and polyamide; in addition, tertiary treatment showed

significant differences in removal of microplastics particles.

2.3 Quantifying micropollutants and microplastics

2.3.1 Extraction method of Micropollutants

An effective and valid detection method is a basis to attain micropollutant data in
environment. Over the last few decades, studies on determination of micropollutants have
been frequently documented. There are two main steps of an analytical method for
micropollutants: extraction (usually coupled with clean-up) and analysis. Classical
extraction techniques including Soxhlet and ultrasound-assisted extraction have been
widely used in leaching organic micropollutants from sludge, due to their high efficiency
and low solvent consumption, low energy use (Albero et al., 2019; Gago-Ferrero et al.,
2015; Okuda et al., 2009). Novel extraction techniques are focused on ultrasound-assisted
liquid extraction, pressurized liquid extraction, QuEChERS, microwave-assisted

extraction, supercritical fluid extraction, and matrix solid-phase extraction (Kathi, 2017).

Soxhlet extraction commonly used in solid samples to analyze thermally stable compounds
for over one century, is highly efficient for recovery. The conventional Soxhlet extraction
operates as a batch system with a thimble-holder or between two plugs of glass wool and
gradually extracted using an appropriate solvent. Afterwards, the analyte is dried,
reconstituted and transferred into a compatible solvent (EPA, 1996). Modifications of the
conventional extractor to shorten extraction time and automating the extraction include
high pressure, automation, ultrasound- and microwave-assisted Soxhlet extraction

Hirondart et al., 2020; Llompart et al., 2019).
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Solid phase extraction (SPE) is widely used in environmental samples to concentrate the
target chemicals for analysis. The procedures for SPE are generally as follows (USEPA,
2003): 1) activate extraction medium (disks or cartridges) using same solvents as used in
the sample and necessary pH adjustment; 2) slow loading of sample; 3) clean up the
cartridge by washing out unwanted components; 4) finally elute the targets analytes with
strong solvent. The sample extracts are evaporated under a gentle air stream and then

reconstituted in suitable solvent until analysis is performed (Figure 2.5).

Activation & Condition Load Wash Elute

o
Air dry Reconstitute for analysis

| |
te
I

Medium
(disks or cartridge)

Figure 2.5: General procedures for solid phase extraction
QuEChERS extraction refers to quick, easy, cheap, effective, rugged, and safe extraction,
which was developed by Anastassiades et al. (2003) to extract pesticide residues in fruits
and vegetables. This method reduces the operating time, solvent volumes, expensive
equipment, and processing for extraction. The main process of QUEChERS method consist
of extraction, partition, and clean-up. Homogenized sample extracted with organic solvent
initially is vortex mixed, followed by phase separation using salt solution (such as NaCl,
MgSOs4). The solution is centrifuged to separate the solid particulates from the liquid
extract. In the last step, the liquid phase is carefully removed and placed into a dispersive
SPE (d SPE) containing 100 mg of sodium EDTA for cleanup. Extracts are evaporated and

reconstituted for analysis.

2.3.2  Analytical methods for Micropollutants

Extraction method allows to remove interferences, and enrichment the analysts of interest
until instrument analysis is performed. Gas chromatography (GC) or liquid

chromatography (LC) separation coupled to mass spectrometry (MS) is the most common



27

analytical method employed for the determination and quantification of micropollutants in
environment. GC can be applied for analysis of thermally labile compounds (Calza &
Fabbri, 2014), while LC is usually used to separate non-volatile, thermally stable or polar

chemicals.

GC-MS/MS GC-MS/MS methods are relatively inexpensive and highly efficient for the
detection of volatile substances. The extracts generally introduced to GC system via
injection port through an autosampler. Then, the target analytes pass through selected
capillary column in GC oven at a programmed temperature. Helium is usually used as the
carrier gas. Afterwards, the separated compounds are determined by MS, which can
achieve high selectivity and sensitivity with different ionization source. Electron impact
ionization (EI) is used routinely in GC-MS for the analysis of micropollutants. Peck et al
(2006), reported five classes of micropollutants including triclosan, DEET, HHCB, AHTN
etc. detection method using GC-EIMS in surface water and wastewater. EI ionization have
the advantages of less matrix effect and large number of mass fragments (Pietrogrande et
al., 2007). There are other detectors coupled to GC which can fit the requirements for
analysis of micropollutants such as electron capture detector (Daso et al., 2012), triple

quadrupole (Cristale et al., 2013), and quadrupole to time-of flight (Schoeman et al., 2017).

Recently, many studies of micropollutants using LC-MS/MS analysis are abundant in
literature (Rivera-Jaimes et al., 2018). LC-MS approach has supplemented the scope of
GC-MS with the advantages of higher versatility for less volatile and polar analytes. High
performance liquid chromatography (HPLC) is most widely used in detection of
micropollutant in environment sample using chromatography column to separate target
analysis carried by a suitable mobile phase. Cig column is frequently applied for
identification and quantification of environment samples with high efficiency (Ouyang et
al., 2015). Appropriate organic solvents such as methanol (MeOH) and acetonitrile (ACN)
are combined with formic acid or ammonium formate (0.01-0.5%). Similarly, HPLC is
also coupled to MS with different ionization source. ESI source allows analytes remain un-
fragmented and mild ionization, which matrix effect easily affects ESI source performance
(Pérez-Lemus et al., 2019). ESI is by far the most commonly used ionization approach for

polar analytes (Meng et al., 2021). Except for ESI, atmospheric pressure chemical
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ionization (APCI) is a popular source with the advantages of more ionization options for
low polar analytes and less background interferences (Silva et al., 2019). The selection of
these parameters for LC-MS/MS is mainly dependent on the characteristics of samples and
targets analytes. Recent publications about the detection and quantification of

micropollutants at certain LC-MS/MS conditions (Table 2.3).

Table 2.3: Determination of micropollutants in environment samples by LC-MS/MS

Target Ionization
Sample type Column Mobile phases Reference
micropollutants source
methadone,
oxycodone,
0.1% formic (Pérez-Lemus
lorazepam, wastewater  Zorbax SB-Aq ESI
acid: MeOH etal.,2019)
aripiprazole,
cotinine
29
. sludge form Ultra- 0.1% formic (Subedi et al.,
pharmaceuticals, ESI
STP Biphenyl acid: MeOH 2017)
6 metabolites
triclosan, biosolid ammonium (Ashfaq et al.,
Cis ESI
triclocarban matrix acetate:MeOH 2018)
aquatic 0.1% formic (M.Huetal.,
78 compounds Cis ESI
matrix acid: MeOH 2018)
0.01% formic (Xie et al.,
32 compounds river Cis ESI
acid: MeOH 2021)
ibuprofen,
sulfamethoxazole,
0.1% acetic (Edwards et
estrone, groundwater Cis ESI
acid:ACN al.,2019)
caffeine,

carbamazepine,
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trimethoprim
acetaminophen,
sulfamethoxazole,
diclofenac, STP
0.01% formic (Tan et al.,
atenolol, influent and Cis APCI
acid: MeOH 2015)
metoprolol, effluent
diethyltoluamide,
oxybenzone
33 androgens,
14 estrogens, aquatic 0.1% formic (Huysman et
Cis APCI
matrix acid: MeOH al.,2017)

12 progestins,

11 corticosteroids

wastewater,

androsterone,

cortisol, surface

(Leusch et al.,
cortisone, water, Cis ACN APCI
2018)
epitestosterone, o

drinking

norethisterone
water

2.3.3 Detection and analysis of MPs

Sampling and extraction

Despite an increasing number of studies have been reported presence of microplastics in
freshwater environments, and marine geographic locations (Pivokonsky et al., 2018). The
sampling techniques for detecting microplastics are limited due to the complex solid
matrices. Yuan et al (2004) tested saturated sodium chloride (NaCl) solution as flotation
agent, and 30% (v/v) H20: solution to obtain an extraction efficiency of 67 ~ 98% in

Poyang Lake China.

In fact, comparing the detection methods in aquatic environments, solid system extraction

has high similarities. The method requires: 1) the ability to remove background
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contaminations; 2) have method that enable to detect low size range particle; 3) keep the
assurance and precision of analysis; 4) ensure high recovery, efficiency and sufficient
reproducibility. The steps of microplastics detection include homogenization, flotation,
purification, sieving and filtration, and spectroscopy identification. Samples should be
suitably preserved prior to analysis. Sludge samples from wastewater treatment plants are
usually freeze-dried at -20 °C and ground to fine particles using a mortar and pestle or
homogenized using a blender. In initial flotation of microplastics, density-based separation
methods are usually considered for isolating low-density particles from higher-density
sludge samples. Most common microplastics have densities in the range of 0.8-1.4 g/cm?
(Yuan et al., 2019). For example, the density of PE and PP are usually less than 1.0 g/cm?,
while the density of PVC is more than 1.0 g/cm® up to 1.4 g/cm®. Therefore, most
microplastics in sample can be separated with a solution density greater than 1.0 g/cm?.
Frequently used salt solutions are saturated NaCl, ZnCl1,, Nal and CaCl,, etc. The density
of these salt solutions applied to isolate microplastics from environmental matrices are

shown in Table 2.4.

Table 2.4: Summary of density of flotation solution

Solution Density(g/cm®) Sample type Typical type MPs  Reference

NaCl 1.2 surface waters and sediments PP, PE (Yuan et al., 2019)

NaCl 1.2 sediments PP, PE, PS, PA (Fries et al., 2013)

NaCl 1.2 ocean PP, PE, nylon (Pan et al., 2019)

ZnCl1> 1.7 river PP, PS, fibers (Horton et al., 2017)

ZnClz 1.5 sediments fibers (Liebezeit et al., 2012)

Nal L6 ocean (Van Cauwenberghe et al.,
2013)

Nal 1.6 sediments PVC, fibers (Claessens et al., 2013)

CaClz 1.3-1.35 seawater and sediments fibers (Stolte et al., 2015)




31

These salt solutions are suitable for flotation of microplastics, and the combination of two-
flotation solution was more efficient than the single extraction, which was suitable for
analysis of mud and water samples. The content of microplastics in tidal flat of coastal
zone was tested using a combination of NaCl and ZnCl1,. Initial flotation was carried out
with saturated NaCl solution, followed by secondary flotation with saturated ZnCl;
solution. After the two processes, recovery rate was reached up to 97%. In addition,
Claessens et al., (2013) investigated saturated NaCl and Nal solution to collect
microplastics in sediments sample with a high recovery range from 94% to 98%. Salt
solution combined with aeration could effectively improve recovery of microplastics
containing polyethylene (PE) and polypropylene (PP) as the two main polymer types. Of
all the salts used, NaCl is superior due to cost, extraction efficiency, and non-toxicity.
However, high-density microplastics particles need to be extracted with high-density salt

solutions (Li et al., 2019).

Giving that ZnCl> and Nal can be expensive and more hazardous, other emerging
extraction techniques are also increasingly used to separate microplastics from sediments.
For example, a density-independent method of extracting microplastics was established by
pressurized fluid extraction technology (Fuller et al., 2016). The method could effectively
identify microplastics particles less than 30 um, and it could be applied to identify some
common microplastics in soil and municipal waste. It was a promising alternative for

determining concentration of microplastics in environmental samples.

The step of purification is to remove interfering impurities. The removal of organic matter
is a key step for chemical identification of microplastics (Sun et al., 2019). Acidic,
oxidative, alkaline, or enzymatic digestion methods are applied for purification.
Commonly used reagents that can remove organic matter and their effects on microplastics

are shown in Table 2.5.
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Table 2.5: Effects of various reagents organic matter removal on MPs

Sample type The reagent Microplastic type Reference

) PE, PP, PA, PS, ABS
Soil and sludge 30% H,0; solution, 70 °C (Lietal.,2019)
and PET

30 % H,0; solution, 25°C,
Lake water PE, PP (Yuan et al., 2019)
overnight processing

Fenton reagent (6.67 PE, PP, PVC and
Wastewater (Tagg et al., 2017)
mg/ml), 10 min nylon

Proteolytic enzyme-k, 50
Sea water oC PS, PE, PVC, fiber (Cole et al., 2014)

Seafood 10% KOH 60 °C for 24 h PET (Dehaut et al., 2016)

D microbeads, PP,
Fish tissues HNO; 12 mg/L,,70 °C, 2 h ; (Munno, 2017)
ibers

H>0O, solution with volume fraction of 30% and Fenton reagent (a mixture of H>O» and
Fe?) are widely used in pretreatment of microplastics in seawater, fresh water and
sediments (Hurley et al., 2018). Literature has reported most of the microplastics had no
obvious damage, fracture, and degradation, as well as extraction efficiency improved
significantly and the characteristic peaks in the spectrum were clear after oxidizing agents’
treatment. Cole et al. (2014) have found proteolytic enzyme-k could separate microplastics
quickly and removed 97% organic matter in biota-rich seawater samples and marine
organisms. Furthermore, alkaline methods can produce a high recovery about 99% and
have no significant effect on surface morphology, however, surface of some nylon particles
was changed during treatment (Dehaut et al., 2016). In addition, acid method may also
cause underestimations of microplastics in detection due to melting, yellowing or total

destruction (Naidoo et al., 2017).

Generally, stainless steel sieves or glass fiber filters are used to extract microplastics from

digestion solution. Sieve size is determined by size distribution of microplastics. Zhu et al.
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(2018) used a stainless-steel sieve and separated microplastics into six size classes
(<0.5 mm, 0.5-1 mm, 1-2 mm, 2-3 mm, 3—4 mm, 4-5 mm). Glass fiber filters are also
commonly used for sample separation. For example, Zhang et al. (2018) used 0.7 pm pore
size glass fiber filter to separate microbeads in the treated surface waters of the Bohai Sea.
However, for accurate identification and quantification of microplastics further studies are

required.

Identification of MPs

The identification of microplastics can be carried out by direct examination with naked eye
or with aid of a microscope (Figure 2.6). Large and completely clean plastics can be sorted
out directly, while smaller-sized ones need observation under stereoscopic microscope and
scanning electron microscope (SEM). For microplastics particles with size of 1-5 mm or
s0, color, shape, and size can be directly judged by microscope, however, it is prone to
human errors and misjudgment (Hidalgo-Ruz et al., 2012). Some particles or other
substances similar to microplastics require further observation by SEM. By observing
surface structure of microplastics in samples with SEM, possibility of visual misjudgment

can be reduced and microplastics can be further separated accurately (Mahon et al., 2017).

Fourier transform infrared spectroscopy (FTIR) and its optimized technologies, such as
micro FTIR, attenuated total reflectance (ATR) FTIR, and focal plane array detector based
micro FTIR imaging, are used to identify chemical composition of microplastics. Chemical
bonds and characteristic signals in samples can be identified by FTIR through the reference
spectral library (Lo et al., 2018). Harrison et al. (2012) compared the performance of micro
FTIR and ATR FTIR in analysis of PE, they have found both FTIR were successful in
identifying polymer compositions (Harrison et al., 2012), while (ATR) FTIR was better in
obtaining spectra of microplastics with irregular shapes it has limitation on particle size

(larger than 500 pm) (Loder et al., 2015).

Raman spectroscopy is another commonly used analytical technique in microplastics
chemical characteristics (Lenz et al., 2015). It can be used to analyze samples quite easily,
quickly and without damage. Raman spectrum has greater spatial resolution, the thickness
of sample has no influence on identification, and it is not disturbed by atmospheric water

and CO; (Lares et al., 2019). However, detection results are susceptible to fluorescence
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interference (Elert et al., 2017). Raman spectrum has advantages on examination ability of
small particles down to 1 um and have better performance on non-polar plastic functional

groups than other detection methods (Lenz et al., 2015).

Step 1. :,:e? f
Homogeneous Sample otation
1 . . - .
«  Saturated salt solutions Using Acid, oxidizers, alkaline
+ Stirring or enzyme
. 0:... «  Settling Overnight

Triplicate flotation

Step 4.
Sieving and filtration

Naked eyes

Stainless-steel sieve (different size) *
glass fiber filters (different pore size) * SEM
Vacuum filter < + FTIR

: : *  Raman
Desiccation

Figure 2.6: A schematic diagram of the detection procedure for MPs in the sewage

sludge

2.4 Conventional and emerging processes for the treatment

of micropollutants and microplastics

In WWTPs, primary treatment removes suspended solids by gravity, which is not the
effective way to remove most micropollutants. The removal of micropollutants mainly
occurs in biological treatment process and tertiary treatment. However, many
micropollutants showed significantly varied removal behavior in different WWTPs due to

their physical and chemical characteristics, which linked to specific treatment process.

241 Pretreatment and anaerobic digestion

Anaerobic digestion has been widely used in processing municipal wastewater sludge,
agricultural wastes, industrial wastes, and municipal solid wastes. In general, the total solid

concentration of anaerobic digestion is between 1.5%-5% in municipal wastewater
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treatment plant. Based on the total solid content of anaerobic digestion substrate, anaerobic
digestion can be divided into two categories: liquid and solid anaerobic digestion. When
the total solid concentration is greater than 15%, it is solid anaerobic digestion (Shi et al.,
2013). According to the temperature, anaerobic digestion can be divided into three types:
low temperature anaerobic digestion (<25 °C), moderate temperature anaerobic digestion
(35 C), and high temperature anaerobic digestion (50 “C). In order to improve anaerobic
digestion rate, typically the sludge is pretreated to improve hydrolysis of complex organics
and solubilize them facilitating the uptake of organics by the microorganism, subsequently

shortening the time of anaerobic digestion, and increasing the biogas (methane) production.

At present, there are three main methods of sludge pretreatment: physical, chemical, and
biological. Physical methods include hot water solution, mechanical pretreatment, ultra-
sonication, microwaves, high pressure, and freeze-thaw methods. Chemical methods
include acid and alkali treatment, oxidation, etc., and biological methods involve
microorganism that can secrete extracellular enzymes to sludge, or directly adding

lysozyme for hydrolysis of complex organics.

Vlyssides et al. (2004) studied the effects of thermal-alkali synergy on the anaerobic
digestion of excess sludge. The temperature range of the experiment was between 50 C -
90 °C, and at pH 8 - 11. The correlations between the hydrolysis rate coefficient, pH, and
temperature fitted kinetics polynomial model. After pretreatment of excess sludge at pH
11 and 90 °C for 10 hours, about 45% reduction in VSS occurred. The concentration of
soluble COD was 70 mg/L, which was 3 times higher than that obtained at pH 11.0 and 50
°C for 10 hours. Methane production efficiency increased by 400% than that obtained at
pH 8.0 and 50 C.

Kim et al. studied the effects of thermal-alkali synergy on anaerobic digestion. The ranges
of NaOH concentration and temperature were 0-200 mg/L and 60-90 °C, respectively. The
maximum solid disintegration (SD), which was determined by change in soluble COD was
77.8%, occurring at 0.16 mg/L NaOH and 90 “C. The optimal methane production rate was
195.1 mL (73.9% increase over the control), occurring at 0.1 mg/L. NaOH and 73.7 °C (J.
Kim et al., 2013). The results presented that the addition of NaOH significantly affected
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the community structure of anaerobic methane bacteria, but temperature had no effect on

the community structure of methanogen bacteria.

Micropollutants are partially or totally removed during thermal hydrolysis pretreatment.
16 micropollutants were pretreated at 170 °C for 20 min prior to anaerobic digestion. Half

of these compound showed high removal efficiency over 85%, while the rest of
micropollutants had a removal percentage range from 30% to 60% (Taboada-Santos et al.,
2019). However, the removal efficiency of micropollutants are significantly varies from
compound. Fluoroquinolones (FQs) group show no obvious removal during pretreatment

at 130 “C for 20 min due to their thermal stability (Zhang et al., 2018).

2.4.2 Adsorption on Activated Sludge

Activated sludge is a kind of flocs with porous structure and extracellular polymer, which
has a large specific surface area. It has good surface adsorption capacity for organic matters
and the suspended and colloidal organic matters in the sewage are easily condensed and

adsorbed by activated sludge to be removed.

According to the physicochemical properties, micropollutants can be classified into three
types: lipophilic, neutral, and acidic. A large part of micropollutants entering the
wastewater treatment plant is adsorbed on the sludge. Xia et al., (2005) studies showed that
the total mass concentrations of galoxolide and tonalid in the effluent of bioreactor were
very high, 30 pg/L and 8.6 pg/L respectively, but the mass concentration in the water phase
decreased to 2 pg/L and 0.5 pg/L respectively after filtration. This indicates that these
substances were adsorbed to solid particles in large quantities. There are two main types of
adsorptions of sludge: lipophilic adsorption and electrostatic attraction. Lipophilic
adsorption refers to the process by which compounds containing aliphatic and aromatic
groups enter into the lipophilic cell membrane of microorganisms and the lipids part of
sludge, respectively. This process is mainly related to the lipophilicity of substances. For
example, both galoxolide and tonalid musk belong to lipophilic organic compounds, and

they are strongly hydrophobically adsorbed with a large amount of lipids in primary sludge.

