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Abstract

Plastic production has significantly increased over the past 50 years due to its low cost,
ease of production, versatility, and durability. Plastic materials take decades to degrade
and could remain in the environment indefinitely. Once plastic is disposed of, it
encounters several environmental elements that ultimately will break down these plastics
into smaller fragments known as microplastics. These plastics may eventually find their
way into a water treatment plant via numerous channels. Once these plastics enter the
treatment system, a facility's ability to remove them relies on the treatment used.

This thesis investigates the presence of microplastic pollution in drinking water and
wastewater treatment facilities and the efficiency of these facilities in removing
microplastics using conventional treatment under varying influent turbidities. This study
found that as raw water's turbidity increased, microplastic removal increased, indicating
that influent turbidity may be an essential factor in removing microplastics in treatment
facilities.

Additionally, the thesis explores using a UV-LED collimated beam to rapidly age
microplastics in a lab setting. This method was validated through FTIR spectra
comparison to environmental samples and SEM imaging, demonstrating its efficacy in
aging microplastics for further study. These findings are significant because they
contribute to a better understanding of the challenges of removing microplastics from
water treatment facilities and provide insight into potential solutions for more effective
removal.

Moreover, aged plastics performed better under conventional treatment than unaged
plastics, indicating that the aging process may enhance the removal of microplastics from
water treatment facilities. In addition, aged plastics were found to absorb more heavy
metals than unaged plastics, suggesting that aged microplastics may play a role in
transporting heavy metals in aquatic environments.

The study also underscores the importance of continued research in this area to ensure

drinking water's safety and quality and protect the environment from the negative impacts
of microplastic pollution.
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Chapter 1 Introduction

Over the past 50 years, worldwide plastic production has increased by over 300% (Geyer et al.,
2017). It is forecasted to have a steady incline in output due to the minimal production costs,
high durability, low weight and elasticity (Gourmelon, 2015). Currently, at least 45 different
types of plastics are being produced for commercial use, all with differing chemical structures,
toxicity levels and durability within the environment (Chamas et al., 2020). Many plastics are
considered environmental pollutants as they biodegrade very slowly and can remain within the
environment indefinitely (Yu et al., 2022).

An estimated 75,000 — 500,000 tons of microplastics (MPs), defined as water-insoluble, solid
polymer particles that are smaller than 5 mm (Hwang et al., 2020), are released annually as either
primary or secondary microplastics worldwide. Classification as either primary or secondary
depends on their origins. Primary microplastics are intentionally manufactured to serve a
function, such as exfoliant beads for hand soaps, toothpaste, and cleaning products (Hwang et al.,
2020). Secondary microplastics are by-products of either mechanical, chemical, or biological
degradation of plastic litter accumulated in the environment (Efimova et al., 2018). The primary
sources of plastic contamination in water are surface run-off, wastewater effluent, as well as
from combined sewer overflows, industrial effluent, degraded plastic waste and atmospheric
deposition (Schernewski et al., 2020). Microplastics can accumulate in lakes, rivers, and oceans
(Tofa et al., 2019) and impact ecological systems. Microplastics have been found within the
epithelial tissue of fish (Atamanalp et al., 2021). A potential human health risk is the ingestion of
plastic-contaminated seafood (Smith, 2018). Once ingested, microplastics can accumulate within
the human digestive tract resulting in an increased risk of adverse health impacts, including

digestive problems, reproductive system effects, and respiratory function problems



(Kurunthachalam, 2021). Evidence has shown that microplastics <20um could penetrate a cell
wall and accumulate within a cell, causing damage to the cell's DNA. Furthermore, additives in
plastic products such as phthalates, bisphenol and organotins can cause thyroid hormone

disruption and alter the production of adipogenous cells (Enyoh et al., 2020).