Electrostatic attraction occurs between a compound with a positive group and a negatively

charged cell surface. This process is mainly related to the ionic form of the compound in
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aqueous solution. For example, the polarity of propylnorfloxacin is very strong, in neutral
conditions will have positive charge, so it is easy to have electrostatic adsorption with

negatively charged microorganism surface.

The transformation and microbial degradation are mainly through the following actions:
1) co-metabolism, microbial decomposition, or partial transformation but not as a carbon
source; 2) mixed substrate growth, microbes use as a carbon source and energy, it can be

completely mineralized.

The sludge age to a great extent affects the biodegradation efficiency. The removal rate
generally increases with residence time of wastewater and the increase of sludge age. As
the sludge age increases, the bacterial community may become more diversified, and the
slow-growing microbes reach the appropriate number and degrade. Microbial metabolic
activities become diversified to accommodate lower concentrations of sludge loading. In
addition, different biological treatment processes will also have a certain impact on the
biodegradation. For example, the traditional activated sludge process is limited by mass
transfer, there are few compounds entering into the flocs, and most of the compounds are

only converted in the external layer of flocs, so the reaction rate will be relatively low.

The degradation of these compounds by biological wastewater treatment mainly depends
on the operating conditions. Compared with the conventional activated sludge process
which only removes BOD, the removal of antibiotics by the A%0O (anaerobic/anoxic/oxic)

process and the A/O (anaerobic/oxic) process is better.

The aerobic granular sludge technology has the advantages of using activated sludge
(without carrier) to form a biofilm by self-immobilization and is mainly characterized in
1) the biomass concentration is high without settlement problem; 2) maintaining a higher
biomass by fixing a low growth rate microorganism in the particle structure; 3) conducive
to the growth of different functional organisms in small units, thereby enhancing the
microbial structure. In addition, that bacteria in the biological membrane is more resistant
to antibiotics than the free-floating bacteria due to the generation of extracellular polymeric

material.
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For example, comparing the removal efficiency of sulfamethoxazole from wastewater by
aerobic granular sludge and conventional activated sludge; under the same conditions, the
anoxic/anaerobic/aerobic SBRs was inoculated with suspended and particulate biomass for
90 days. When 2 pg/L. SMX was added, the particle removal rate was 84%, which was
significantly higher than that in suspended sludge removal rate (73%). The addition of
SMX has little effect on the treatment efficiency of the reactor. The results showed that
aerobic biodegradation was an effective removal pathway, but adsorption and
anoxic/anaerobic treatment were not obvious. The biodegradation rate constant of the

particles is obviously larger than the suspended biological mass (Xia et al., 2005).

2.4.3 Advanced oxidation process

Advanced oxidation processes (AOPs) are aimed at promoting the production of highly
active hydroxyl radicals (-OH). Recent studies have shown that some advanced oxidation

techniques have high degradation efficiency for PPCPs in (Shemer et al., 2006) .

The concept of AOPs was first proposed and applied to drinking water treatment by Glaze
et al. in the 1980s. Since then, AOPs have been widely studied in wastewater treatment
(Deng & Zhao, 2015). The redox potential of ‘OH is 2.8 V (Table 2.6). The oxidation
ability of -OH is second only to the fluorine (3.03V). The -OH oxidation rate constant of

most organic compounds is 103~10'° M-.s"! (Deng et al., 2015). The reaction of -OH with

organic compounds mainly goes through four steps: radical addition, dehydrogenation,

electron transfer and free radical combination.

Ultraviolet radiation (UV) can be used as a source of external energy in photochemical
advanced oxidation process, which is an important factor of -OH production. In recent
years, chemical oxidation and photochemical advanced oxidation processes have been
widely studied for the treatment of PPCPs, including ultraviolet (UV), ultraviolet/hydrogen
peroxide (UV/ H20.), ozone/hydrogen peroxide(O3/H20.), ultraviolet/ozone gas (UV/O3),
Fenton oxidation, protophoton oxidation, UV/persulfate (UV/S,0s%), etc. (Esplugas et al.,
2007; Giri et al., 2010; Zhang et al., 2009).
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Table 2.6: Redox potential of some oxidizing agents

Oxidizing agent F HO- 0O; S0 HO, SO ClO, HCIO Br I

Eo/V,25°C 303 280 207 201 178 25~3.1 157 149 109 054

Direct UV:

Ultraviolet radiation is one of the essential factors in advanced photochemical oxidation
process. The wavelength range of ultraviolet light is in the electromagnetic spectrum is 100
nm~400 nm. According to the different wavelength range, it can be divided into four
regions: UVA (315~400 nm), UVB (280~315 nm), UVC (190~280 nm), VUV ( <190
nm). In general, the application of ultraviolet light increases the reaction rate of the
advanced oxidation process compared with the advanced oxidation process without light

radiation.

The results show that the single ultraviolet radiation can also effectively remove some
PPCPs (Table 2.7). At 254 nm wavelengths, ultraviolet photons are equivalent to 4.89 eV
energy. After UV radiation, organic pollutants are excited by photons and decomposed by
homolysis, heterolysis, and photochemical ionization. Under the condition of abundant
oxygen, the superoxide radicals (O2") can be further formed. Although the oxidation ability
of the O2-7(0.75eV) is not high but they can degrade the aromatic compounds. Because of
the variety of PPCPs and the difference of physical and chemical properties, the
degradation rate of PPCPs by single ultraviolet light is different.



Table 2.7: Research of PPCPs degradation by UV
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System Subject Condition Efficiency Ref.
Distilled 00(CA)=1mg/L, . .
Clofibric acid(CA) 60min 100%, (Giri et al., 2010)
water T=(25%2) °C, 10W(A=254nm)
k=1.5%103(s")
Distilled Clarithromycin 00(CAM)=1mg/L, 30min 40%,
(Giri et al., 2010)
water (CAM) T=(25+2) °C, 10W(A=254nm) k=3.9x104(s™")
Distilled 00(DCF)=Img/L, 20min 100%,
Diclofenac(DCF) (Giri et al., 2010)
water T=(25%2) °C, 10W(A=254nm) k=4.7x103(s™")
8W,10min 30%,
00=5pg/L, T=20°C, k=7.1x104(s");
Milli-Q (I. Kim & Tanaka,
Clenbuterol 8W(A=185nm), 10W,10min 80%,
water 2009)
10W(A=254nm) k=3x103(s");
8W,10min 65%,
00=5pg/L, T=20°C, k=1.6x1073(s);
Milli-Q (I. Kim & Tanaka,
Oxytetracycline 8W(A=185nm), 10W,10min 70%,
water 2009)

10W(A=254nm)

k=2.5x103(s);

UV/ H,O», Photochemical oxidation:

Compared with single UV radiation, PPCPs can be degraded rapidly and efficiently by UV/

H>0,. Mainly because H>O> can produce strong oxidant -OH under UV irradiation (A <

280nm) (equation 1).

H,0, +hv > 2 -0H (1)

In the UV/ H2O; system, there is not only the oxidation of -OH to the target pollutant, but

also the direct photolysis reaction of ultraviolet radiation and the oxidation of the target

pollutant by H20O2, but mainly the effect of -OH (Deng et al., 2015).

The oxidation ability of UV/ H>O; process is very strong, which can degrade most of

PPCPs quickly and effectively, while the reaction conditions are mild, and widely used.

However, the utilization ratio of ultraviolet light source is low, the energy consumption is
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relatively large, and the investment cost for large-scale wastewater treatment is high. The

UV/ H20; degradation is shown in Table 2.8.

Table 2.8: Research of PPCPs degradation by UV/ H20;

System Subject Condition Efficiency Ref
Distilled Qo(NPX)=1mg/L,00(H20,)=11.03mmol/L ,  30min 90%, (Giri et
Naproxen (NPX)
water T=(25+2) °C, 10W(A=254nm) k=1.25x10%(s"  al.,2010)
D)
(Lopez-
Milli-Q Tetracycline 00(TC)=20mg/L, 0o(H.0,) = 0.02mmol/L.  120min 100%, Pefalver
water (TC) T=25, pH=2,15W(A=254nm) k=4.8x104(s ") etal.,
2010)
(Lopez-
Milli-Q  Chlortetracycline Qo(CTC)=20mg/L, 0o(H20>) = 120min 100%,  Pefialver
water (CTO) 0.02mmol/L T=25, pH=2,15W(A=254nm) k=8.3x10%(s’!) etal.,
2010)

90min 97.1%,
0(CBZ)=1mg/L, 0o(H>0,) =20mmol/L,
Pure Carbamazepine k=142x103(ss (N.Liuet
T=(25+2) °C, 300W(A=254nm),
water (CB2) ; al., 2015)
7.51x104-8.46x10*Lux

60min 100%,

0(CBZ)=1mg/L, 0o(H>0,) =20mmol/L, (H-G.
Pure Ciprofloxacin k=1.11x10"(s"
T=(25+2) °C, 300W(A=254nm), Guo et al.,
water (CIP) ;
7.51x104-8.46x10*Lux 2013)

O3 oxidation:

The O3 is a strong oxidizing agent, and the oxidation potential of ozone is 2.07 eV. Ozone
can react slowly and selectively with organic compounds directly, and the rate constant of
the reaction is generally 1~100 M!-s'l. When O3 reaches saturation state in aqueous
medium, especially when aqueous solution is alkaline (optimum pH is 9), there will be a

rapid and non-selective oxidation reaction of producing -OH. (equation 2) (Qi, 2010)

30, + H,0 - 2-0H + 40, 2)
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In general, the method of O3 oxidation of PPCPs has the advantages of simple operation,
mild reaction conditions, strong oxidation ability, fast reaction rate and no secondary
pollution. However, the ozone generating equipment is complex, the utilization ratio of
ozone is low, high cost, and the selectivity of oxidation reaction is high, and the PPCPs
that can be effectively degraded are limited. The O3 /H20O2 and UV/ O3 process can not
only increase the utilization rate of Os, but also increase the oxidation rate of PPCPs and
the effect of treatment. However, the energy consumption of ultraviolet lamp in UV/ O3

process has to be considered.
Fenton method:

In the late 19th century, Fenton found that the mixed solution of Fe?** and H>O» could
oxidize many organic compounds such as carboxylic acids, alcohols, and lipids. Although
the Fenton reagent was found earlier, it was actually used to deal with toxic organic matter
in 1960s. The essence of Fenton reaction is that Fe?* catalyzes H,O» to produce -OH, which
can be removed by other Fenton reagents or form -OH> with weak oxidation ability, which

results in the reduction of oxidation ability of Fenton reaction to pollutants.

In order to avoid this situation, the optimum molar ratio of Fe?* and H,O, is usually
determined. In the Fenton reaction, the oxidation efficiency is also related to the pH of the
solution, and the catalytic activity of Fe?" is the highest at pH 2~4. The results show that
the degradation efficiency of metronidazole by Fenton method is much higher than that of
UV/ H20,, while the dosage of H>O»> is only 1/25 UV/ H,0; system (Shemer et al., 2006).
The degradation efficiency of Fenton to adsorbable organic halides and COD was better
than that of UV/ H,0O2 and O3/ H20,. Therefore, it is generally used for pretreatment of

municipal wastewater and drugs wastewater with more complex PPCPs composition.

To further improve the formation rate of -OH and the reaction conditions, ultraviolet light
was introduced as the optical Fenton reaction. The principle of the reaction is the same as
that of the Fenton reaction, and the main oxidant is -‘OH. The rate of -:OH production by
optical Fenton method is faster than that by Fenton method, and the removal rate of

refractory PPCPs is improved.

UV/S205* method:
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Persulfate S>Os" is a strong oxidizing substance with a redox potential of 2.01 V, S,0s* is
activated to produce stronger oxidizing radical -SO* (E¢=2.5~3.1 V) (Lou et al., 2016).
Therefore, -SO* can oxidize most organic compounds. The reaction mechanism of

persulfate to produce radical -SO* under UV radiation can be found in equation 3.
S0 + hv - 250 (3)

Except for activation of S20s? under UV irradiation to produce - SO*, other methods such
as the use of transition metal ions Fe?", Fe** can also catalyze persulfate to produce -SO*.
This method is simpler and more energy efficient than other methods and is considered to

be the best method for -SO* production.

Compared with O3 and H»O», persulfate is easy to preserve, and no volatile gas is produced
when reacting with organic pollutants, which indicated yield of -SO* is not affected during
reacting. Secondly, -SO* can adapt to a wide range of pH, increasing the treatment range

of wastewater.

At present, advanced oxidation processes are widely researched with many publications.
However, the research on PPCPs by advanced oxidation process is mostly at the stage of
laboratory, and the technical and cost problems still need to be solved for their application
to large-scale water treatments. Secondly, the AOPs may produce more harmful substances
than the parent pollutants while removing PPCPs, so it is necessary to further study the
intermediate and final products of various kinds of PPCPs and the mechanism of its
degradation and the changes of its toxicity. In the future, the research on PPCPs by
advanced oxidation process should focus on the intermediate products of PPCPs
degradation and its toxicity test, optimize the design of reactor, and develop highly efficient
catalyst that can be recycled to reduce the cost. In addition, the degradation efficiency of

advanced oxidation process for different types and properties of PPCPs is different.

2.4.4  Potential treatment process for microplastics

Generally speaking, WWTPs is not specially designed for removal microplastics. Thus,
some treatment technologies were investigated to improve the quality of the final effluent
by removing MPs, especially in tertiary phase. Initial field and laboratory studies have

demonstrated that microplastics can be removed via advanced treatment processes. A
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summary of various treatment technologies to remove microplastics from WWTPs is listed

in Table 2.9.

Table 2.9: Summary of various treatment process/technologies

Treatment processes/technologies ~ Sample Removal efficiency Reference

activated sludge 16.6% (X.Liuetal.,2019)
Anaerobic/anoxic/aerobic (A20) effluent 98-99% (> 106 um) (Lee & Kim, 2018)

effluent 71.67+11.58% (L. Yang et al., 2019)

effluent 47.1%-81.6% (Hidayaturrahman & Lee, 2019)
Coagulation/flocculation effluent 95% for 1 pm; (Rajala et al., 2020)

76% for 6.3 pm

Disc-filter effluent 89.7% (Simon et al., 2019)
Disinfection effluent 7.1% (X.Liuetal.,2019)
Dissolved air flotation effluent 95% (Talvitie et al., 2017)
Electrocoagulation artificial wastewater > 90% (Perren et al., 2018)

effluent 99.9% (Talvitie et al., 2017)
Membrane bioreactor (MBR) effluent 98.3% (Lares et al., 2018)

effluent 79.01% (Bayo et al., 2020)
Ozone effluent 90% (Hidayaturrahman & Lee, 2019)

effluent > 90% (Talvitie et al., 2017)

Rapid sand filters (RSF)
effluent 75.49% (Bayo et al., 2020)

Reverse osmosis (RO) effluent 86%-90% (Ziajahromi et al., 2017)
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The efficiencies of various technologies for the microplastics pollutions of WWTPs have
been also listed in Table 2.9. Anaerobic/anoxic/aerobic (A%/Q) process is a common
secondary treatment process in WWTPs, which maintains a various microbial community
for simultaneous removal of nitrogen and phosphorus also proved have high removal
efficiency of MPs up to 99% in effluent. However, lower removal percentage about 16.6%
occurred in active sludge. Membrane bioreactor (MBR) also showed high removal
efficiency in a full-scale WWTP treating both municipal and industrial wastewater in
Spain. Other treatment methods by different technologies such as coagulation, disc-filter,
rapid sand filtration, and ozone, are tertiary treatment processes, and focus on the final
effluent in WWTPs with a significant removal rate 75.49% to 99.9%. Despite different
treatment methods showed positive performance on the removal of MPs, practical
applications need to consider flexibility, energy consumption, operation time,
maintenance, and cost. In order to obtain field application, more studies need to focus on

overcoming the disadvantages of these methods.
2.5 Synopsis of literature

Both micropollutants and microplastics pose harmful effects on human and environment
health because of their accumulation and recalcitrance (Geiger et al., 2016). Wastewater
treatment plants are potential source and transport pathway of these contaminants in
ecosystems. With the development of sophisticated analytical methods, multiple literature
reviews have recently been published on the occurrence of micropollutants in WWTPs as
well as microplastics (Hernandez et al., 2017; Yang et al., 2017). Based on literature, the
concentrations of micropollutants in the WWTPs ranged from <1 ng/L to >1000 pg/L (
Guo et al., 2017), and the abundance of microplastics in the WWTPs within the range of
<0.01 particles/L — 2.4 x10° particles/kg (Liu et al., 2021).

Conventional treatment facilities in WWTPs are inefficient to remove micropollutants and
microplastics completely (Blair et al., 2019; Margot et al., 2015) due to their complex
physicochemical properties such as partition coefficient, solubility, thermal stability and
biodegradation. Therefore, suitable treatments in WWTPs are required for the removal of
anthropogenic contaminants to reduce their risk before being discharged into environment

(Lapointe et al., 2020). UV disinfection is one of common advance treatment technologies
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to remove pharmaceuticals in secondary effluent (Lian et al, 2015).
Also, coagulation/flocculation is widely used for removal of fine particles from a liquid
stream, which is an indispensable process in WWTPs and will continue to be applied for
carbon diversion and enhanced primary treatment (Shannon et al., 2008). Additionally,
during liquid stream treatment, micropollutants and microplastics can absorb on to sludge
(Murphy et al., 2016). Anaerobic digestion is considered as a promising and essential

treatment process in WWTPs to remove biodegradable pollutants for stabilizing sludge.
2.6 Knowledge gap

Although the traditional WWTPs remove micropollutants and microplastics to some extent
(Gilindogdu et al., 2018;Yang et al., 2017) further research is needed to enhance the
performance of the commonly applied processes. To minimize the risk of pollutants
discharged into natural ecosystem, both advanced and traditional wastewater treatment
technologies, including coagulation and UV photolysis for effluent (water) treatment,
thermal-alkaline pretreatment for anaerobic digestion are widely applied in WWTPs.
However, due to the wide variety of micropollutants and microplastics, continuous research
is needed for greater performance and process optimization for better removal of target
pollutants. The challenges to understand the role of a certain treatment technology can be

summarized as the following:

1) Coagulation process is widely applied in WWTPs as primary treatment approach to
remove suspended and colloidal particles. However, information related to microplastics
removal and mechanism is lacking, especially microfibers emanating from textile fabrics,

requiring further research.

2) Over 90% of microplastics are remained in WWTPs sludge, which are recycled in land
applications. Anaerobic digestion is most commonly used stabilization process of sludge.

However, the effects of anaerobic digestion on microplastics/microfibers are still unknown.

3) UV disinfection has been considered as one of the most popular and ecofriendly process
to remove micropollutants. UV photolysis destructs chemical bonds with different removal

efficiency from ranging from 40%-100% (Wang et al., 2016). Therefore, photochemical
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parameters of specific micropollutants should be investigated to increase the applicability
of UV process. The photodegradation of many compounds is highly pH-dependent due to
their acid-base speciation form which absorb UV-radiation differently (Lian et al., 2015).
The effect of pH on molar absorptivity of selected micropollutants towards photolysis

needs to be identified.

4) Many recent studies stated that high concentration of micropollutants are detected in
sludge due to their high partition coefficient (K,) and octanol-water partition coefficient
(Kow). The sludge or biosolids are recovered and reused after stabilization, in which a wide
range of micropollutants can exist. Pre- and post-treatment processes such as thermal,
chemical and combination of them are used to improve anaerobic digestion for greater
stabilization of biosolids. To date, several studies have investigated the thermal-alkaline
pretreatment to enhance biogas production and increased volatile suspended solids (VSS)
degradation. However, limited data exist on the effect of thermal-alkaline process on

micropollutants removal.
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Chapter 3
3  Effect of coagulation on microfiber in laundry water

3.1 Introduction

Microplastics pollution of the aquatic environment is one of the serious global
environmental issues. Annual production of plastics and synthetic macromolecular
polymers exceeds 320-335 million tonnes (Lapointe et al. 2020; Waring et al., 2018), and
the global annual plastics discharge to the oceans are estimated to be 1.15 to 2.41 million
tonnes per year (Lebreton et al. 2017). Due to human activities and environmental stressors,
large plastic pieces gradually disintegrate to form small plastic particles, commonly called
microplastics (MPs), with less than 5 mm diameter (Cooper et al., 2010; Jemec Kokalj et
al. 2018). MPs are further categorized as primary and secondary particulates. Primary MPs
usually are associated with cosmetic, clothing, cleaning and personal care products and
enter the environment in microscopic size. Secondary MPs are the broken fragments from
the degradable macro-scale plastic items due to mechanical and biological actions, sunlight
and other environmental stressors (Hernandez et al., 2017; Lechner et al., 2015). Several
environmental monitoring studies have indicated that MPs have been potentially stable in
environmental matrices for a long time due to their chemical and physical stability (Chae
et al., 2018; Cozar et al. 2014; Jiang et al. 2018). In recent years, research has already
identified the physical and chemical damage such as internal abrasions or disruption of the
digestive system, reduced growth and reproduction of aquatic or terrestrial organisms due
to MPs (Galloway et al., 2016; Mathalon et al., 2014;). MPs also have been identified as a
vector for contaminants by adsorbing persistent organic pollutants (POPs) and other toxic

substances on their surface (Hiiffer et al. 2019; Wang et al. 2018).

Microfibers resulting from the degradation of synthetic textile fabrics, such as polyester,
acrylic, and polyamide during mechanical washing, are an essential source of microplastics
in wastewater (Browne et al., 2011). An estimated 70 million tons of fibers are generated
by the apparel industries every year, and significant microfibers pollution in the aquatic
environment occurs due to laundry discharges (Carr et al., 2017). On average, washing a

kilogram of cloth load releases 150,000 fiber particles (Tang et al., 2020), and
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12.8 x 10% microfibers per cubic meter of water are released during the washing process
(Pedrotti et al. 2021). Furthermore, fiber release experiments highlighted that washing a
synthetic fabric (i.e. microfiber fabric) with only water can be a potential source of
microplastics (Corami et al. 2020). Galvao et al. (2020) first time determined microfibers
produced from residential washing of textiles in a household of 4 people; an estimated
average discharge rate of 18,000,000 synthetic microfibers for a load of 6 kg of synthetic
fibers was reported (Galvao et al. 2020). They also reported that only 7% of the synthetic
fibers were larger than 500 pm in length, 40% were between 100 and 500 um, and 53%

were between 50 and 100 pm.

Due to the absence of accurate analytical methods to determine MPs and microfiber in
complex wastewater metrics, the efficiency of MPs removal by various processes at
municipal water treatment plants is uncertain. Coagulation and flocculation are typical
primary treatment methods for removing suspended and colloidal particles in the
wastewater. However, the extent of removal and mechanism of coagulation of MPs have
been studied superficially using mostly pristine and monodisperse synthetic particles
(Lapointe et al. 2020). Based on the best knowledge of authors, Larue et al. (2003) first
studied the effect of coagulation/flocculation and electrocoagulation processes on latex
particles (Larue et al. 2003). Later, several investigations have been reported by other
researchers on other model MP particles, such as polyethylene (PE) microbeads and

polystyrene (PS) microspheres, polyester (PEST) fibers as shown in Table 3.1.
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Table 3.1: Previous studies on removal of MPs by coagulation

MPs type Coagulants Removal efficiency Reference

Latex particles ferric chloride, ferrous sulfate, or >90% at optimized condition (Larue et al., 2003)

iron electrodes
PE aluminum chloride, ferric chloride, 8%-20% (Al-based) (Ma et al., 2019)
and polyacrylamide (PAM)
8%-12% (Fe-based)

5%-45% (PAM)

PE, PS, PEST Al- based salts and cationic PAM 82%-99% (Lapointe et al., 2020)
PE, rayon, PEST Aluminum sulfate 86-99% (Skaf et al., 2020)
PS Ferric  chloride, polyaluminum 95% for 1 pm MPs; (Rajala et al., 2020)

chloride, and polyamine.
76% for 6.3 um MPs

Most of these studies reported high removal efficiency (>80%) of MPs during coagulation
process in control treatment with inorganic and organic coagulants. One study had reported
poor removal of pristine, less dense polyethylene microplastic particles (Ma et al., 2019) ,
of which mostly floated on water. To the best of our knowledge, no study has reported the
removal of a model or authentic microfibers due to coagulation either in pure water or
wastewater matrix. Microfibers comprise more than 85% of microplastics found on
shorelines (Carr, 2017). Coagulation/Flocculation followed by sedimentation can reduce
wastewater effluent's MPs burden, effectively transferring the significant load to primary
sludge (Raju et al. 2018). However, the information related to microfiber coagulation
emanating from textile fabrics is lacking. Therefore, the objectives of this work were to
determine the coagulation performance of commonly used coagulant, ferric chloride
(FeCls) and polyaluminum chloride (PACI) on microfibers of different sizes, isolated from
residential laundry wastewater, both in pure water and laundry wash-water. Initially,
coagulation tests were conducted using microfibers collected from the fabric mat on the

lint screen of a household dryer and resuspending the microfibers in water. After that, the
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effect of coagulation on real wash-water from a household laundry, both in the absence and

presence of commercial detergent were investigated.

3.2 Materials and methods

3.2.1 Microfiber samples

Since it is difficult to isolate the fabric particles in wash-water from the washing machine,
the fabric mat was collected from the lint screen of a dryer (GE, PCKS443EBWW). The
fiber mat was dry ground using a coffee grinder (Black&Decker, Smartgrind). The
relationship between mass and the number of microfiber particles of the fabric was
determined following a simple gravimetric method described in the Supplementary
Material, and the results are presented in Table S1. The results indicated that there were
about 830£75 particles/mg of fiber from the lint screen. The ground fiber was sieved using
90 um & 125 um sieve and was classified into three classes by particle size: <90 pum, 90 -
125 pm, and > 125 pm. The sieved microfibers were stored in dry and capped bottles prior
to the use in coagulation experiments. The types of microfibers were observed and
identified using a microscope (Nikon Eclipse TS100) and a Fourier-transform Infrared

Spectroscopy (FTIR, Perkin-Elmer, KBr disks), respectively.

3.2.2 Jar test

Coagulation experiments of microfibers were conducted using a jar test apparatus
(Phipps&Bird, PB-700). Six 1 L beakers were filled with deionized water containing 30
mg/L microfiber samples of different sizes and stirred for 10 min to suspend the microfiber
particles. The initial turbidity varied from 12-16 NTU, and the pH of the suspension was
measured. FeCl; (0-30 mg/L) or PACI (0-5 mg/L) were added, and after one minute of
rapid mixing at 145 rpm, the turbidity and pH were measured. Subsequently, turbidity was
again determined after the flocculation step that involved slow mixing at 30 rpm for 30
minutes. After that, upon 120 min of settling (Ma et al., 2019), the final turbidity and pH
of the solution were measured with pH meter (Thermo Scientific Orion Star A111) and
Hach 2100AN turbidimeter, respectively. Control sedimentation experiments were
conducted with microfiber particles in suspension but without chemical addition. The zeta

potential of microfiber during coagulation was measured using Zetaplus (Brookhaven).
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The coagulation study was conducted using (i) microfiber-DI water solution, (ii)
microfiber-detergent-DI water solution, (iii) authentic wash-water without detergent, and
(iv) authentic wash-water with detergent. The first experiment was conducted using 30
mg/L microfiber samples in DI water. In order to study the effect of surfactant on
coagulation, 2 mg/L commercial liquid detergent (Tide, Procter & Gamble) was added into
deionized water containing 30 mg/L microfiber samples. The chemical composition of the
detergent used is given in Appendix A Table S2. Further, to compare the performance of
the coagulation/flocculation process in microfiber DI water solution and authentic laundry
wash-water, laundry wastewater samples were collected from a residential laundry
machine (GE appliances) with 2 wash/spin combinations. The laundry processes with
clothing only (no detergent) and clothing wash with 1 load (45 mL) detergent were
investigated. Depending on the wash cycle and time, the initial turbidity of laundry
wastewater varied from 20-302 NTU. All experiments were triplicated, and the standard

deviation of all the tests were presented in error bar.

3.3 Results and Discussion

3.3.1 Removal of microfiber of different sizes

The typical dosage of FeCl; varies between 15- 40 mg/L for coagulation of raw or screened
wastewater (Eddy et al. 2014). In this work, the dosage of FeCls was varied from 0 - 30
mg/L. The overall removal efficiency of microfiber after 2 hours settling was 86%-89%,
90-92%, and 95%-96% for <90 um, 90 - 125 pm, and > 125 pm, respectively (Table 3.2).
It can be seen that the microfiber particles all settled in 2 hours in the control test, and there
is no clear advantage of FeCl; addition. As presented in Table 3.2, the removal efficiencies
of larger size particles were slightly higher than smaller particles. Based on visual
observations during the coagulation process, the large fibers formed clumps with higher
settling velocities in water. Therefore, in a typical wastewater plant with a primary clarifier
hydraulic retention time of 2-3 h, all microfibers of size between 90 - 125 pm should be
settled in primary sludge. Similar results were found by Skaf et al. (2020) when model
polyethylene microfiber particles of 5 um diameter cut to 0.1 mm length, was removed
well by coagulation.(Skaf et al. 2020) However, the authors did not report the removal of

microfiber particles by sedimentation only.
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Table 3.2: Turbidity reduction in coagulation with different size microfibers

Particle
size FeCls (mg/L) 0 10 15 20 25 30

(pum)

Initial (NTU)  16.33+0.47 15.97+0.15 16.03£0.42 16.37+0.42 15.93+0.21 16.53+0.23
> 125 Final (NTU)  0.78+0.03  0.63+£0.03  0.66+£0.02  0.64+0.06  0.64+0.04  0.65+0.01

Removal (%) 95% 96% 96% 96% 96% 96%

Initial (NTU)  14.40+0.1 15.3+0.82  14.53+0.81 13.67+0.45 13.90+0.3 13.90+0.26
90-125  Final (NTU)  1.29+0.09  1.25+0.01 1.12+0.01  1.06+0.01 1.08+0.01  1.07+0.01

Removal (%) 91% 92% 92% 92% 92% 92%

Initial (NTU) 11.60+0.28 11.80+0.14 11.95+0.07 12.20+0.14 12.45+0.49 12.40+0.14
<90 Final (NTU)  1.61£0.02  1.54+£0.02  1.57£0.02  1.34+0.02  1.34+0.02  1.34+0.03

Removal (%) 86% 87% 87% 89% 89% 89%

However, for a shorter retention time, coagulant dosage did show some marginal benefit
for particles smaller than < 90 um, as shown in Figure 3.1, where removal increased with
increasing dosage up to 15 mg/L. Previous studies reported a high dosage of 270-405 mg/L
of aluminum chloride required for only 40% removal of MP particles below 500 pm, and
110-280 mg/L of ferric chloride for only <15% removal in drinking water treatment (Ma,

etal., 2019).
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Figure 3.1: Coagulation of microfibers of different size

After coagulation, the microfibers and flocs were air-dried, and samples of microfiber
particles were collected using a tweezer, placed on a glass slide with cover glass, and
observed visually using a microscope. The images were taken at 20X magnification by the
microscope. The images in Figure 3.2 show microfiber samples obtained from the lint
screen of a dryer before and after coagulation. The microfibers are long, thick, and often
occur in aggregates. Figure 3.2a shows microfiber clusters are primarily grey and black
with some blue, green, and red color with a particle size ranging from 7.1 pm to 240 pum.
These sizes are consistent with the microplastics size range of 20 to 1000 um found in
WWTP effluents (Enfrin et al., 2019). The coagulated fibers show the presence of ferric
chloride, and microfibers looked bigger (Figure 3.2a vs. 3.2b); however, agglomeration of

coagulated fibers could not be seen in Figure 3.2b.
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Figure 3.2: Morphology of microfiber before and after coagulation: (a) microfiber

isolated from the dryer before coagulation; (b) microfiber flocs formed after
coagulation with FeCls; (¢) microfiber flocs formed by FeCls; with 2 mg/L
surfactants, (d) microfibers in laundry wastewater; (e) microfiber flocs in laundry
wastewater form after coagulation with FeCls, and (f) microfiber flocs formed by

PACI in laundry wastewater with detergent

3.3.2  Effect of surfactant on microfiber coagulation

The effect of surfactant on coagulation of microfiber (30 mg/L) was determined using 2
mg/L Tide detergent. The results show that the overall removal efficiency of microfiber >
150 um and 90-125 pum after 2 hours settling was 86%-88% and 82% -89%, as shown in

Table 3.3, which was slightly lower than the removal of microfiber without detergent.
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Table 3.3: Turbidity reduction of microfiber coagulation with detergent

Particle
size FeCls (mg/L) 0 10 15 20 25 30

(pum)

Initial (NTU)  18.00+0.70 17.50+0.46 17.43+0.25 18.27+0.40 18.03+0.64 18.77+1.26
> 125 Final (NTU)  2.44+0.34  2.51+0.43  2.73£0.21  2.49+0.36  2.56+0.31  2.65+0.08

Removal (%) 86% 86% 84% 86% 86% 86%

Initial (NTU)  12.95+0.21 13.60+0.08 13.55+0.07 13.75+0.06 13.55+0.06 14.15+0.49
90-125  Final (NTU)  2.36+0.14  1.48+0.08 1.74+0.03  2.20+0.06  2.44+0.06  2.49+0.04

Removal (%) 82% 89% 87% 84% 82% 82%

As before, results for the flocculation period after 30 min are shown in Figure 3.3. The
reduction in turbidity without surfactant ranged from 41%-46%, while in the presence of
surfactant, the turbidity reduction was 31%-37%, and there were insignificant differences
in turbidity reduction with increasing ferric chloride doses up to 30 mg/L. Surfactant
facilitates stable suspension of microfibers, decreasing the removal by coagulation and
settling. Both overall and 30 min removal efficiency was lower in the presence of
detergent/surfactant. Similar behavior was found by Skaf et al., where higher residual
turbidity was reported in the presence of laundry detergents during coagulation of synthetic
microbeads. Microfiber clusters appear to contain fewer ferric particles in the presence of

surfactants, as shown in Figure 3.2c.
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Figure 3.3: Effect of surfactant on effectiveness of coagulation for microfibers

Generally, surfactants in detergent can lead to foam formation, which can affect the settling
process. Other possible mechanisms for lower removal performance could be due to the
surfactant stealth effect. The surfactant forms a protective film outside the surface of nano
or microparticles, which can hide the adjacent suspended particulates.(Hu et al. 2018;
Schottler et al. 2016) The commercial detergent tide contains two kinds of surfactant,
anionic surfactant sodium laureth sulfate (SLS) and nonionic surfactant lauramide
monoethanolamin (MEA), shown in Appendix A Figure S1. The possible mechanism of
anionic surfactant and nonionic surfactant during coagulation is shown in Figure 3.4.
Anionic surfactant SLS has a negative charge due to the ionization of the sulfonic group,
which could be adsorbed on the surface of microfiber, inducing stabilization of sol.
Compared to anionic surfactants, the behavior of nonionic surfactant MEA is different. The
formation of polyethylene glycol (PEG) film leads to a micelle-like structure, hindering
microfiber particles from interacting with Fe-based coagulants. Both anionic and nonionic
surfactants can potentially change the properties of the microfiber surface, affecting the
agglomeration and precipitation of particles. Xia et al. (2020) suggested that the steric

resistance of the PEG layer formed by tween 20 adsorbed on polystyrene microplastics
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surface inhibited bentonite deposition and subsequent agglomeration and precipitation (Xia

et al. 2020).
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Figure 3.4: Mechanism of the surfactant effect on microfiber during coagulation

process

3.3.3  Effect of Fe-based coagulation on microfiber in laundry
wastewater

Further investigation was conducted using household laundry wastewater. The
concentration level of surfactant in domestic or industrial laundry wastewater is much
higher (Braga and Varesche 2014; Jardak, Drogui, and Daghrir 2016). Therefore, it is vital
to explore the performance of coagulation in real laundry wastewater. The initial turbidity
for different laundry cycles ranged from 20.87 to 302 NTU (Appendix A Table S4). The
NTU values of regular laundry cycles with detergent are similar to numbers obtained in
previous studies (Dimoglo et al. 2019; Nicolaidis and Vyrides 2014), whereas turbidity of

wash-water in laundry cycles by washing clothing only (without detergent) was lower.

precipitation
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Figure 3.5: Removal efficiency of coagulation in laundry wastewater after 2 h
settling (two trials for clothing washing only, two trials for clothing with 45 ml

detergent)

The influence of coagulant concentration on the removal of microfiber in authentic laundry
wastewater is quite significant, as can be seen in Figure 3.5, which was not observed in the
case of microfiber isolated from the lint screen. Lint fibers were relatively larger in size
and could be settled by themselves, and the effect of coagulation was not pronounced for
microfiber size > 90 um. Similar behaviors were observed for both trials for washing
without detergent. Compared with the control condition, the Fe-based coagulants
effectively removed microfibers from 46%-94% and 36%-90% for laundry cycle 1 and
laundry cycle 2, respectively. However, in the presence of detergent, there was no
coagulation of microfibers by FeCls, indicating that nano size microfibers will escape in
the effluent without being trapped in the primary clarifier. Although the concentration of
surfactant from detergent in laundry effluent is higher than what might be expected in a
wastewater plant, there are many other sources of surfactant in wastewater, which will

affect the coagulation performance of microplastics and microfiber.
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The images using a microscope at 20X magnification show microfiber samples obtained
from laundry wastewater before and after coagulation. Various colors of microfiber with
similar size ranges from dozens to hundreds of micrometers were observed before
coagulation (Figure 3.2d). As shown in Figure 3.2e, rusty colored larger cloudy flocs were

formed after ferric chloride-based coagulation.

3.3.4  Effect of polyaluminum chloride (PACI) on microfiber in
laundry wastewater

The removal efficiency of microfibers in laundry wastewater with detergent was less than
15% by coagulation with Fe-based salt. Therefore, other coagulants, such as polymer, were
studied to achieve better removal performance. Polyaluminum chloride is widely used in
water treatment plants (Zhou et al. 2021) at a lower concentration at 0 to 10 ppm (Almatin
et al. 2019). The results of turbidity reduction are shown in Table 3.4. The overall removal
efficiency of turbidity after 2 hours settling of laundry wastewater with and without
detergent varied between 20%-98% and 22%-25%, respectively. Interestingly, in contrast
to the results obtained with ferric chloride, the addition of PACI showed good turbidity
removal performance in the presence of detergent. The removal efficiency initially
increased with the increasing concentration of PACI up to 2 mg/L; after that, it remained
constant when PACI concentration was increased up to 3 mg/L. The zeta potential of the
laundry wastewater in the presence of PACI was measured to understand the observed
contrasted FeCl; and PACI behavior. Typically, the colloidal suspension is unstable when
zeta potential is around zero due to charge neutralization of the solution, and it is generally
stable when the zeta potential is either negative or positive due to electrostatic repulsion
between co-ions. The zeta potential of laundry wastewater crosses the zero point at a low
dosage of PACI (below 0.5 mg/L) in the absence of detergent (Appendix A Figure S2a).
Above a dosage higher than 0.5 mg/L, microfibers sol show positive zeta potential and
hence low turbidity removal due to charge reversal and subsequent stabilization. In the
presence of detergent, a slightly higher dosage of PACI is required to reach the zero zeta
potential where charge neutralization occurs, leading to destabilization and removal of the
microfibers (Appendix A Figure S2a). These results indicate that the primary mechanism

of coagulation of microfibers using PACI is charge neutralization. In order to further
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understand the effect of a low dosage of PACI (below 0.5 mg/L) in the absence of detergent,

the coagulation experiment was conducted at a lower range of 0.1-0.5 mg/L of PACI. As

shown in Table 3.5, the total removal efficiency increased from 22% to 98% with the

addition of PACI from 0 to 0.5 mg/L. Similarly, charge reversal occurred at the lower

dosage range around 0.4 to 0.5 mg/L PACI in laundry wastewater without detergent, as

shown in Appendix A Figure S2c.