Preliminary investigations have confirmed that conventional primary treatment processes for
both drinking water and wastewater can remove most of the MPs (> 90%) and large particles (>
10um) due to settling and filtration (Lapointe et al., 2020; Mason et al., 2016; Zhang et al.,
2020b). However, non-negligible amounts of small-sized MPs remain in the final effluent of
drinking water treatment plants (DWTPs) and wastewater treatment plants (WWTPs).
Considering that both municipal DWTPs/WWTPs produce large daily discharge volumes, it
suggests that many MPs are still entering the distribution systems and exiting the receiving water
bodies. Therefore, both DWTPs/WWTPs are seen as significant sources of MPs (Bretas Alvim et

al., 2020; Ngo et al., 2019)

Once microplastics are in the environment, they can encounter different weathering agents that
can cause them to break down or degrade over time. These weathering agents can significantly
impact the fate and transport of MPs in the environment. This exposure may alter their specific
surface areas and the functional groups located on the microplastic surface (Zhang et al., 2022).
This may gradually reduce MPs' size, facilitating their mobility through natural and engineered
systems (Li et al., 2018). Current lab trials primarily rely on results from pristine MPs containing
little to no surface weathering. These results may not accurately depict how an MP would behave

in the environment due to the degree of weathering.



MPs can be a vector for heavy metal transport within a water treatment system(Liu et al., 2021).
When water containing microplastics and heavy metals enters a water treatment plant, the
microplastics can be retained in the plant's filters and sedimentation basins. Heavy metals that
are adsorbed to or concentrated on the surface of the microplastics can then be released into the
treated water when the microplastics are removed from the filters or sedimentation basins
(Chowdhury et al., 2016). In addition, the microplastics that the treatment plant does not retain
can be discharged into the environment, where they can continue transporting heavy metals. This
can lead to the spread of heavy metal contamination in both treated water and natural water
bodies (Krishna et al., 2018). As a result, microplastics in water treatment systems can pose a
risk to human health and the environment and highlights the importance of effective microplastic

and heavy metal management in water treatment processes.

1.1 Objectives
These adverse issues have motivated research into new technologies for enhanced detection and
removal of microplastics from known sources. Microplastics have been found at all levels in
drinking water and wastewater treatment facilities, likely entering the treatment facility within
the influent. The research questions for this thesis are:
1. What impact does UV irradiation have on microplastics?
a. What methods can be used for quantifying aging?
b. Would the use of a collimated beam be an appropriate rapid in-lab aging
method for microplastics?
c. Does this aging alter the adsorption capacity of microplastics when exposed to

heavy metals?



2. What is the removal efficiency of microplastics from both drinking water and
wastewater using coagulation/flocculation/sedimentation?
a. What methods can be used for quantifying microplastics in water?
b. How do increasing levels of influent turbidity impact removal?
c. How does the addition of polymer in wastewater treatment affect removal?

d. How does weathering affect their response to treatment?

1.2 Thesis Organization

Relevant background information on current microplastic removal, aging, adsorption capacities
and detection methods are located in Chapter 2. Chapter 3 presents materials and methods for all
experimental studies done. Chapter 4 examines the premise that microplastics behave differently
based on changes in surface morphology and aims to provide an in-lab method for the aging of
plastics. Chapter 5 compares both aged and pristine microplastics to determine how their
removal efficiency changes along with changes in influent water quality. Chapter 6 examines the
in-lab weathered microplastics in a batch adsorption experiment to assess the influence that both
surface weathering and dissolved organic matter (DOM) would have on heavy metal adsorption
capacity. Chapter 7 presents overall conclusions from the current work and recommendations for

future studies for this work.



Chapter 2 Background

2.1 Occurrence of microplastics

Currently, in Canada, there are no governing regulations for minimum concentrations of
microplastics within a water treatment system. California has implemented governing regulations
in 2018 which monitor plastic concentrations of source water, becoming the first government in
the world which has established health-based guidelines for acceptable levels of microplastics in

drinking water (Coffin, 2023).

There are also no standardized methods for detection or removal. These limitations and the
prevalence of plastic waste in the environment make microplastics an emerging contaminant of

concern in drinking water.

Microplastics have been reported in all the world’s oceans, including polar regions (Bergmann,
2022). Since microplastics have a relatively low density compared to seawater, they can rise to
the surface or stay suspended within the marine environment (Wu et al., 2019). Microplastics
were reported to be present in 96% of surface water samples taken from the Pacific Ocean and
100% of samples from surface water taken in the Mediterranean Sea (Cozar et al., 2014). This
research shows a worldwide distribution of these MPs. Concentrations within ocean water
samples have ranged from 0.34 particles/L to 102,000 particles/L (Wu et al., 2019). Though this
range in values is large, areas with more MPs are often found near converging ocean currents
where litter can accumulate and in areas close to large urban centers (Osorio et al., 2021).