Table 3.4: Turbidity of PACI coagulation of laundry wastewater with and without

detergent

Laundry PACI
1 2 3 4 5

conditions (mg/L)

Initial
108+2.83 107+2.83 110.5+0.71 111.50+0.71 21.77+£0.00 21.63+0.71

(NTU)

with Final
94+0.42 87.00+0.28 2.31+0.72 6.84+0.59 10.03+0.24  24.20+0.99

detergent (NTU)

Removal
(%) 13% 17% 97% 94% 91% 79%

Initial
42.80+0.28 42.55+0.21 43.25+0.35 42.75+0.78  42.60+0.14 42.30+0.42

(NTU)

without Final
31.95+0.07 32.35+0.07 33.50+0.71  33.40+0.14  33.05+0.07 32.90+0.71

detergent ~ (NTU)

Removal
25% 24% 23% 22% 22% 22%

(%0)
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Table 3.5: Turbidity of low dosage of PACI coagulation of laundry wastewater in

absence of detergent

Laundry PACI
0 0.1 0.2 0.3 04 0.5
conditions (mg/L)
Initial
83.25+0.21 87.95+0.78 88.00+0.14  87.65+0.49  85.25+0.49 87.85+0.21
(NTU)
without Final

64.5542.90 52.70+0.71  45.50+0.85  13.05£0.21  3.10+0.79 2.10+0.01
detergent ~ (NTU)

Removal

(%) 22% 40% 48% 85% 96% 98%

By comparing the removal performance in the same laundry wastewater, PACI proved
much higher removal efficiency for the microfibers up to 99%, while FeCls has lower than
20% removal efficiency (Appendix A Table S4). Both PACI and FeCl; are positively
charged coagulants; the zeta potential was changed from -33.01 mv to 13.87 mv and -23.28
mv to -25.30 mv in PACI and FeCls systems during coagulation (Appendix A Figure S3).
Therefore, in addition to charge neutralization, adsorption-bridging on the polymer could
play a significant role in microfibers destabilization (Zhang et al. 2021). Restabilization
also occurs at a higher dosage, as shown in Figure S3, and dose optimization is required
using a controlled study. Figure 3.2f illustrates an image of microfiber taken after
coagulation and shows the corresponding changes in the relative presence of PACI. For
coagulation using 0-5 mg/L PACI, the microfibers were clustered with a thin film of PACI

precipitate.

Figure 3.6 depicts the microfibers' composition analyzed by Fourier transform infrared
spectroscopy (FTIR in the range from 4000-400 cm™!, the wavenumber precision at 0.01
cm !, and the resolution at 0.09 cm™'). These fibers displayed the characteristic N-H
stretching vibration or aromatic C-H stretching vibration located at 3400-3500 cm ™!, the

alkyl C-H stretching vibration in the region immediately below 3000 cm™!, and carbonyl
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stretching peak at about 1600-1700 cm™!. The peaks in the 1000-1300 cm™! region
corresponded to the C - H bending of aromatic carbons and the C-O-C asymmetric and
symmetric stretching vibration of alkoxy ether, while the absorption at ~1000 cm™! could
be assigned to H-vibration attached to the aromatic ring (Cincinelli et al., 2017; Gonzalez-
Pleiter et al., 2020; Praveena et al., 2020). The test microfibers exhibited possible
characteristic spectral features of polyester and/or polyamide by compared the similarity
from polymer spectra library. The spectra of microfibers are similar irrespective of the
experimental condition indicating no change in bond structure, which is expected as
coagulation is merely a physical process. However, the spectra indicate the presence of

microfibers in the flocs.

% T
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4000 3500 3000 2500 2000 1500 1000 500

VWavenumber (cm '1)

Figure 3.6: FT-IR spectra of microfibers before and after coagulation with FeCl3 (a)
microfiber isolated from laundry dryer; (b) microfiber flocs formed by FeCl3; (c¢)
microfiber flocs form by FeCl3 with 2 mg/L detergent; (d) microfiber in laundry

wastewater; e) flocs of microfiber in laundry wastewater formed by FeCl;
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3.4 Conclusion

Microfiber is a large subgroup of microplastics. The presence of microfiber accounts for a
large proportion of microplastics and becoming more common in municipal WWTPs
influents. Ferric chloride, a commonly used coagulant in the primary treatment of
wastewater, was used to treat suspension of microfiber collected from a lint screen in a
dryer, as well as real wash-water from a household washer. Although lint microfibers of
size greater than 90 um settled by gravity within 2-3 hours without much effect of
coagulant dose, more pronounced effect of Fe-based coagulation (0-30 mg/L) could be
seen for smaller size and at lower settling time when initial turbidity was reduced by 86%-
96%. In the absence of detergent, microfiber in wash-water from laundry could be
effectively (90-94%) removed by coagulation. However, in the presence of surfactant in
detergent, there was no benefit of ferric addition in authentic laundry effluent with initial
turbidity of 84-300 NTU, where only 5-15% turbidity was removed after coagulation and
flocculation. In comparison with FeCl;, PACI removed 90% of particles in laundry
wastewater, which provides a reference for the process improvement. Microfiber can be
effectively removed by coagulation process in conventional WWTPs with a typical dosage
of Fe-based coagulant or without ferric. Moreover, PACI could be a more desirable
coagulant, especially in the laundry industry wastewater treatment. In addition, with 90%
microfibers removed by settling/coagulation, fate of microfiber in the settled sludge and

final removal need to be further investigated.
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Chapter 4

4  Effect of microfiber and ozone pretreated microfiber on
anaerobic digestion

4.1 Introduction

The rapid industrialization and anthropogenic activities are causing many environmental
problems. A significant problem is degradation of aquatic systems due to small-sized
plastics ultimately causing harm to humans and the entire ecosystem. As reported, plastics,
synthetic polymers with an annual production exceeding 320 million tonnes (Waring et
al., 2018), are derived from various sources, including natural, organic resources such as
resins, cellulose, coal and crude oil. In the last decade, small size plastics are commonly
known as microplastics (MPs) with diameter less than 5 mm, which are gradually formed
from large plastics due to mechanical actions, biological function, sunlight, and other
environmental stressors (Jemec et al., 2018). Many environmental monitoring studies have
shown that MPs are potentially stable in environmental matrices for a long time due to their
chemical and physical stability (Cozar et al., 2014; Jiang et al., 2018). Significant concerns
are raised on the effects of MPs on the ecosystem as reflected in the status of current
research in this area. According to recent publications, the impact of MPs on environmental
and health problems (Browne et al., 2013; Triebskorn et al., 2019) have been demonstrated,
including physical harm, such as ingestion, internal abrasions and entanglement on both
marine species and freshwater biota (Li et al., 2018). MPs are also regarded as potential
carriers to adsorb and concentrate persistent organic chemicals such as polychlorinated
biphenyls (PCBs), polycyclic aromatic hydrocarbons (PAHs), hexachlorocyclohexane
isomers (HCHs), and dichlorodiphenyltrichloroethane family (DDTs) owing to their strong

hydrophobicity and specific surface areas.

Wastewater treatment plants (WWTPs), not specifically designed to remove MPs, are
considered as an important source of MPs to discharge into the environment (Carr et al.,
2016). In North America, around 4 million MPs particles per day are originated from
WWTPs effluents in 17 different facilities across the United States (Mason et al., 2016).

While, WWTPs effluents are considerable source of MPs and their release to water bodies,
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over 90% of MPs remained in WWTPs sludge due to their hydrophobic characteristics
(Wet et al., 2019). An earlier study reported that the abundance of MPs has reached 156
trillion/year in sewage sludge samples and with an average concentration of 22.7 + 12.1 x
10° particles/kg of dry sludge in 11 provinces in China (Li et al., 2018). In Europe, the
abundance of MPs in sewage sludge can be up to 170,900 particle/kg sludge (Lares et al.,
2018). Sludge can be reused as fertilizer in agriculture and other land applications after
treatment and stabilization (Nizzetto et al., 2016). The high amount of MPs in sludge
transferred into biosolids could also increase the presence of MPs in agricultural soil
(Corradini et al., 2019). Therefore, the effects of MPs during the sludge treatment

processes need thorough investigation.

Anaerobic digestion is one of the most common treatment processes for sewage sludge
stabilization in WWTPs. Recently, the behaviors of MPs during anaerobic digestion have
captured attention in research communities. Multiple reviews have recently been published
on the effect of MPs on anaerobic digestion. Wei et al. (2019) indicated that the presence
of polyvinyl chloride (PVC) in anaerobic digestion inhibited methane production by 75.8
+ 0.2% to 90.6 + 0.3% compared to control. Their other study reported that the high
concentration of polyethylene (PE) had inhibited methane production by 12.4-27.5%,
while the low concentration of PE showed no significant influence on methane production
(Wet et al., 2019). Later studies by Li et al. (2020) reported that polyester (PES) has
resulted in an approximately 10% reduction in methane production at various MPs
abundances (Li et al., 2020). However, the evidence indicates that the effects of different
MPs on methane production varied with their abundance and characteristics. For instance,
the toxic component bisphenol A (BPA) leaching from PVC caused adverse effects on
methane production and the hydrolysis-acidification process (Wei et al., 2019). In contrast,
Polyamide 6 (PA6) enhanced methane production in anaerobic digestion by leaching
caprolactam (Chen et al., 2021). Laundry wastewater is an important source of microfibers
of diverse nature. Therefore, the effect of real MPs on anaerobic digestion needs to be

understood in control studies.

To date, several investigations regarding anaerobic digestion have focused on the effect of

synthetic model MPs. In the last decades, more than 60% of textiles are composed of
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synthetic fibers, and about 12.8 x 10° particles/ L microfibers released from the domestic
washing process discharged into WWTPs (Pedrotti et al., 2021). However, as far our
knowledge goes, no research has focused on anaerobic digestion of real microfibers
emanating from laundry wastewater. Pretreatment methods are generally used to improve
anaerobic digestion of complex organics. In our earlier studies oxidative pretreatment
methods such as ozonation, ferrate, ultrasonication etc. were tested for improved anaerobic
digestion of different types of wastewater (Das et al., 2021; Elbeshbishy et al., 2011).
Furthermore, ozonation is a typical pretreatment process prior to anaerobic digestion for
enhancing digestibility. Based on the authors’ knowledge, the effect of ozone pretreatment
of microfiber has never been reported. In this context, this study investigates the potential
impacts of microfibers collected from a fabric mat on the lint screen of a household dryer
on carbon transformation and methane production during anaerobic digestion. Initially,
pretreatment of microfiber spiked in deionized water (DI) was carried out at different ozone
dosages. Then, the effect of various microfiber levels on methane production was
conducted using biochemical methane potential tests (BMP). In addition, the phosphorus

changes during anaerobic digestion were also monitored.

4.2 Material and method

4.21 Sources of sludge and microfiber

In this study, anaerobically digested sludge was obtained from Stratford WWTP (Stratford,
ON). Primary sludge was collected from Greenway wastewater treatment plant (London,
ON). The primary sludge was used as a substrate, and the anaerobic sludge was used as a
seed. Table 4.1 lists the properties of the digested and primary sludge. Batch experiments
were conducted with different microfiber abundances of 0, 20, 100, and 10,000 mg/L with
and without ozone pretreatment, as shown in Table 4.2. The microfibers were collected
from the fabric mat deposited on the lint screen of a dryer (GE, PCKS443EBWW). The

corresponding number of microfibers was added into each reactor before adding sludge.
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Table 4.1: Characteristics of the primary sludge and inoculum

Anaerobically digested

Sample Primary sludge (PS)

sludge
Total solids (TS) (mg/L) 2924542496 32210+254.6
Volatile solids (VS) (mg/L) 21420+1881 17835+190.9
Total suspended solids(TSS) (mg/L) 291301867 31380+1372
Volatile suspended solids (VSS) (mg/L) 23425+318.2 20175+1096
Total chemical oxygen demand (TCOD) (mg/L) 43200+4666 26352+3.5
Soluble chemical oxygen demand (SCOD) (mg/L) 168.5+45.9 78.5+£21

Table 4.2: Experimental design with different microfiber abundance and

pretreatment conditions

Reactor Experiment conditions

Blank inoculum + buffer water

Control inoculum + PS

R1 inoculum + PS with microfiber 20 mg/L

R2 inoculum + PS with microfiber 20 mg/L. (ozone pretreatment)
R3 inoculum + PS with microfiber 100 mg/L

R4 inoculum + PS with microfiber 100 mg/L (ozone pretreatment)
RS inoculum + PS with microfiber 1000 mg/L

R6 inoculum + PS with microfiber 1000 mg/L (ozone pretreatment)

4.2.2 Ozone pretreatment

The ozone was produced by an Ozonizer (model TG-40, Ozone solutions, Hull, Iowa,

USA) and bubbled continuously (gas phase concentration = 900 ppm and 4L/min flow rate,
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measured by ozone analyzer (model UV-100, Eco Sensors, Newark, California, USA).
Assuming NTP, the concentration is calculated as: C = 4 L-min"'/24.2 L-mol'x2900
ppm X 104X 48 g -mol'= 0.023 g'min'. The ozone concentration in the solution was
determined by the indigo method, which was about 1 mg/L at pH 7. Ozone experiments
were carried out in a 200 mL batch reactor with buffer water at different microfiber
abundance (20 mg/L, 100 mg/L, 1000 mg/L). The ozone is continuously bubbled in the
reactor through an 8.9 cm stainless steel tube with orifices. The ozone dosage was varied
from 0 to 1.5 mg O* /g TS. The sCOD, tCOD, TS, TSS, VS and VSS of microfiber
suspension were analyzed before and after the treatment. Based on preliminary tests of

those parameters, specific dosage of 0.6 O; /g TS were selected.

4.2.3 Batch anaerobic digestion

Batch anaerobic digestion was conducted using an Automatic Methane Potential Test
System (AMPTS II, BPC Sweden) equipped with 600 mL reactors. After adding
microfibers with 0.6 O; /g TS ozone pretreated and without pretreatment into the reactor,
the primary sludge and inoculum were added in the reactor with a food to microorganism
(F/M) ratio of 0.5. The working volume of serum bottle reactors was 400 mL, and pH was
at 7.0 using hydrochloric acid (HCI) or sodium hydroxide (NaOH). Then, the reactors were
purged with N, for 15 mins to achieve anaerobic conditions. Finally, all reactors were
closed with rubber stoppers and connected with a gas collection set, incubated at 37 °C at
150 rpm for 14 days digestion process. The batch tests were conducted in duplicates. The

standard deviation of all the tests were presented in error bar.

4.2.4  Analytical method

The TS, VS, TSS, VS, TCOD, SCOD and soluble phosphorus (sP) concentration of the
sludge were measured before and after batch-test according to standard methods (Adams,
2017). The soluble phosphorus (SP) was determined using a Discrete Analyzer (AQ300,
Seal analytical). The dissolved samples were measured before filtering with a 0.45 pm
filter. The dewatering efficiency was measured by the free water volume of sludge samples
after centrifuging at 4000 rpm for 10 min. All the tests were conducted in duplicates. The

standard deviation of all tests were presented in error bar. The microfibers were air-dried
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and then were carefully collected using a tweezer, placed on a glass slide with cover glass,

and observed visually using a microscope (Nikon Eclipse TS100).

4.3 Results and discussions

4.3.1 Effect of microfiber abundance on methane production
during anaerobic digestion

The cumulative methane production from primary sludge in presence of different
abundance of microfiber as shown in Figure 4.1. The blank and control represent buffer
water and the primary sludge used for anaerobic digestion in the absence of microfiber.
The methane production of all tests was recorded throughout the entire digestion period.
After 14 days complete anaerobic digestion, the cumulative methane production remained
nearly stable at 16.71 mL + 0 CH4/g COD, 17.75 + 1.93 mL CH4/g COD, 22.11 + 1.62
mL CH4/g COD, and 22.57 £ 0.08 mL CH4/g COD for 0 mg/L, 20 mg/L, 100 mg/L, 1000
mg/L microfiber, respectively. In comparison to control, the methane production increased

by 6%, 32%, and 35% in the presence of microfiber at different abundance of microfibers.
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Figure 4.1: Cumulative methane production with and without ozone pretreatment
at a different abundance of microfiber (Blank: buffer water only; Control: 0 mg/L;
R1:20 mg/L; R3: 100 mg/L; R5: 1000 mg/L)
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In this study, it was evident that higher concentration of microfiber enhanced methane
production, which is in conflict with previous reports. Wei et al. (2019) reported that high
levels of PVC (>20 particles/g) inhibited methane production by 9.4 % - 24.2 % due to the
leaching of BPA on the hydrolysis-acidification process, and high levels of PE (100 and
200 particles/g) also decreased methane production by 27.5% (Wei, Huang, Sun, Dai, et
al., 2019; Wei, Huang, Sun, Wang, et al., 2019). The positive results in this work are due
to different nature of microfibers from various textiles. PES and PA are two main types of
microfiber found in WWTPs (Magni et al., 2019). The behavior of these two microplastics
seem to be considerably different from PVC and PE. The common mechanisms for
microplastics that affect the anaerobic digestion process could be leaching of constituent
that produce reactive oxygen species (ROS), affecting the microbial community, or
incomplete digestion (Azizi et al., 2021). PES could cause a slight reduction of methane
production due to incomplete digestion (L. Li et al., 2020), whereas PA enhanced methane
production with all test dosages by improving the activities of key enzymes during
anaerobic digestion (Chen et al., 2021). Our experiments indicate that microfibers in

primary sludge may not inhibit anaerobic digestion.

4.3.2 Effect of ozone pretreatment on microfiber during anaerobic
digestion

In order to investigate possible changes in microfiber color, shape or surface after ozone

treatments, the morphology was evaluated visually by a microscope, as shown in Figure.

4.2. The graph showed that microfibers have a rugged and crumpled surface, and the color

of microfiber was faded after ozone pretreatment. Microscope images suggest that the

oxidation treatments did physically alter microfiber.
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Figure 4.2: Microscope images for microfiber a) before and b) after ozone

treatments

Various parameters of microfiber before and after oxidation treatments at a different
dosage from 0-1.5 mg/g TS are presented in Table 4.3. TCOD, TS,VS,VSS remained more
or less unchanged at 170-203 mg/L, 1267-1367 mg/L and 933-1033 mg/L, respectively.
Turbidity of the solution decreased by around 29%, while sCOD has significantly increased
5 times after ozone treatments. The results indicated that the free radicals generated in the
ozone system are likely to react with microfiber, release the soluble substances into
solution. The common reaction of polymer and hydroxyl radicals were described by Carey

(Carey, 1992) as follows:

OH-+RH - H,0 +R -

R +H,0, - ROH + OH -

R- 40, - ROO -

ROO- +RH —» ROOH + R -

The FTIR spectra of microfibers revealed the direct chemical changes of microfibers
during pretreatment and anaerobic digestion, especially on functional groups (Figure 4.3).
The band around 3400-3300 cm! is related to the stretching of O-H groups (De Falco et
al.,2019) or NH groups (Tang et al., 2021). It can be observed that the band around 3400-

3300 cm! of ozone treatment microfiber was much wider and had a higher intensity
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compared with the original microfiber, which demonstrated that microfiber contained more
O-H or N-H groups after ozone treatment. For microfiber after anaerobic digestion, there
was no obvious O-H/N-H stretching absorption peaks. The peaks shown at 2900 cm™! to
2800 cm™! were associated with C—H bond stretching vibration. The absorption peaks at
1700 cm™! were related to C=0 stretching, which was similarly broader and more intense
ozone-treated microfiber than that of the original microfiber. Ozone-treated microfiber also
has a more vigorous spectrum intensity on N-H bending (1650 cm™ -1580 cm™') and O-H
bending (1400 cm™ -1300 cm™!) compared with that before treatment. In addition, another
change after ozonation was the significant increase in the intensity of the peak around 1200
cm! -1100 cm!, which was ascribed to C-O stretching. The results indicated certain

chemical reaction were occurred during ozone pretreatment.

—— AD ozone-microfiber
—— AD microfiber

—— Ozone microfiber
—— Original microfiber
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i T T T y T Y I ) T T I > I
4000 3500 3000 2500 2000 1500 1000 500
cm’
Figure 4.3: FTIR spectra of microfiber (black-original microfiber; red-ozone

treated microfiber; blue-original microfiber after anaerobic digestion; green-ozone

pretreatment microfiber after anaerobic digestion)
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Table 4.3: Parameters of microfiber before and after ozone treatment

Ozone dosage

(mg/g TS) Turbidity(NTU) sCOD(mg/L) tCOD(mg/L) TS(mg/L) VS (mg/L)
0 96.1 25 177 1367 967
0.1 64.7 125.5 170 1333 933
0.3 68.2 129.5 198 1400 1000
0.6 69.3 133 171 1300 1000
0.9 69.4 123.5 184 1300 1033
1.2 68.5 132.5 163 1333 1000
1.5 69.2 128 203 1267 1000

Earlier studies demonstrated that ozone react with polymer in main chains containing C=C
bonds, aromatic rings or saturated hydrocarbons (He et al., 2015) to form carbonyl groups.
For instance, polystyrene (PS) has aromatic rings; the CH, and CH; groups on aromatic
rings are more likely to be chemically attacked by hydroxyl radicals. In contrast,
polyethylene (PE) and polypropylene (PP) only have C-C single bond, which is more
oxidation resistance (Gomes de Aragdo Belé et al., 2021). Microfibers are complex
matrices composed of polyester (PES), polyamide (PA), polyacrylonitrile (PAN), which
also have similar carbonyl functional groups. The hydroxyl radicals could cleavage
carboxylate and hydroxyl groups (Gabardo et al., 2021) or carbon-nitrogen single bond
(Renetal., 2019), as shown in Figure 4.4. In addition, the results indicated that ozone could

oxidize microfibers, and increase soluble chemical oxygen demand.
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Figure 4.4: Possible reaction mechanisms of microfibers during ozone pretreatment

In this study, to investigate the impact of ozone pretreatment of microfibers on methane
yield from primary sludge, batch anaerobic digestion was conducted and lasted for 14 days.
Figures 4.5 a), b), and ¢) show the accumulated methane production in anaerobic digestion
of PS spiked with 20 mg/L, 100 mg/L and 1000 mg/L microfibers with and without ozone
pretreatment. During the 14 days digestion period, the methane production increased
rapidly in the first 3 days, then rose slowly from day 4 to day 10, and achieved stationary
in the last few days in each case. For low levels of microfiber (20 mg/L), the cumulative
methane production during the entire digestion process was 17.75 +1.93 mL CH4/g COD.
In comparison, cumulative methane production with ozone pretreatment was 22.76 + 1.13
mL CH4/g COD, demonstrating a noteable increase of 28%. It is interesting to note that
while the concentrations of microfibers increased, the positive effect of ozone pretreatment
on methane production was significantly limited. The cumulative methane production was
22.11 £ 1.62 mL CH4/g COD and 22.57 + 0.08 mL CH4/g COD for 100 mg/L and 1000
mg/L microfibers, respectively. After ozone pretreatment, the methane productions were
21.73 £ 0.1 mL CH4/g COD, and 21.73 + 1.59 mL CH4/g COD, which showed on obvious
changes in methane production for 100 mg/L microfibers and 1000 mg/L microfiber. The
results indicated ozone pretreatment enhanced methane production at a low level of
microfibers, while there is no noticeable effect on high concentration microfibers. The
results indicated the mechanism for methane production increasing were not due to the
biodegradation changes of ozone treated microfibers. One possible reason could be the
ozone pretreatment release sub-micron scale microfiber and cracks the surface (Xu et al.,

2021), which absorb toxicy substances during anaerobic digestion process in the presence
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of low concentration microfiber. However, the specific mechanism of ozone pretreatment

on microfiber needs to be further investigated.
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Figure 4.5: Cumulative methane production with and without ozone pretreatment
(0.6 mg O3 /g TS) at different abundance of microfiber ( a:20 mg/L; b: 100 mg/L;
¢:1000 mg/L)

4.3.3 Effect of microfibers on digested sludge characteristics

Pretreatment with an advanced oxidation process using ozonation has been used to improve
the anaerobic digestion process (Uthirakrishnan et al., 2021). Ozone is a strong oxidizing
agent, liberating extracellular and intracellular substances of microorganisms (Chacana et
al., 2017). Previous results show ozone pretreatment only affected methane production at
the lowest abundance of microfiber. However, the effect of ozonation on microfiber on the

sludge characteristics is still unclear.

The average TS, VS, TSS, VSS, tCOD, sCOD, and sP concentrations of the digesters are
shown in Table 4.4. Overall, the solids concentrations, especially VS decreased after
ozonation. The VS reduction was 32%, 30%, 32%, 33%, 32%, 35%, and 40% in control
reactor and R1 to R6, respectively. Ozone pretreatment does not affect the solids reduction
in a short time digestion period, and the increasing abundance of microfibers has a slight
enhancement, which was consistent with the results of methane production. The tendency
in the tCOD and sCOD concentration changes agreed with the trend in solids
concentrations. The tCOD and sCOD decreased from 28% to 46% and 37% to 45%,
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respectively. Similar behaviors were observed with and without microfibers. Ozone
pretreatment led up to 28% tCOD and 20% sCOD reduction in comparison with the control.
Notably, soluble P decreased in the digester from 27% to 71% with microfiber addition,
while the soluble P increased by 81% in the control reactor. It shows actually the microfiber
is acting as a sink for the soluble P, reducing the content of phosphorus (Dong et al., 2021).
The results indicated that to a certain extent microfiber and ozonated microfibers had
influence on sludge characteristics. The corresponding removal of organic matters and
nutrients contributed to complete anaerobic digestion, which was in agreement with the

positive effects on methane production.

Table 4.4: The characteristics of sludge before and after anaerobic digestion

Blank Control R1 R2 R3 R4 RS R6

Before 27300 33325 33900 29500 33450 30200 32400 31900

TSS
(mg/L)

After 24300 26275 28050 24175 26725 24600 24425 24275
ygg Before 15400 19400 20050 17275 19925 18000 19950 19575
ML) Afer 12300 13600 14450 12525 13775 12975 12875 12575
«cop DBefore 20350 27150 26975 23875 27325 26225 29800 31450
(mg/L)

After 16650 19080 19455 16365 19260 17160 19005 16905

Before 329 567 5965 5935 5995 607.5 625 6205
sCOD

MeL)  Afer 359 3665 363 333 372 359 3915 3415

sP, Before 0.54 0.73 145 1.25 1.08 1.17 1.13 1.05
PO43’
(mg/L) After 071 1.32 0.56 0.36 048 0.46 0.82 0.55

The dewatering efficiency of sludge before and after anaerobic digestion under different
microfibers abundance and pretreatment were also recorded in Figure 4.6. The dewatering

efficiency before anaerobic digestion varied from 75.6 + 1.13% to 81+ 1.98%. After
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anaerobic digestion, the dewatering efficiency of all reactors was slightly higher than the
control varying from 81.5 £ 0.35% to 85+ 2.12%. Similarly, Li et al., (2020) inspected the
presence of commercial PES were found to promote the dewatering rate. The existence of
microfiber have potential to enhance aggregation of sludge particles, which attributed to
water release from sludge (Talvitie et al., 2017). Therefore, it can be surmised from the
results that the presence of microfiber enhanced the dewatering ability in sludge during
anaerobic digestion. This finding indicated that microfibers’ presence might reduce sludge

volume, reducing the cost of subsequent transportation and storage for sludge.
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Figure 4.6: The dewatering efficiency before and after anaerobic digestion under
various conditions (Blank: buffer water only; Control: 0 mg/L; R1:20 mg/L; R2: 20
mg/L+ ozone ; R3: 100 mg/L; R4: 100 mg/L+ ozone; RS: 1000 mg/L; R6: 1000

mg/L+ ozone.)
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4.4 Conclusion

This work evaluated the effect of microfibers emanating from laundry wastewater and
ozone pretreated microfibers on anaerobic digestion by monitoring cumulative methane
production and sludge characteristics. The methane production of microfiber at a
concentration range of 20 to 1000 mg/L was 16.71 mL + 0 CH4/g COD, 17.75 + 1.93 mL
CH4/g COD, 22.11 £ 1.62 mL CH4/g COD, and 22.57 + 0.08 mL CH4/g COD, respectively.
High levels of microfibers at 100 mg/L and 1000 mg/L represented a significant increase
of 32% and 35% compared to the control during the anaerobic digestion of primary sludge.
Ozone pretreatment slightly increased methane production in low levels of microfibers (20
mg/L), while no apparent effects were observed in a high concentration of microfibers. The
results showed that the microfibers and ozonation microfibers insignificantly affect the
characteristics of sludge before and after anaerobic digestion. Especially for phosphorus
removal, which were proved a weak correlation with microfiber. In addition, dewatering
ability was slightly enhanced in the presence of microfibers and there was slight reduction
in soluble phosphorus in presence of microfibers, probably due to adsorption. Overall, the

occurrence of microfiber showed slight improvements in anaerobic digestion.
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Chapter 5

5 Simultaneous quantification of five pharmaceuticals and
personal care products in biosolids and their fate in
thermo-alkaline treatment

5.1 Introduction

With the development of sensitive analytical methods and increasing awareness of
environmental challenges, significant attention and research have been directed towards
the detection and fate of pharmaceuticals and personal care products (PPCPs) in the
environment (Li et al., 2017; Tranet al., 2018). These compounds are typically present in
natural systems in trace concentrations and hence also termed as micropollutants. No
discharge limit for them in environment has been established (Kosma et al., 2010). Many
pharmaceuticals ingested by humans are not completely metabolized; some of the bioactive
compounds remain un-metabolized or as insoluble components and are excreted through
feces and urine into the wastewater treatment plants (WWTPs). Other possibilities of
introduction into the environment include improper disposal or application of

pharmaceuticals, leading to the release of active pharmaceuticals.

Conventional WWTPs processes are not designed for the removal of PPCPs; therefore,
effluents discharged directly into aquatic systems may contain significant amount of PPCPs
(Das et al., 2017). Compounds with high octanol-water partition coefficients (Kow) are
more likely to be partitioned into sludge and biosolids, causing potential problems of
contaminating soil and groundwater due to agricultural amendments (Sherburne et al.,

2016; Kodesova et al., 2019).

An estimated 780,000 dry tons of sludge/biosolids were generated in 2015 from municipal
WWTP in Canada, of which 53.4% was used for land application as biosolids (Tessier et
al., 2017). Land application of biosolids is a useful approach that recycles organic matter
and nutrients, improves the physical, chemical, and biological properties of soils, re-
establishes vegetation and restore degraded ecosystems (Torri et al., 2017). The biosolids

program in Ontario, Canada, saves farmers approximately $5 million annually in fertilizer
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costs (WEAO Residuals & Biosolids Committee, 2010). However, the presence of PPCPs

in the sludge is a major concern for land application of treated biosolids (Xia et al., 2005).

Establishing a valid extraction and detection method is an extremely important step to
monitor the PPCPs in environmental samples at trace concentrations. Many recent studies
were carried out indicating the importance of monitoring PPCPs in biosolids, where PPCPs
were detected at higher concentrations in the range of mg/kg levels (Yang et al., 2015;).
For example, triclosan, an antibacterial and antifungal agent present in many consumer
products, was detected at high level (22700 ng/g) in anaerobically digested primary solids
(Guerra et al., 2019). Azole antifungals were detected in the range of 3.7-11.1 ng/g (dry
weight) in soils using ultrasound-assisted extraction method with recoveries in the range
of 80.2-110.6% (Huang et al., 2018). Ciprofloxacin and ofloxacin, belonging to
fluoroquinolones family, were detected in the primary sludge at 4.21 and 2.92 ng/g,
respectively, using a pressurized liquid extraction (PLE) method and cleaning up by strong
cation exchange (SCX) cartridges (Khadra et al., 2019). Due to the widely varying physical
and chemical properties of the micropollutants, extraction methods need customization for
simultaneous extraction and maximum recovery of several analytes present in water, soil

and biosolids.

A variety of pre-treatment methods such as thermal, chemical, biological, and combination
of them have been used to improve the anaerobic digestion of sludge for enhanced biogas
production and greater inactivation of microbial pathogens (Takashima et al., 2014; Li et
al., 2013; Tian et al., 2016). Similarly, post-treatment methods are used for greater
stabilization of biosolids and odor removal. Among the many pre- and post-treatment
methods tested at the lab scale, only a few mechanical, thermal, and thermochemical
methods have been successfully applied at full scale. Based on a simple sustainability
assessment, thermochemical treatment (at low temperatures < 110 °C) of sludge and/or low
temperature post treatment of biosolids was found to be an economical full-scale
commercial method (Carrere et al., 2016). One such process is thermo-alkaline hydrolysis
(TAH) conducted at pH 9.5 and 75°C, which is typically used as a post treatment for greater
stabilization of biosolids after anaerobic digestion of sludge (Elbeshbishy et al., 2014).

Amongst other benefits, the TAH allows odor removal and micropollutants removal
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(Ahmad et al., 2019). Several studies have investigated the effect of TAH on enhanced
biogas production and increased volatile suspended solids reduction efficiency, however,

limited data exist on the effect of these processes on PPCPs in biosolids (Li et al., 2013).

Due to its relevance to the agriculture sector, it is important that biosolids treatment
methods including TAH be evaluated in a more holistic way that includes their effects on
PPCPs present. Towards this objective, five selected PPCPs (structures and the physio-
chemical properties are shown in Table 5.1) including the fluoroquinolone antibiotics
ciprofloxacin (CIP) and ofloxacin (OFLX), and three commonly used antimicrobial agents:
miconazole (MIC), triclosan (TCS), and triclocarban (TCC), were detected and quantified
in municipal biosolids before and following anaerobic digestion (AD) and TAH. These five
PPCPs were chosen based on their high concentrations found in various biosolids in an
internal work conducted by our group. In this study, it was hypothesized that thermo-
alkaline hydrolysis has potential to reduce PPCPs in biosolids and producing more safety
fertilizer to agriculture or other land application. Therefore, the major objectives of this
chapter were: (1) to optimized simultaneous extraction and detection methods for the trace
PPCPs which could applied to complex solid samples, (2) to determine partition of these
compounds between water and various sludges depending on their solubility and octanol-
water coefficient, (3) to explain the effect of TAH on the selected PPCPs in deionized water
and biosolids collected from a local WWTP.
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Table 5.1: The structure and important physiochemical characteristics of the

selected PPCPs
Compound Structure pKa log Kow
(S
Ciprofloxacin (CIP) %H pKa;: 6.18; pKa,: 8.66 0.28
F
0 O

\LN o

Ofloxacin (OFLX) pKai: 5.97; pKay: 9.28 -0.39

0 N7
Miconazole (MIC) (@\A pKai: 6.77 6.1
C Cl

Cl
O
Triclosan (TCS) /@[ j@\( pKa: 12.7 476
Cl OH 1

Cl

Triclocarban (TCC) /O/ e @[ pKai: 7.9 49
(6]
Cl Cl

Zz
ZT

5.2 Materials and methods

521 Standards and chemicals

CIP (= 98.0%), OFLX (98.0%) and TCC (98.0%) were purchased from Sigma-Aldrich,
Canada. MIC (98.0%) and TCS (99.0%) were obtained from VWR, Canada. Isotopically
labelled compounds (ILC) of ciprofloxacin-d8, ofloxacin-d8, miconazole-d5, triclocarban-
13C6, and triclosan-d3 were purchased from Toronto Research Chemicals, Canada. LC-
MS grade water, acetonitrile, methanol, and HPLC grade acetone, dichloromethane and
hexane were purchased from Fisher Scientific, Canada. Solid-phase extraction (SPE) was
performed using Oasis hydrophilic-lipophilic balance (HLB) cartridges, 200 mg/ 6 mL,

Waters, Canada.
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5.2.2  Sludge and biosolids samples

Sludge samples were collected from two municipal wastewater treatment plants, Guelph
and London (Ontario, Canada), and the characteristics of the sludge are presented in Table
5.2. All sludge samples were stored at 4 °C. Primary sludge (PS) was filtered through 1 pm
glass fiber filters (GF/C, Whatman) to separate the liquid and solid phases. Subsequently,
solid samples were air-dried, ground to fine particles using a mortar and pestle, and stored

in 1-L amber glass bottles at 4 °C until sample extraction.

Table 5.2: Characteristics of the sludge and biosolids samples

Total solid

Sample Location pH (TS%)

Primary sludge
London, ON 6.40 2.10%
(PS)

PS-Waste activated sludge
(PS-WAS)

75% PS and 25% thickened Guelph, ON 7.66
waste activated sludge

(TWAS)

4.51%

Biosolids Guelph, ON 7.68 21.99%

5.2.3  Partition of the PPCPs in sludge

Since, the main objective of this work was to determine the effect of TAH on PPCPs
present in biosolids as post-treatment, the subobjective was important to determine the
amount of PPCPs partitioned on solids in different sludges which need to be treated before
safe disposal and application. In this work, partition of the selected PPCPs on primary
sludge (PS), and the combination of biosolids and PS-WAS with two ratios 15% : 85%
(biosolids : PS-WAS, v/v) and 30% : 70% (biosolids : PS-WAS, v/v) was studied. These
ratios of biosolids and PS-WAS sludge were used based on an actual practice in Guelph,

ON, Canada, Wastewater Treatment Plant.
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About 150 mL of primary sludge collected from the London Wastewater treatment plant
(Greenway, London, ON) was taken in a 250 mL Erlenmeyer flask and agitated at 250 rpm
for one hour. The PS was then spiked with the ILC as surrogate standards of the five PPCPs
to obtain an end concentration of 250 ng/mL with constant stirring. About 12.5 mL of the
spiked sludge was collected, and solid-liquid separation was achieved by centrifuging the
sample at 3750 rpm for 10 minutes. The samples were analyzed using the methods
described later in the analytical section. In order to eliminate the matrix effect of PS, about
12.5 mL of the un-spiked PS after mixing was taken and centrifuged at 3750 rpm for 10
minutes to separate the solid and liquid phases. Isotopically labelled PPCPs (=3.125 pg of
each compound) as surrogate standards were then added to both the separated liquid and
solid phases and allowed ample mixing time (several hours). The experimental method
described above was used to determine the partition of PPCPs on the mixture of biosolids

and PS-WAS.

The partition coefficient (Kq) in various biosolids samples was calculated using Equation

1.

Cs
L

LY _1ss 6
K, (kg) = 155 % 10° (Ternes, 2007) (1)

Where C; is the concentration of the PPCPs in solid phase (ng/L), TSS is total suspended
solids (mg/L), and Cy is the concentration in liquid phase (ng/L).

524 TAH of PPCPs in deionized water (DI) and biosolids

To achieving the objective, the effect of TAH on the selected PPCPs in municipal biosolids,
the TAH also was investigated on DI water as comparison. DI water and biosolids were
spiked with the selected PPCPs. The samples were subsequently treated in a lab-scale
thermo-alkaline treatment unit provided by Lystek International (Cambridge, ON, Canada)
which consisted of the main reactor, steam line, biosolids and alkali injection port and a

high-speed shearing blade.

Separately, 2.7 L of DI water and biosolids with 22% (solid content) was spiked with the

ILC as surrogate standards to a final concentration of 0.3 ug/mL, and 0.01 M KOH was
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added to make the final pH 9.5. Both alkalinized DI water and biosolids samples were
spiked with the PPCPs and treated in the preheated TAH unit for 45 minutes and at 75 °C.

High-speed shearing (1800 rpm) was performed at the beginning to help mixing of the
biosolids and DI water samples. All equipment were washed with deionized water (DI),
followed by methanol and acetone before a new experiment was started in order to

minimize the contamination from the previous experiment.

5.2.5 Analysis of PPCPs

Detection and analysis of a trace amount of PPCPs in complex matrix was also an important
subobjective of this work. Sludge samples were separated into the liquid and solid phases.
Subsequently, liquid samples and solids samples were extracted using acetonitrile and
water at pH 2.0 (using HCI) in the ratio of 60:40 and cleaned using HLB cartridge, the

schematic of the process is presented in Figure 5.1.

Sludge
Samples
Liquid phase Solid phase
Solvent extraction
Extraction  [— Selvent
1. Concentrated HCI (1M)
2. Acetonitrile: pH 2 water
(60//40. V//V)
e Extraction,
HLB cartridges Clean—} P &
Reconstitution
LC-MS
analysis

Figure 5.1: Analytical approach for simultaneous extraction of five selected PPCPs

in sludge samples
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Extraction of PPCPs from liquid phase

Liquid samples were extracted using the solid-phase extraction (SPE) method. The liquid
fraction of the sludge samples (12.5 mL) was diluted by adding 20 mL of acidified water
(HCl1, pH 2) in a 50 mL polypropylene tube followed by centrifugation for 30 s.
Hydrophilic- lipophilic balance (HLB) SPE cartridges were activated with 6 mL methanol,
6 mL acetone, and 6 mL methanol successively, followed by conditioning twice with 6 mL
of acidic water (pH 2). The diluted samples were passed through the HLB cartridges at a
rate of 1-3 mL/s. Subsequently, the HLB cartridges were washed with 3 mL of hexane and
air-dried for 5 min. The retained PPCPs were then eluted from the HLB cartridges into
polypropylene tubes (15 mL) with 3 additions of 1 mL methanol/acetone (50:50). The
sample extracts were evaporated under a gentle stream of air and reconstituted in 1 mL
methanol. Extracts were filtered through a 0.22 um PTFE filter into 2 mL amber vials and
stored at -4 °C for LC-MS analysis.

Extraction of PPCPs from the solid phase

The solid fraction of biosolids was first air-dried at room temperature and ground to fine
particles using a mortar and pestle, and a mechanical laboratory blender. About 250 mg of
the solid was transferred into 15 mL polypropylene conical tubes, followed by the addition
of 5 mL of 60:40 (v/v) acetonitrile/water (pH 2). The final pH of the mixed solution was
adjusted to 2.0 by adding 500 uL. 1M HCI. The resulting solution was vortexed and shaken
for 30 minutes and centrifuged at 3750 rpm for 10 min and the supernatant was decanted
into a clean polypropylene tube (50 mL). A second extraction was conducted with the
remaining solid fraction adding 5 mL of 50:50(v/v) acetonitrile/acetone, followed by
vortexing and shaking for 3750 rpm for 10 min. The liquid extracts from successive
extractions were brought up to a final volume of 20 mL with acidic water (pH 2), and then
air dried for 30 minutes to a volume of 12 mL for centrifugation. The liquid extracts were

cleaned up using HLB SPE cartridges prior to the LC-MS analysis.
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52.6 LC-MS/MS Analyses

The target compounds were analyzed using a Thermo Q-Exactive Orbitrap mass
spectrometer coupled to an Agilent 1290 HPLC. Chromatographic separation was
performed using an Agilent Zorbax EclipsePlus RRHD C18 column with an injection
volume of 5 pL for each sample at 35 °C. The mobile phase consisted of 0.1% formic acid
in water solution (A) and 0.1% formic acid in acetonitrile (B) using a flow rate at 0.3 mL
min!. The ion trap mass spectrometer was used with a heated electro-spray ionization
source (HESI), with capillary temperature of 400 °C; sheath gas, 17 arbitrary units;
auxiliary gas, 8 units; probe heater temperature, 450 °C; S-Lens rf level, 45%; and capillary
voltage, 3.9 kV. All experiments and analysis were conducted triplicated, and the standard

deviation were shown in error bar.

5.3 Results and discussion

5.3.1 Establish and verification of the extraction method

Recovery of the liquid phase and solid-phase extraction

As can be seen in Table 3.1, mostly basic in nature, the PPCPs studied are of different
physico-chemical characteristics with wide range of Kow, multiple pK. values, and different
functional groups. Hence, significant combinations of solvents with different compositions
were tried to establish optimal extraction of all the five selected PPCPs simultaneously. As
pH affects the ionization form of the antibiotics, both acidic and alkaline conditions were
investigated for maximum recovery of the analytes (Semreen et al., 2019). As shown in
Figure 4.3, it can be seen that extraction recovery (Re %) at pH 2 is much better than at pH
10 for all selected micropollutants except TCS, while TCC and TCS couldn’t be extracted
efficiently by considering the polarity of solvent, with relatively lower recovery at 8% and
57%, respectively. Therefore, pH 2 is considered for further extractions as most compounds
could be extracted at this pH and various extraction solvents also are taken into account.
Both TCC and TCS are relatively non-polar with high octanol-water coefficients and show
strong affinity to HLB cartridges. Thereafter, hexane or hexane and dichloromethane
(DCM) (sequentially) were used to improve recovery of TCC and TCS before eluting with

methanol and acetone (50:50), and the results are presented in Figure 5.2. Cleaning up with



121

hexane produced better recovery of TCC and TCS than DCM, followed by hexane.
Furthermore, additional clean-up is necessary to decrease the matrix effect for LC-MS

analysis and increase the reproducibility of measurements.

LpH2 OpH 10
100% A

80% A _I_

60% A

Recovery %

40% A

20% A

71

TCC TCS

0%

Figure 5.2: Effect of pH on five selected micropollutants in the liquid phase

extraction
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Figure 5.3: Effect of solvent and clean-up of five selected micropollutants on liquid

phase extraction recovery
A: activated and eluted with methanol, without clean-up step;
B: activated and eluted with methanol and acetone, without clean-up step;
C: activated and eluted with methanol and acetone, clean-up step with hexane and DCM;

D: activated and eluted with methanol and acetone, clean-up step with hexane.

The extraction of PPCPs from the solid phase is more complex than the liquid phase and
has rarely been documented (Abril et al., 2018). Targeted PPCPs were extracted from solid
using acetonitrile and pH 2.0 water. The d-SPE (QuEchERS) method was also carried out
for extraction due to its simplicity and easy operation. However, preliminary experiments
indicated that compared to d-SPE, SPE extraction method was better, although needed
optimization. SPE method and d-SPE (QuEchERS) method for analyzing the five
micropollutants in sludge samples were used. As shown in Figure 5.3, both methods
developed for five micropollutants were not successfully applied to the analysis of sludge
samples. Despite MIC, TCC and TCS showing high recovery, CIP and OFLX (R% <10%)

were considered unacceptable. Ultimately, an optimized SPE protocol was developed by
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adjusting pH (500 pL. 1M HCI) below 3 in the first extraction and removing organic
extraction buffer by air dry for 1 h. Afterwards, adding water at pH 2 to reach a total volume
of 20 mL, the diluted samples were passed through the HLB cartridge and then
reconstituted, filtered through a 0.22 pm PTFE filter, transferred into a 2 mL amber vial
and stored at -4 °C until LC-MS analysis.

The simultaneous liquid/solid phase extraction method was optimized to recover the five
selected compounds of micropollutants from sludge samples. It can be seen in Figure 5.4
that the recovery of CIP, OFLX and MIC from the liquid phase was close to 100% and
showed slightly lower recovery from the solid phase. Lowest recovery of 41% occurred for
CIP, followed by 61% for OFLX from the solid phase, probably due to matrix complexity,
and also due to their strong partition to the biosolids and sludge. Further optimization of
the analytical protocol was not conducted as the concentration of CIP and OFLX could be
revised using these recovery values. Overall, the single-column extraction method was

suitable for optimum extraction of the selected PPCPs in both liquid and solid phases.

120% -
0% O Liquid Solid
100% -
80% -

60% -

Recovery %

40% A

20% A

0%

Figure 5.4: Optimized recoveries of five PPCPs in liquid and solid phase extractions
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LC-MS/MS analyses

ILC was used as internal injection standards or isotope dilution quantitation standards to
correct residual matrix effects during sample preparation and LC-MS/MS analysis,
improving the quality of data quality. ILC generally improves average recovery and

relative standard deviation (Hao et al., 2008).

The high-resolution Q-Exactive Orbitrap does not have actual baseline noise level in data
generation. Therefore, the instrumental limits of detection (LOD) and quantification (LOQ)
cannot be calculated using the traditional signal to noise method. The LOD of the selected
compounds was evaluated on the basis of 5 times signal response of 5 times detection (N=
5/5), and LOQ was determined by lowest concentration detected with the relative standard
deviation (RSD %) less than 25% (Morrison et al., 2018). The LOD and LOQ ranged from
0.5-2 ng/mL and 5-10 ng/mL, respectively, with a correlation coefficient greater than 0.99.
The method detection limits, indicative of concentrations that can be observed within
sample matrices were determined for each matrix with unique recovery efficiency (Re %)
and signal suppression/enhancement (SSE %). Retention time and analysis criteria of select

analytes are presented in Table 5.3.
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Table 5.3: LC-MS characteristics of the selected PPCPs

Compound Method LOD (ng/mL) LOQ (ng/mL)

[M+H]:332.14099
MS/MS:288.15121@hcd33

Ciprofloxacin RT-2.89 0.5 10
[M+H]:362.15000
. MS/MS:318.16107@hcd32
Ofloxacin RT-2.83 0.5 5
[M+H]:414.99390
Miconazole MS/MS:158.97711@hed35 0.5 10
RT:5.34
. [M-H]:286.94250
Triclosan RT-7.33 2 10
[M-H]:312.96942
Triclocarban MS/MS:158.97073@hed15 0.5 0.5

RT:7.26

In summary, simultaneous detection and quantification of five PPCPs from sludge and
biosolids samples were achieved using a simple SPE method and analysis using LC-
MS/MS. Recoveries, LOD and LOQ for the characterization protocol were satisfactory,
indicating this extraction and analysis method can be applied for environmental samples.
A list of compounds for which the optimized analytical method potentially can be used for
detection and quantification in environmental samples is provided in Table 5.4. The PPCPs
examined in this work represent a wide range of properties such as log Kow and pKa, which
dictate the hydrophobicity and dissociation of the compounds in water, respectively. It is
envisaged that the analytical methods developed in this work will be applicable to other
similar PPCPs such as fluoroquinolones antibiotics, azole antifungals and transformation
products of triclosan and triclocarban (Table 5.4). The procedure was optimized to achieve
satisfactory recoveries, LOD and LOQ for simultaneous detection of trace contaminants in

environmental samples.
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Table 5.4: The PPCPs with similar range of pKa and log K,w as the test PPCPs,

structure and detected environment concentration listed

lo Environment
Group Compound Structure pKa Kg concentration
(gl
r ™ Kal: 5.64: n.d.-20.6
Difloxacin (DIF) M pra:o 8% 089 (He & Blaney,
/O © pKa2: 6.45 2015)
- on n.d.-15.6
Enrofloxacin (ENR) K\;ij/k EEQ;: 222’ 0.89 (He & Blaney,
P A SO 2015)
F o 8.5-506
| pKal: 5.44;
Fleroxacin (FLE) ﬁNI;fjj)‘\ L 0.47 (He & Blaney,
pKa2: 6.06
PR H 2015)

: ) . . : o . . n.d.
Flu_or_oq_umolone s Gatifloxacin (GAT) | pKal: 5.69; 0,58 (He & Blaney,
antibiotics \hN ; pKa2: 8.73 2015)

”"Q ~ A
Lomefloxacin wo a pKal: 5.64; n.d.
(LOM) ! O/ pKa2: 8.70 039 (He 5‘0]1351;‘“6”
Moxifloxacin V " @ pKal: 5.60: n.d.-81.5
(MOX) . | pKa2: 9.42 -0.50 (He 510 ]13512)mey,
F o ) ) n.d.-86.8
Norfloxacin (NOR) | pKal:>.77; -0.92 (He & Blaney,
hN y pKa2: 8.68 2015)
VoA .
Orbifloxacin (ORB) " A pRal:349; ) s (He & Blaney,
| pKa2: 8.77 2015) y
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‘ OH
K\Nijfjj/“\ pKal: 5.74’ n.d.

Sarafloxacin (SAR) | \) © pKa2: 8.68 0.56 (He gzo ]13512)1ney,

. n.d-110
Clotrimazole (CLO) Q Q pKa: 6.62 41 (Kahle et al.. 2008)

n.d.-72.7
Azole antifungals Econazole (ECO) o —\ pKa: 6.77 55 (Huang et al.,
@Ao "~ 2012)
O
. n.d.-122.9
Ketoconazole (KET) i ’ \Q pKa: 6.75 434 (Huang et al.,
O 2012)
T
Methyl triclosan . i i n.d.-354 (Kantiani
Transformation (MeTCS) et al., 2008)

o]
products /@i
Cl O/

A 1.1-160
Carbanilide (NCC) ©\ e @ pKa: 1153 30  (Venkatesan et al.,

2012)
L
_ J \]/ . - 60-114
Caffeine (CAF) <N | ' pKa: 104 0007  (Suietal.,2010)
/
(o)
Oher PPCPS Gyphmazepine O O K a7 156-188
commonly foun (CAR) N pha ) (Clara et al., 2004)

in WWTPs

o oH 359-6897
Diclofenac (DIC) K pKa: 4.2 451 (H.R.Buseretal.,
1998)
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o

1-96
Estrone (EST) pKa: 10.3 3.13 (Servos et al.,
2005)
i , 241-2724 (H.-R.
Ibuprofen (IBU) " pKa: 4.9 397 Buser et al., 1999)
) g : 14432-16008
Iohexol (IOH) . . pKa: 11.7 -3.05  (Deblonde et al.,
\)v 2011)
Ho/\g\ 7Y
- n.d-5513
Naproxen (NAP) pKa: 4.2 35 (Snyder et al.,
~o ° 2004)
1 100-33100
Salicylic acid (SAL) oH pKa: 2.3 1.13 (Martin et al.,
2012)
OH
A 117-400
)
(Ssulljfir)nethomde \, W pKa: 5.7 089  (Snyderetal.,
e 2004)
HoN
\O
. . HoN N NH, o ] 118-150
Trimethoprim (TRI) T X ~ pKa: 6.6 1.33 (Kim et al., 2005)
N / O/
n.d. =not det

5.3.2

Partition of PPCPs in sludge

It is expected that the selected PPCPs with high octanol-water coefficients should partition

into the solid phase. In order to separate the effect of background presence of the selected

PPCPs, isotopically labelled compounds as surrogate standards were spiked into the sludge

and their distributions between the liquid and solid phases of the sludge were determined

over 1 hour. The absence of desorption during the experimental time implies that the

sorption of the PPCPs in sludge and biosolids is strong. The five PPCPs, all partitioned

predominately in the solid phase, ranging from 89% for TCS and 98% for CIP, respectively

(Figure 5.5). Typically compounds with a higher octanol-water coefficient partition into

solids phase with an organic fraction (foc), resulting higher solids phase concentration of

MIC (log Kow= 6.1), TCC (log Kow= 4.6) and TCS (log Kow= 4.76). However, FQs, which
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also demonstrated very high partitioning within the solid phase, have much lower Kow
values (log Kow of CIP = 0.28 and OFLX, log Kow -0.39). While K,y is a suitable measure
to model partition of a compound in solids with high organic content, another commonly
used parameter for estimating organic compounds partition is solid-liquid distribution
coefficients (Kq). The reported solid-liquid K4 for FQs (CIP, 1435-4550 L/kg; OFLX, 4976
L/kg) is very high (Tran et al., 2018; Cheng et al., 2018; Tang et al., 2019). Additionally,
acid dissociation constant (pKa) can be used to estimate the partition of organics in sludge
by determining the different ionization forms of the compounds at environmental pH. In
earlier research, the zwitterion of FQs showed strong sorption affinity, followed by cation
and anion, and aerobic conditions facilitated FQ sorption (Wang et al., 2017). At pH 7-8,
relevant to the wastewater, activated sludge and anaerobic digestion, FQs will be present

mostly in their zwitterion form, and therefore will remain adsorbed to sludge.
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Figure 5.5: Partition of selected PPCPs in primary sludge, 15% :85% (PS-WAS:
biosolids) and 30% :70% (PS-WAS: biosolids). (Solids means partition percentage

in solids phase and water means in liquid phase)
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The log Kq versus Ko for the PPCPs from different literature are plotted in Figure 5.6.
Most Kg values determined in this study are located in the interval of the box. The
relationship between log Kqand Kow did not follow linear relationship. Kq values are case-
specific and the sorption of PPCPs to the solid phase is complex, involving several

processes as adsorption, surface complexation, and partitioning (Prasad et al., 2019).

For FQs, higher K4 values were found in biosolids and varied from 1260 L/kg to 11226
L/kg and 1114 L/kg to 15980 L/kg for CIP and OFLX, respectively. The Kqvalues of MIC
in PS and biosolids were 1581 L/kg, 968 L/kg and 1792 L/kg, respectively. The K4 values
of TCC ranged from 929 L/kg to 1784 L/kg, while it was 1062-7589 L/kg for TCS. These
results are in agreement with some of the reported values for different PPCPs. For example,
Narumiya et al. (2013) reported log Kq> 3, and more than 90% PPCPs remained in the
solid phase. The experimental Kq values of the selected compounds in three biosolids
samples varied greatly, indicating sorption behavior substantially affected by the biosolids
properties. Nonetheless, relatively high K4 values indicate that these PPCPs are likely to
accumulate on both PS and biosolids. Therefore, it is imperative that these compounds need
to be removed from biosolids prior to the land application or safe disposal. It requires
comprehensive and systematic research on the fate of trace concentration PPCPs in

stabilized biosolids such as raw anaerobic digestion and TAH biosolids.
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Figure 5.6: Boxplot of log Kq versus log K,w of the selected PPCPs from literature
and compared with the data from this study in sludge sample and biosolids (Sample
-1: primary sludge, Sample-2: 15% : 85% biosolids : PS-WAS, v/v, and Sample-3:

30% : 70% biosolids

533 Effect of TAH on PPCPs in DI water

The effect of TAH on PPCPs in DI water was conducted as a control study, and the results
are shown in Figure 5.7. FQs (CIP and OFLX) showed the lowest but significant
degradation of 43%, where MIC and TCs were more easily degraded by thermo-alkaline

treatment.
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Figure 5.7: Degradation of PPCPs in DI water due to thermo-alkaline treatment
In an earlier study conducted by El-Gamel et al (2011), only 8.5% loss of CIP was reported
due to thermal treatment at 40-200 °C. The pH is an important factor affecting the degree

of ionization of these compounds. For example, three species (CIP+, CIP+, CIP-) of CIP

are formed at different pH (Equation 2-3):

kqq [cIPE]-[H]
+ + + _
CIPY B CIPE +HY,  kgy =T )
CIP* &ECIp~ +H*. kg, = CEHET g
. az [cIP]

The speciation of CIP with respect to pH is shown in Figure 5.8 (a):

[H*]?
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At the alkaline condition (pH=9.5), CIP mainly exists in the anionic form (CIP") and
zwitterionic form (CIP+) with -NH," and —COO™ groups. The highly polar functional
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groups, such as C—0O, C—O-C and COOH can serve as strong electron acceptors and
conjugate with « electron-donating groups of N-H and O—H to form n-n electron donor-
acceptor system forming a stable structure, which is not amenable to breakage at a
moderate temperature of 75°C. Likewise, OFLX belonging to FQs group, shares a similar
structure and functional group as CIP. OFLX also is present in anionic and zwitterionic
forms as Figure 5.8 (b) shows. The apparent stability of zwitterions is the reason for the

lower degradation of FQs.
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Figure 5.8: Ionization schemes of CIP (a) and OFLX (b)

In addition, pre-evaluation experiments were conducted to investigate the effect of thermal
(room temperature and 75°C) and alkaline conditions (pH 6.5 and pH 9.5), separately. The
experiments were carried out using 0.909 pg/mL mixture solution of five PPCPs in two 2.5
mL glass tubes adjusted to pH 6.5 and pH 9.5, respectively. About 150 pL spiked solution
of pH 6.5 and 9.5 were taken into 250 pL polypropylene vials maintained at room
temperature and 75 °C. The samples were taken at different time point: 0 hours, 1 hour,
and 3 hours, after treatment. About 0.625 pg/ mL mixture solution of five PPCPs as internal

standard was spiked into the polypropylene vials immediately. Afterward, the vials were
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seated for 5 min and then analyzed using LC-MS. The results were shown in Table 5.5.
Interestingly, no obvious degradation of CIP and OFLX was observed with pH variation
and increased temperature, showing only thermal or alkaline treatment is not effective for
these PPCPs. However, MIC, TCC and TCS degraded significantly in both thermal and
alkaline conditions, almost fully degraded after seven days. In addition, the thermal

treatment alone caused higher degradation than alkaline treatment of MIC, TCC and TCS.

Table 5.5: Percentage remaining of selected PPCPs in various thermal and alkaline

treatment with time

Condition Time/ hr CIp OFLX  MIC TCC TCS
pH 6.5 1 96% 93% 74% 46% 30%
Room

3 78% 78% 63% 45% 7%
Temperature
1 91% 86% 26% - 1%
pH 6.5 75°C
3 82% 89% 3% 37% 0%
pH 9.5 1 88% 84% 84% 56% 143%
Room
3 88% 87% 67% 45% 53%
Temperature
1 90% 85% 6% 65% 0%
pH 9.5 75°C
3 81% 87% 2% 31% 0%

534 Effect of TAH on PPCPs in biosolids

To investigate the degradation of the PPCPs in the sludge, biosolids were spiked with ILC
and thoroughly mixed, and an aliquot was removed. The remaining biosolids sample was
treated in the TAH reactor. The concentration of both the spiked ILC and PPCPs that were

naturally present in the untreated biosolids and TAH treated biosolids were determined and
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compared. The concentrations of all five naturally occurring compounds before and after
following TAH treatment of biosolids are shown in Table 3.6. The concentration of MIC
in the biosolids was the highest at 10,382+534 ng/g. TCS was also detected at a relatively
high concentration of 6166+532 ng/g. The high co-occurrence (r=0~1) between MIC and
TCS was reported at r = 0.75, which indicated that they might have similar behavior in the
environment (Zhang et al., 2018); their structural similarity (both have ether and Cl in their
structure) also can be seen in Table 5.1. A high amount (4680-10900 ng/g) of TCS was
found in biosolids in experimental fields in Canada (Gottschall et al., 2012; Sabourin et al.,
2012). CIP belonged to fluoroquinolone antibiotics (FQs) and was detected in biosolids
samples at 1835+113 ng/g. CIP has been detected at high concentration of 2759 ng/g in
sludge from the WWTP of southern Spain (Krzeminski et al., 2018). OFLX and TCC both
were detected at a relatively lower concentration of 148+5 ng/g and 86+9 ng/g,
respectively. FQs are detected at higher concentrations due to poor biodegradability during
anaerobic digestion (Li et al., 2017). These compounds are recalcitrant to biodegradation
and remains in sludge which directly dispersed into agriculture soil and leaching into
surface water. Literature showed FQs antibiotics affect mainly microorganism and strongly
inhabit microbial activities when they bound to soil (Githinji et al., 2011), and FQs are
moderately toxic toward alga when they dispersed into aqueous system (Hernando et al.,
2006). TCS and TCC were estimated have the potential risks to freshwater, terrestrial
environments, and soil such as antibiotics resistance genes of microbial and endocrine
disruption effects or birth effects on human (Musse, 2018). All the compounds tested
showed some degree of degradation/removal following the TAH of the biosolids (Figure
5.6). However, significant differences can be seen in the results obtained from the
experiments conducted in DI water. Although the degradation of the five PPCPs in DI
ranged from 43-99%, the degradation in biosolids by TAH was only 36-41%. Similar to
DI, the least amount of degradation occurred for the FQs. The highly polar carbon-fluorine
bond is one of the strongest with average bond energy of around 480 kJ/mol, making fluoro
organic compounds highly thermally and chemically stable (Pagliaro et al., 2005). In
addition, biosolids matrix being considerably more complex, the polar functional groups

like -COOH, -CHO and -NH2: of these compounds are likely to interact with the biosolids
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(Chen et al., 2013). Nonetheless, TAH treatment could remove the selected PPCPs to some

extent.

In addition to the non-labelled PPCPs that were naturally present in the biosolids, the
concentrations of ILC, applied directly prior to TAH were measured. As expected, the ILC
showed similar behavior as the non-labelled compounds with the exception of CIP and
OLFX, where the ILC showed significantly lower degradation in sludge (Figure 5.9). The
results indicate that the matrix effect is more significant for the recalcitrant fluorinated

compounds.

Table 5.6: Concentrations of selected PPCPs in biosolids before and following TAH

treatment (n=3)

Pre-TAH (ng/g) E?gs/;;rAH
CIP 1835+113 1155+134
OFLX 14845 9348
MIC 10382+534 6881+360
TCC 8619 54+2

TCS 6165+531 3664+132
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Figure 5.9: Percent degradation of isotopically labelled PPCPs spiked into biosolids
and unlabeled PPCPs (naturally occurring in biosolids) before and after TAH

treatment
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5.4 Conclusion

Optimum extraction methods for simultaneous maximum recovery of five targeted PPCPs
from water, municipal sludge and biosolids, and their detection methods using LC-MS
were established. Both liquid and solids samples were extracted using acetonitrile and
water at pH 2.0 (using HCI) in the ratio of 60:40 and cleaned using HLB cartridge. The
selected PPCPs were detected at the concentration range of 54+3 ng/g to 6166532 ng/g
in biosolids collected from two local wastewater treatment plants at Ontario, Canada. A
proprietary TAH (pH 9.5, 75°C, 45 min), which is used for post-treatment of biosolids for
better stabilization was evaluated in this work for the removal of the target PPCPs. The
average removal of target PPCPs from sludge due to TAH was around 40%, where
fluoroquinolone compounds showed significantly lower degradation due to their structural
stability. This study indicated that TAH is an effective process to remove micropollutants
in biosolids, which is an additional advantage when TAH is used as a post-treatment
method for greater stabilization of biosolids. Further research is being conducted to

investigate the ability of TAH to enhance biodegradation of micropollutants in sludge.
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Chapter 6

6 pH-dependence molar absorptivity of selected
micropollutants and effect on UV photolysis

6.1 Introduction

Wastewater is the most significant point source of discharging micropollutants to
freshwater bodies. Driven by water scarcity, treating municipal wastewater for beneficial
reuse is becoming a cost-effective alternative (Bilinska et al., 2019; Caicedo et al., 2019).
The regulations and limit levels of pollutants in wastewater are significant concerns in
reuse applications (Kellis et al., 2013; Rizzo et al., 2020). The presence of micropollutants,
including pharmaceuticals and personal care products (PPCPs), pesticide and endocrine
modulating compounds in environment, is receiving significant attention due to their
potential threat to human and ecosystem health (Ashraf, 2017). In recent years, research
shows micropollutants’ physiological effects on aquatic organisms even at trace
concentrations ranging from ng/L to pg/L. (Yan et al., 2018). PPCPs are a kind of typical
micropollutants that have received greater attention due to their widespread use and
recalcitrance in wastewater treatment units (Mao et al., 2020; Yang et al., 2017). Therefore,
robust and eco-efficient technologies are urgently needed to remove PPCPs to protect

public health and environmental safety.

Generally, typical wastewater treatment plants (WWTP) are not designed to remove
PPCPs. After the primary and secondary processes, the treated effluent contains many
PPCPs, removal efficiency ranging from 17%-40% and 38%-90%, respectively (de Jesus
Gaffney et al., 2017; Yang et al., 2017). Many WWTP uses UV-disinfection as a final step
of water treatment to remove pathogens. Additionally, UV treatment is also practiced after
membrane processes for tertiary treatment of water for reuse purposes (Cvetnic et al.,
2017). UV-254 nm radiation used in the disinfection process can cause photolysis of the
PPCPs depending on their molar absorptivity in this wavelength (Carlson et al., 2015).
High-energy UV photons excite electronic states of the organic compounds, producing
reactive radicals which combine with oxidative species to form degradation products (NAS

etal., 2017).
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Table 6.1 summarizes the PPCPs degradation efficiencies via UV photolysis published in
the literature by various researchers. Multiple literature revealed that different PPCPs have
different degradation efficiencies depending on molecular structure and absorption
spectrum (Lian et al., 2015). For example, Kim et al. (2009) found that the degradation of
theophylline was only 3%, while ketoprofen removed by 90%. It is indicated that direct
UV photolysis significantly degraded certain species of PPCPs, such as amoxicillin,
sulfamethoxazole, sulfamonomethoxine. The main reason attributed to higher degradation
efficiencies is the relatively high molar extinction coefficients. Molar absorptivity is a
crucial parameter in evaluating the rate of a photochemical reaction of the compound,
which could be used for designing or controlling UV system operation for potable reuse of
wastewater. However, the molar absorptivity is very limited by the pH of PPCPs based on
molecular structure, especially for some basic and acidic functional groups (Cai et al.,
2020; Fang et al., 2013). Therefore, it is of great importance to study the effect of pH
variations on molar absorptivity of some commonly found PPCPs of different molecular

properties.

Table 6.1: A literature review of PPCPs degradation efficiencies by UV photolysis

Compound Sample type Degradation (%) Reference
amoxicilline water >90 (Hoehne et al., n.d.)
carbamazepine Milli-Q water 25 (Alharbi et al., 2017)
chloramphenicol deionized water 25 (Dong et al., 2017)
ciprofloxacin wastewater effluent 48 (De la Cruz et al., 2012)
diclofenac, Milli-Q water >90 (Alharbi et al., 2017)
sulfamethoxazole
ibuprofen wastewater effluent 34 (De la Cruz et al., 2012)
ketoprofen pure water 90 (Kim et al., 2009)
sulfathiazole distilled water 26 (Yun et al., 2018)
tetracycline distilled water 35 (Yun et al., 2018)

theophylline pure water 3 (Kim et al., 2009)
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The objective of this work was to determine the pH dependence molar absorptivity of
selected micropollutants such as industrial byproducts, pharmaceuticals, and pesticides
from wastewater treated for potable reuse. Firstly, the pH-dependent molar absorptivity of
the 12 micropollutants was determined at different pH (pH 5.0, pH 6.0, pH 7.0, and pH
8.0). Then, the relationship between molar extinction coefficient (¢) and quantum yield
(QY) with pH and acid dissociation constant (pKa) was investigated using a lab-scale UV
collimated beam system. This work provides relevant information for UV disinfection
reactor design to remove the selected PPCPs and to predict the characteristics of similar

functional group compounds for controlling the UV photolysis process.

6.2 Material and method
6.2.1 Chemicals

The pharmaceuticals used in this study include: (1) antipyrine (AP, analytical standard),
(2) sulfathiazole (STZ, >98%), (3) sulfamethoxazole (SMX, analytical standard), (4)
diclofenac(DFC, analytical standard), (5)fluoxetine (FLX, pharmaceutical secondary
standard), (6) hydrochlorothiazide (HTZ, crystalline), (7) amoxicillin (AMX, >900 pg per
mg), (8) doxycycline (DXC, >298%), (9) chlortetracycline (CTC, analytical standard), (10)
ciprofloxacin (CFX, >98%), (11) chloramphenicol (CPC, >98%) and (12) sulfisoxazole
(SXZ, analytical standard) were obtained from Sigma-Aldrich, Canada. The chemical
(KHPO4; >98%) used to make up buffer solutions, was obtained from EMD Millipore,
Canada, while KH2PO4(>99.3%) was obtained from Fisher Scientific, Canada.

6.2.2 Determination of molar extinction coefficients in different pH

The pH values were measured using a pH meter (Thermo Scientific Orion Star A111)
calibrated with solutions of pH 4.0, 7.0, and 10.0. Stock solutions of PPCPs at pH 5.0, 6.0,
7.0 and 8.0 were prepared by dissolving them in phosphate buffers (10 mM). Different
mass ratios of monobasic and dibasic potassium phosphate (Table 6.2) were used to prepare
a 10 mM buffer with the pH range from 5.0-8.0 solution according to the Henderson—
Hasselbalch equation (Equation 6.1).
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pH=pKa-+log—-2%< (6.1)

B
Aacid

Table 6.2: mass ratios of monobasic and dibasic potassium phosphate ( pH 5.0, pH

6.0, pH 7.0, pH 8.0)
pH KHPO, (mL) KH,PO4 (mL) Milli-Q (mL)
5 0.14 9.86 990
6 13 8.7 990
7 4.2 5.8 990
8 9.32 0.68 990

A UV-vis spectrophotometer (UV-3600, Shimadzu) was used to analyze the molar
absorbance of selected PPCPs in the wavelength range of 200-800 nm. The molar

absorbance was calculated using the Beer-Lambert equation (Equation 6.2).
A=¢elCore=A/(l X () (6.2)

where A is the absorbance, 1 is path length of the sample (1 cm ), C is concentration of
sample ( mol-L™" ), € is molar absorptivity or molar extinction coefficient (Lemol'scm™)

and is a measure of the probability of the electronic transition.

6.2.3  Analytical methods

The quantifications of the PPCPs were monitored by a high-performance liquid
chromatography (HPLC) system (Dionex ICS-3000, Thermo Scientific, USA), with an
Agilent C18 column at a UV wavelength of 260 and 276 nm. The mobile phase was a
mixture of ammonium acetate (40 mM) and acetonitrile in the ratio of 40/60 (v/v). The
flow rate was set at 0.4 - 0.6 mL min!, and the injection volume was 100 pL. The column
temperature was set at 25 °C with 3 min running sampling time. The details of HPLC

conditions for targeted PPCPs are listed in Table 6.3.
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Table 6.3: Parameters of targeted PPCPs in HPLC

SMX DCF AP FLX
Column C-18
Mobile phase ammonium acetate (40mM) and acetonitrile in the ratio of 40/60 (v/v)
Flow rate 0.6 mL/min 0.4 mL/min 0.6 mL/min 0.4 mL/min
Injection volume 100 pLL
Detection
wavelength 260 nm 276nm 260 nm 260 nm
Retention time 1.33min 1.47min 1.40min 1.21 min
Run time 3min 3min 3min 3min

The TOC of UV degradation samples was measured using a Shimadzu TOC-L analyzer
(CPH TOC, Shimadzu Scientific Instruments Ltd., Japan), calibrated with a standard
glucose solution to obtain the limit of detection (LOD) at 0.1 mg/L. TOC is a water quality
parameter that is commonly applied in water treatment processes. The TOC is the sum of
the dissolved and particulate organic carbon, of which the inorganic carbon is removed via

acidification.

6.2.4 UV collimated beam experiment

UV photodegradation of selected PPCPs was carried out in a UV collimated beam
apparatus, established by Darby et al. (Darby, 1995). The configuration of a lab-scale
collimated beam system is described in Figure 6.1. The system is constructed with an LP-
UV lamp (20.4 W) in a horizontal copper pipe. A vertical collimating tube extends
downward from the middle of the lamp pipe to attain the collimation of the UV light. 50
mL PPCPs sample is placed into a sterilized petri dish (internal diameter 5.6 cm) containing
a stir bar to keep a distance to the UV lamp at 34 cm. The Petri-factor (PF) is a correction
factor to reflect the ratio of the incident irradiance at the center of the sample surface to the

incident irradiance over the sample surface. Bolton and Linden suggest that PF values
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should be higher than 0.9 to achieve a well-designed collimated beam system. The average
PF was consistently calculated around 0.94 before and after these collimated beam

experiments, achieving the recommended value.

L~ ]

UV lamp

—

Collimated beam

B
<4t

Sample

Stirrer —,

Figure 6.1: Typical UV collimated beam system

Four PPCPs (antipyrine/AP,diclofenac/DFC,fluoxetine/FLX, and sulfamethoxazole/SMX)
were prepared with phosphate buffer at pH 5.0, 6.0, 7.0 and 8.0. Initial concentrations of
the four PPCPs with different pH were individually kept at 5 ppm. Six Petri-dishes at some
conditions were prepared for different degradation times (10 min, 30 min, 60 min, 90 min,
120 min) to obtain different UV fluences. Samples are collected after those time intervals
of irradiation and analyzed via HPLC and TOC for degradation efficiency of the PPCPs.
All experiments and analysis were conducted triplicated, and the standard deviation were

shown in error bar.

6.2.5 Determination of photodegradation kinetics

The photodegradation of selected PPCPs was evaluated considering a pseudo-first-order

kinetics. The kinetic constants (k) were determined according to Equation 6.3



151
In (CCT,) = —kt (6.3)

where C is the final PPCPs concentration (ng/L), Co is the initial PPCPs concentration
(ug/L), and t is the UV irradiation time (min).

Quantum yield is usually defined as the moles of a chemical change per Einstein of photon
energy absorbed, which was calculated using Equations 6.4 (Bolton & Stefan, 2002). In
this work, the fluence-based pseudo-first-order rate constants, k' (cm? mJ!), are obtained
from the slope of In (C/Cop) vs. UV dose plot.

(1) _ k,*U}L
C  In(10)*gc

(6.4)

where U is the molar photon energy given in unit of J Einstein'! at the irradiation
wavelength A (254 nm), which equals to 471527.7 J/Einstein, &c is the molar extinction
coefficient, which has the unit of M! cm™! for the targeted compound at the irradiation

wavelength (254 nm), and ¢. is the quantum yield for the targeted compound.

6.3 Results and discussion

6.3.1 Determination of molar extinction coefficients at varying pH

Measurement of 12 PPCPs molar extinction coefficient at 254 nm in different pH shows
that pH influences molar extinction coefficient (Figure 6.2). The experimental results imply
that ciprofloxacin (CFX) and sulfisoxazole (SXZ) are more pH-sensitive than other
compounds in terms of molar absorptivity at pH 8.0. Sulfisoxazole (SXZ) is a much higher
molar absorptivity at pH 5.0, pH 6.0 and pH 7.0 compared with other compounds.
Amoxicillin (AMX) and fluoxetine (FLX) have the lowest molar absorptivity among those

micropollutants samples.
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Figure 6.2: Molar extinction coefficient of 12 selected PPCPs at pH 5.0; pH 6.0; pH
7.0; pH 8.0

The molar extinction coefficients of 12 compounds have different performance towards pH
changes due to their chemical structure and pKa value (Table 6.4). The molar absorptivity
of AP, DFC, and FLX was not sensitive to pH changes with less than 2.5 % in the target
pH range. The pKa values for AP, DFC and FLX are all at the pH range at 5-8, and are,
respectively 1.45, 4.15 and 10.1. As pH increased, the ionization form kept stable for these
compounds, resulting in the non-sensitive to pH behavior. For tetracycline-class drug CTC
and DFC, the molar extinction coefficient decreased until pH 7 then increased in the range
of 12751 to 13450 and 11535 to 13529 M™! cm!, respectively. Tetracycline group
compounds are amphoteric molecules with three pKa values for conjugated tricarbonyl
(pKa 1: 2.8-3.4), conjugated phenolic diketone (pKa 2: 7.2-7.8), and dimethylamine (pKa
2: 9.1-9.8). Different ionic species will predominate as a function of the pH (Wei et al.,
2019). Hence, the increase in the monoanionic CTC and DFC fraction can explain the
results. The molar absorptivity of sulfinol group SMX, STZ and SXZ increased from
11668 to 16712, 14939 to 17313, and 17091 to 23764 M! cm™!, respectively, with

increasing pH 5 to 8. For the sulfa-drugs, with increasing pH, the sulfinol group is
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deprotonated to release the lone-pair electrons of its nitrogen atom, thus resulting in a
hyperchromic effect on the absorption peaks (Lian et al., 2015). With the increase in pH
above the second pKa value, sulfa-drugs mainly exist in anionic form. In the anionic form,
the sulfinol-nitrogen atom obtains two lone-pairs of electrons and achieves p-n conjugation
with sulfinol and penta-heterocycle groups. The two lone-pairs of electrons produce strong
repulsion and increase the energy difference between HOMO (highest occupied molecular
orbital) and LUMO (lowest unoccupied molecular orbital), which results in a blue-shift in

the UV—Vis absorption spectra and higher absorbance for the anions (Lian et al., 2015).

Table 6.4: Chemical structure and reported pKa values of 12 PPCPs

Compound Structure pKa Reference for pKa

AMX ;/T_J( o 24;74,9.6 (Rolinson, 1974)

AP 1.45 (Baeza & Knappe, 2011)
CTC 3.57;7.49;9.88 (Shaojun et al., 2008)
DC 3.50;7.07;9.13 (Bolobajev et al., 2016)
FLX 10.1 (Nakamura et al., 2008)
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HCT

STZ

DFC

CFX

SXZ

CPC

H
N

79;9.2

1.85,5.6

22,72

4.15

59,8.89

15,5

11.03

(Real et al., 2010)

(Qiang & Adams, 2004)

(Boreen et al., 2004)

(Hung et al., 2001)

(Peng et al., 2015)

(Boreen et al., 2004)

(Qiang & Adams, 2004)

Other compounds such AMX, CPF, CPC, and HCT belong to various class drugs; the molar

extinction coefficient has changed around their pKa value when their pKa value is located

in the range of pH 5-8. Therefore, knowledge of molar absorptivity in UV-254 and the pKa
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value of functional groups through structure-activity relationship (SAR) are the intimate
understanding of characteristics of selected probe compounds. The analysis of SAR
enables determining the chemical groups sensitive to UV-254 wavelength in different pH.
It is also revealed how the relationship between the molar absorptivity and the pH and at
what wavelength each pH absorbed best. The results imply that specific micropollutants
are removed efficiently at a particular pH; therefore, controlling pH during wastewater
treatment may be required to remove micropollutants from wastewater by photolysis
processes. Moreover, potential models can be developed to predict the characteristics of

similar functional group compounds for controlling photolysis.

6.3.2 Behavior of absorption scans at varying pH

The data from these scans are likely to be useful both for understanding the potential for
photolysis using alternative sources of radiation (medium-pressure Hg lamp, excimers, UV
LEDs, solar radiation), but also for understanding the roles of various functional groups in
defining absorption behavior. The behavior of absorption scans from 200 nm to 800 nm at
varying pH for 12 target micropollutants were illustrated by UV-vis spectrophotometer in
Figure. 6.3a. Most of these compounds have absorption peaks from 200 nm to 400 nm,
which are well overlapped with the solar irradiation in the range of 290 nm to 400 nm

(Cheng et al., 2019).

As shown in Figure. 6.3, AP, DFC, FLX have maximum absorbance in the UV range at
244 to 256 nm, 274 to 278 nm, and 261 to 265 nm, respectively. Also, pH did not affect
light absorption of these three compounds, consistent with their non-sensitive performance
at 254 nm wavelength. CTC and DC are two typical tetracycline group antibiotics, which
showed two absorption peaks around 275 nm and 370 nm. The second absorption peaks
also well overlapped with the solar irradiation wavelength range. These results agree with
the previous report on tetracycline-class drugs (Wei et al., 2019). Moreover, the
characteristic peaks of CTC and DC have a slight right shift with higher pH values (Figure
6.3 b). A similar redshift phenomenon has been reported in a recent publication due to
protonation or deprotonation under pH changes (Xu et al., 2020). It should be noted that
pH could strongly affect the hydroxyl bond (-OH) bound to the phenolic diketone

functional group of CTC and DC. Protonation or deprotonation affects the spectrum shift



156

both in molar absorbance intensities and absorption peaks, resulting in the difference in

quantum yields and direct photolysis rate constants at various pH.
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Figure 6.3 a): UV spectra of 12 micropollutants at certain concentration at pH 5.0-
8.0; (AMX 400 mg/L; AP 15 mg/L; CPC 40 mg/L; CPX 24 mg/L; CTC 32 mg/L;DC
32 mg/L; DFC 40 mg/L; FLX 400 mg/L; HCT 8 mg/L; SMX 12 mg/L; STZ 12 mg/L;

SXZ 12 mg/L)
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Figure 6.3 b):UV spectra shift for tetracycline and sulfinol group compound
at pH 5.0-8.0

The differences in sulfonyl group in both the molar absorptivity and positions of the

absorption peaks were illustrated. The SMX, STZ, and SXZ have one maximum absorption

peak around the wavelength range from 256 to 265 nm, 284 to 288 nm, and 252 to 261 nm.

Only a small wavelength overleap with solar irradiation (290 to 400 nm) can be seen from

the molar absorbance spectra, which indicated sulfinyl group drugs could be sensitive to

the irradiance UV range. Moreover, the maximum absorption peaks of sulfa group

antibiotics have a slightly left shift with higher pH values (Figure 6.3 b). The blue shift

phenomenon happened due to the protonation state and molecular orbital (MO) changed

with pH variety. With the increasing pH, the molar ratio of the negative and the neutral

forms between SMX species increased, and hence the most percentage of SMX is
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deprotonated, the electrons of single bond N on SMX  led to this blue shift
phenomenon(Luo et al., 2018).

6.3.3  Effect of pH on SMX, AP, DFC and FLX photodegradation

Direct UV photodegradation experiments were conducted at a bench scale with an LP-UV
lamp (20.4 W) for different degradation times (10 min to 120 min) to achieve different UV
fluences. Four micropollutants SMX, AP, DFC and FLX, are studied at the initial
concentration of 5 ppm with varying pH. The UV dose (mJ/cm?) calculation equation (6.5-

6.7) for bench test is (Chen et al., 2006):

L(A) = I,(D)e™*® (6.5)
R rexae® 1-e~@()D

lang ) = 22— = [,(D) || (6.6)

D=tx}; Iavg(/l) (6.7)

D =UV dose, mJ/cm? , I = UV light intensity in the bulk solution, mW/cm? ( Iave = average
intensity within the suspension, and Ip = UV intensity measured at the surface of
suspension, mW/cm?), o is the absorbance coefficient (cm™) at A (254 nm) wavelength, x
is the path length (cm), and t = exposure time, s. The UV dose of all the compounds for

different degradation times is presented in Table 6.5.



Table 6.5: UV dose for different compounds degradation at pH 5.0-8.0

160

Time
10 30 60 90 120
(min)
pH 5 67.60 20277 40554 60831 915.1
SMX
pH 6 70.68 21204 42408 636117  848.16
UV dose
pH 7 65.67 19701 39402 59103  788.04
(mJ/cm?)
pH 8 68.07 20422 40844 61266  816.88
pH 5 60.8 12161 18241 36482 54722
AP
pH 6 58.13 11626 17438 34877  523.15
UV dose
pH 7 60.23 12046 18069 36137 54206
(mJ/cm?)
pH 8 61.34 12267 18401 36802  552.03
prc  PHG 76.67 15334 23001 46002  690.03
UV dose PH7 76.05 152.1 228.15 456.2 6843
(mlfem?) Sy g 75.64 15128 22693 45386  924.50
pH 5 80.73 2422 48439 72659 96878
FLX
pH 6 80.28 24083 48167 7225 963 34
UV dose
pH 7 80.12 24035 48071 72106 96141
(mJ/cm?)
pH 8 80.55 24164 48329 72493  966.58

The direct photolysis data of SMX, AP, DFC and FLX at pH 5 to pH 8 were fitted to the

pseudo-first—order kinetic model. The degradation kinetics of all the compounds under 254

nm UV irradiation are presented in Figure 6.4.



In c/C,

In C/C,

-054

0.0

161

\ —m—pH5

—0—pH6

N AP —A—pH7
\A o P

'\‘\. ~¥-pH8

Vi

\ A v °
\ R
\ o { ]
\ < .
\
\ -1.0
| | \ A
\
\\
\
[ ]
T T T T T T T T T T -1 5 T T T T T T T T v
0 20 40 60 80 100 120 140 160 0 20 40 60 80
Time (min) Time (min)
0 m—pH5
—#-—p
AN DFC e o ey FLX e
< —A—pH7 \\\ —A—pH7
\’\ v p
\A voens \ \g ~v-pH8
1 ~|
: A\ \
n
[ ]
2 \
QD \
A o \ A
£ \
\
\
-3 \\
\
\
\\
\
-4 \
v
T T T T T T T T T T T T T T
0 20 40 60 80 100 0 20 40 60 80 100 120
Time (min) Time (min)

100

Figure 6.4: Time—dependent UV direct degradation kinetics of SMX, AP, DFC, and
FLX (S5ppm) at pH 5-8

The pseudo-first-order rate (k’) of AP and DFC only have a slight change with pH change
at the range of 1.39 x 10° to 1.80 x 103 and 4.71 x 10° to 4.98 x 10> cm 2 mJ, respectively
(Table 6.6). The UV photolysis rates for SMX decreased with pH increasing from 6.54x

103 to 1.36 x 10° cm™ mJ. On the contrary, FLX presented an opposite trend; the
degradation rate of FLX increased from 1.40 x 103 to 3.81 x 10° cm™2 mJ with pH 5 to 8.
At pH 5, SMX has the highest rate of UV photolysis, while the rates of both AP and FLX

were prolonged. Both SMX and DFC degraded at a faster rate at pH 6 compared with AP
and FLX. At pH 7, the photolysis rates of the compounds followed the order DFC > SMX
> FLX > AP. When pH increased to 8, the degradation of SMX decreased to the lowest

among all compounds, while FLX increased 2.7 times higher than its rate at pH 5.
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Table 6.6: Photochemical values (k' and QY) for SMX, AP, FLX and DFC at pH

5.0-8.0

k' (cm? mlJ) x 103 QY (mol Einstein™!)
Compound
pHS pH6 pH7 pH 8 pHS pHO6 pH7 pH 8

SMX 6.54 4.54 3.08 1.36 0.11 0.07 0.04 0.02

AP 1.79 1.39 1.80 1.73 0.04 0.03 0.04 0.04
FLX 1.40 1.53 2.19 3.81 042 0.45 0.65 1.13
DFC - 4.89 4.98 4.71 - 0.18 0.18 0.17

It is interesting to note that SMX decreased QY as the pH increased from 5 to 8. Similar
photolysis results for sulfonamide group antibiotics have been reported recently (Wei et
al., 2019). The different QY values for SMX again confirm the effect of solution pH on
direct UV photolysis by varying the forms of ionized species. Previous research has also
demonstrated that various chemical speciation sulfa group drugs affect the photochemistry
because each species will have its quantum yield and light absorption properties (Boreen
et al., 2004; Werner et al., 2006). Using the pKa values from the literature, the fractions of
each ionic species in the mixture for the SMX at different pH were calculated using
Equation (6.8-6.9). The compound SMX has two pKa values of 1.85 and 5.6, respectively
(Qiang & Adams, 2004). Figure. 6.5 a showed the percentage of SMX species and the

fraction contribution of each species with respect to pH.

SMxE][HY]

ka1 [
+ + + —
SMX* SSMX™ +HY,  kgy =2 (6.8)
kq -1.[ygt
SMXE ESMX~ +HY. ko, = SMX1HT] (6.9)

[SMXx*]
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Figure 6.5: Speciation fraction of SMX and FLX at different pH

The acid condition exhibits slower photolysis rates for SMX than in alkaline and neutral
conditions. With the increase in pH, the existing form of SMX converted from cation form
(SMX™) or neutral form (SMX*) to anion form (SMX") increased. This result indicated
that deprotonated SMX" was much more difficult to undergo photolysis than neutral
(SMX*). Similar results were also described in the most recent publication (Liu et al.,

2021).

For FLX, the photolysis rate of FLX was increased as pH increased from 5 to 8. These

results are in accordance with previous findings that fluoxetine was most persistent at pH
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4 under irradiation of visible light from pH 2-12 (Yin et al., 2017). Similarly, the
photodegradation characteristic could be in accord with the ionization form of FLX at
different pH (Figure 6.5 b). The photolysis rate did not change much for low pH due to
lower amount of FLX" existing under pH 6. However, as the pH increased closer to pKa
value, the photolysis increased by 73% compared to pH 7 and pH 8§, probably due to
deprotonation. The increasing pH was assumed to contribute to the ammonium group’s
deprotonation, resulting in enhanced photodegradation ability (Lam et al., 2005). In
summary, solution pH played an essential role in certain micropollutants’ photolysis,

depending on their physical and chemical characteristics.

6.4 Conclusion

In this study, the effect of pH dependence on the molar extinction coefficient of 12 PPCPs
and the photodegradation effectiveness of selected PPCPs with an LP-UV lamp that emits
at 254 nm were investigated. No notable variations were found on the molar absorptivity
of three compounds (AP, AMX, and FLX), while sulfa group compounds (SMX, STZ, and
SXZ), fluoroquinolones group compound (CIP), and tetracycline group compounds (CTC
and DC) showed considerable pH-dependence in the tested pH range. These results in the
pH-dependent effect of molar absorptivity are closely related to their pKa, in which pH
alters the ionic species forms of PPCPs. Similarly, the behavior of absorption scans from
200 nm to 800 nm show the effect of pH, which may explain the mechanism of
photodegradation under different operating conditions. Furthermore, the absorption peaks
of 12 PPCPs are overlapped with the solar irradiation; therefore, solar light can be used for
their degradation. The lab-scale direct UV photolysis experiment by a collimated beam
apparatus determined four compounds’ photodegradation rate constants (k’) and quantum
yields (QY). SMX and DFC showed a high degradation rate compared to AP and FLX.
The pH-dependent photodegradation information in this work could shed light on removing
those PPCPs, or compounds from similar groups in actual water treatment at different pH

conditions.
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Chapter 7

V4 Conclusions and recommendations

7.1 Summary and conclusion

The thesis investigated the effect and removal performance of micropollutants and

microplastics during selected wastewater treatment processes.

The fate of microfibers in traditional wastewater processes is not clearly understood. In
this study, the effect of coagulation on microfibers suspended in pure water and real
domestic laundry effluent was investigated using ferric chloride at a concentration range
of 10-30 mg/L. The effect of microfibers’ size on their coagulation was determined in the
size range: < 90 pm, 90-125 pm, and > 125 um. The microfibers removal efficiency due to
coagulation ranged from 86%-96% and 30%-94% in pure water and laundry wastewater,
respectively, with higher efficiency in pure water. The presence of surfactant in detergent
in laundry wastewater reduced the removal efficiency of microfibers by coagulation.
Further addition of a low dosage of PACI (around 2 mg/L) enhanced the removal efficiency
up to over 90% in laundry wastewater in the presence of detergent, which provides a
reference for the process improvement. Based on these control studies, it can be concluded
that the coagulation process in conventional WWTPs can effectively remove microfibers
with a typical dosage of Fe-based coagulant or without ferric. However, the addition of a
small amount of PACI would be required to remove microfibers associated with
surfactants. The study also highlights that with 90% microfibers removed by
settling/coagulation, the fate of microfibers in the settled sludge and final removal need to

be further investigated.

Subsequently, the fate of the microfibers and their impact on the wastewater treatment
plants’ solid processing units were investigated. More specifically, the effect of microfibers
concentration and pretreatment on anaerobic digestion was investigated. This study
revealed for the first time that the behavior of real microplastics from a domestic laundry
water affected the methane production in primary sludge anaerobic digestion. The results

showed that microfibers at 20 mg/L insignificantly affected methane production, while
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ozone pretreatment enhanced gas production by 28% in the same concentration level.
However, ozone pretreatment at a higher level (100 mg/L to 1000 mg/L) had no effect on
methane production compared with the same level microfibers not treated with ozone. In
comparison to control, methane production was significantly increased by 32% and 35%,
with increasing microfibers concentration from 100 mg/L to 1000 mg/L. In addition,
dewatering ability of sludge was enhanced in the presence of microfibers, while
phosphorus removal reflected a weak correlation with microfibers. Overall, addition of

microfibers had a positive effect on anaerobic digestion.

Like microfibers, a significant portion of micropollutants with more hydrophobicity end
up in the primary sludge making their way to anaerobic digestion and the biosolids, posing
potential concern regarding the land application of biosolids. Thus, the third objective
investigated the effect of TAH on five selected PPCPs, including fluoroquinolone
antibiotics, ciprofloxacin (CIP), and ofloxacin (OFLX), and three commonly used
antimicrobial agents, miconazole (MIC), triclosan (TCS) and triclocarban (TCC). At the
onset, extraction and analytical methods were optimized for maximum simultaneous
recovery and LC-MS quantification of the target PPCPs from water and biosolids for
improved accuracy. The compounds were detected in the range of 54 + 3 to 6166 + 532
ng/g in raw biosolids collected from a local WWTP. Next, batch control adsorption
experiments of the selected PPCPs were conducted in various sludges, which indicated
about 89%-98% sorption of the PPCPs onto the solid phase due to their high octanol-water
coefficients. Subsequently, thermo-alkaline (pH 9.5, 75 °C, 45 min) hydrolysis (TAH) was
conducted to determine the extent of degradation of these compounds in deionized (DI)
water and biosolids due to treatment. The degradation of these compounds due to TAH
ranged from 42% to 99% and 37%41% in pure water and biosolids, respectively,

potentially lowering their risk in the environment due to land application.

While micropollutants of hydrophobic nature made their way to the sludge fraction, the
molar absorptivity of twelve micropollutants was studied at varying pH 5-8 and their
degradation using a UV collimated beam apparatus with an LP-UV lamp (20.4 W). Sulfa
and tetracycline group compounds were found to have higher molar extinction coefficients

among these compounds, indicating their higher degradation potential under UV-254
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radiation. Also, pH affects molar absorption due to changes in ionic form, resulting in a
blue or red shift in their peak absorption. Furthermore, direct UV photolysis removed four
selected micropollutants, and the pseudo-first-order rate constant ranged from 1.40- 6.54 %
10° cm 2 mJ. The lab-scale direct UV photolysis experiment in a collimated beam apparatus
proved that the effect of pH on quantum yield depends on the chemical characteristics of

micropollutants.

7.2 Future Recommendations

Based on the scientific investigation of the micropollutants and microplastics, this thesis
could be aggregated into two main projects. Chapter 3 involved work on removing
microplastics from water via coagulation into sludge, and then the effect of microplastics
in the solid stream on aerobic digestion was studied in Chapter 4. Chapter 5 and Chapter 6
described the removal of micropollutants in the solid and liquid stream by post-treatment

after AD and direct UV photolysis, respectively.

1) As simultaneous detection methods have been established for targeted micropollutants,
these methods require further investigation and validation for numerous non-targeted

micropollutants in environmental samples;

2) TAH and UV photolysis are both efficient treatment processes for micropollutants;
further study needs to investigate the transformation products and their toxicity to the

environment.

3) It is recommended to study the mechanism for methane production enhanced by

microfibers, and the effects of microplastics on microorganisms need to be clarified;

4) As microplastics can be vectors for micropollutants adsorption, this needs to be

ascertained in future studies.
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Appendix A: Supplementary material of chapter 3

Table S1: Particles to mass result
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1 2 3 4 5
Initial W fiper (Mg) 1.5 1.5 1.5 1.5 1.5
W, (mg) 90.0 90.5 89.6 89.2 90.3
W, (mg) 90.8 91.2 90.3 90.3 91.0
Number of Particles in
8 Avea (N1 74 81 77 106 73
Relationship between 592=0.8 648=0.7 616=07 Bag=1.1 384=0.7
mass and number (740/m2)  (9r5img)  (880/mg)  (770/mg)  (834/mg)

Average number of

fibers per mg particle

830£75 particles/mg

Table S2: Chemical composition of liquid detergents (provided by the manufacturer

from Smart Label)

Ingredient name

Function

Water

Sodium and MEA Laureth Sulfate

Sodium and MEA C10-16

Alkylbenzenesulfonate

Polyethyleneimines Alkoxylated

Solvent

Surfactant; clean agent

Surfactant; clean agent

Suspends soils




Propylene Glycol

Sodium and MEA Citrate

Alcohol

Sodium Borate

Sodium and MEA Salts of C12-18 Fatty

Acids

Lauramide MEA

Pentasodium Pentetate

C10-16 Alkyldimethylamine Oxide

Fluorescent Brightener 71

Calcium Formate

Sodium Cumenesulfonate

C10-16 Pareth

Subtilisin

Ethanolamine

Amylase Enzyme

Polyoxyalkylene Substituted

Chromophore

Mannanase Enzyme

Fragrances

Sodium Formate

Diethylenetriamine

Solvent

Water Softener

Solvent

Stabilizer

Suds Reducer

Surfactant; clean agent

Cleaning Aid

Surfactant; clean agent

Whitening Agent

Stabilizer

Stabilizer

Surfactant; clean agent

Enzyme

Stabilizer

Enzyme

Colorant

Enzyme

Perfume

Process Aid

Odor Remover
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Methyl Di-T-Butyl

Hydroxyhydrocinnamate

Odor Remover
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Table S3: Turbidity of laundry wastewater coagulation by PACI and FeCl3

PACI (mg/L)/

Coagulants 0/0 1/10 2/15 3/20 4/25 5/30
FeCls(mg/L)
Initial (NTU) 174 176 174 175 170 171
PACI Final (NTU) 150 12.8 10.7 2.52 6.3 214
Removal (%) 12% 95% 97% 99% 98% 94%
Initial (NTU) 169 174 173 174 171 174
without ol (NTU)
detergent 140 141 145 146 150 148
Removal (%) 17% 19% 16% 16% 16% 16%
Table S4: Turbidity of different cycles during coagulation
Laundry
FeCls
1 1 1 2 2
cycles (mg/L) 0 5 0 5 30
No.
Initial
(NTU) 20.87+0.15  20.97+0.25  21.83+0.21 21.80+0.46 21.77+0.71  21.63+0.35
! Final
(without (NTU) 14.60£0.10  11.37+0.15  5.21+0.02  2.65+0.03 1.87+0.01 1.38+0.02
detergent)
Removal
(%) 30% 46% 76% 88% 91% 94%
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Initial

(NTU)  O3902010 6410020 6377045 63474050 6363015 6393025
2 Final
(without (NTU)  HOTEOI2 4087015 3967006 3090:0.10 9424002 6.42:0.02
detergent)
Removal 0 0 0 0 0 0
) 30% 36% 38% 51% 85% 90%
Initial
(NTU) 287672208 283335153 284006100 286672058 294674416 302.0043.61
3 (with Final
271.0042.65 264.00£1.00 269.33+0.58 268.67+3.79 280.0042.00 289.00+4.36
detergent) (NTU)
R |
emova 6% 7% 5% 7% 6% 4%
(%)
Initial
(NTU)  SHO30SL B4I3021 84175070 8493:0.50 84408046 8470044
4 (with  Final
(wi Ma 91404010 7337+0.61 72104044  72.87+0.44  7240+040 72.67 035
detergent) (NTU)
Removal 0 0 0 0 0 0
) 15% 13% 14% 14% 14% 14%

/\/\/\/\/\/\O/\/O\S//O Na
o// \O'

SLS

/\/ OH
N

H
Lauramide MEA

Figure S1: Chemical structure of sodium laureth sulfat (SLS) and lauramide

monoethanolamin (MEA)
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Dried Sludge Sample

Homogenized Sample

Chopper

5 mL of 60:40

acetonitrile: pH 2 watsr

0.25 g dried sludge

=4 ]

g )=

Transfer the top layer to 15 mL centrifuge tube

5 mL 50:50 acetonitrile:
acetone, repeat extraction

!

Vortex & Centrifuge Vortex & Centrifuge

Transfer the supernatant to 50 mL
centrifuge tube

Add 10 mL pH 2 water

¢

“ HLB cartridge
Vortex & Centrifuge
Air dry

Reconstitute with 1 mL methanol

] & < <=

Figure S1: Schematic of solid phase extraction
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Figure S2: Diagram of LC-MS spectrum for targeted micropollutants
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