The factors affecting the distribution include large-scale forces such as wind and ocean currents,
turbulence, and climate change (Ballent et al., 2012; Turra et al., 2014). As critical factors, the

5



inherent properties of microplastics, such as density, shape, and size, can also affect

transportation and distribution patterns (Eerkes-Medrano et al., 2015).

Freshwater sources such as rivers, lakes, and streams are essential drinking water sources and
provide critical habitats for aquatic organisms. Unfortunately, these sources are also vulnerable
to microplastic pollution for several reasons. Firstly, freshwater sources receive microplastics
from various sources, including wastewater, stormwater run-off, agricultural run-off, and
atmospheric deposition (Li et al., 2018). Microplastics can enter freshwater sources through
these pathways and accumulate in sediment, water column, and marine life (Wagner et al., 2014).
Microplastics are challenging to quantify in any water matrix due to their small size and the

complexity of the environment.

The impacts of microplastic pollution on freshwater ecosystems are not fully understood, but
studies suggest that they can significantly impact aquatic organisms (Wang & Wang, 2018). For
example, microplastics can be ingested by small organisms such as plankton or krill, which can
then be consumed by larger organisms (Botterell et al., 2019). This can lead to biomagnification,
where the concentration of microplastics increases as it moves up the food chain. This can harm

the health of fish and other aquatic organisms (Zhu et al., 2020)

Several studies have reported the worldwide occurrence of MPs in major lakes and rivers, often
serving as drinking water sources for large populations (Li et al., 2018). The amount of
microplastics in a freshwater source is variable and highly dependent on current urban

development, waste management and hydrological conditions. Generally, areas with higher



populations would experience higher levels of MP contamination. These findings were
corroborated by a study done in 2015 by Eerkes - Merano. This study showed high levels of MPs
in the surface waters of Lake Erie, which is close to many densely populated city centers such as
Cleveland and Buffalo. These levels were compared to surface water samples from Lake
Superior, a larger lake with far fewer large population centers, and these samples contained far
fewer MPs/L. The current knowledge on microplastic-related occurrence studies primarily is
about ocean water and sediment contamination, with limited studies published being about

freshwater sources (Peller et al., 2020)

Both wastewater and drinking water treatment plants have been shown to contribute significantly
to MP occurrence within the environment. The most significant contributor to microplastic
pollution in freshwater sources is wastewater treatment plants. Moreover, wastewater treatment
plants are not designed to capture and remove microplastics precisely. This means that even if
microplastics are removed from the wastewater during treatment, they will likely end up in the
sludge produced by the treatment process. This sludge is often used as fertilizer or disposed of in

landfills, which can release microplastics into the environment (Harley-Nyang et al., 2022).

The exact number of microplastics released by wastewater treatment plants each year is
challenging to estimate due to various factors, including the size and capacity of the treatment
plant, the type of treatment process used, and the sources and concentration of microplastics in
the wastewater. Rochman et al. (2015) used data published data from Magnusson and Norén
(2014) and Martin and Eizhvertina (2014) to estimate the number of microplastics being

discharged into aquatic habitats within the USA. The model yielded a conservative estimate of 8



billion microplastics released from municipal WWTPs daily. Similarly, Mason et al. (2016)
studied effluent samples of 17 major WWTPs to quantify the overall discharge values of
microplastics. The predicted model yielded that the average discharge of microplastics from US
municipal WWTPs was approximately 13 billion pieces per day. A study conducted in the United
Kingdom estimated that around 6.3 million microplastic particles are released from a wastewater
treatment plant each day (Harley-Nyang et al., 2022). Another study conducted in Australia
estimated that a single wastewater treatment plant could release up to 4 billion microplastic

particles daily (Ziajahromi et al., 2021).

Given that high volumes of treated and untreated wastewater are released globally, and only
around 60% of municipal wastewater is treated (Mateo-Sagasta et al., 2015), a considerable
amount of microplastics would enter the environment via the discharges from WWTPs. In
addition, other sources such as surface run-off, atmospheric fallout (Dris et al., 2016) and direct

waste disposal contribute to the increase of microplastics in an aqueous environment.

However, it is important to note that these estimates are based on a limited number of studies and
may only be representative of some wastewater treatment plants. The actual amount of
microplastics released by wastewater treatment plants could vary significantly depending on

various factors.

Overall, while the exact number of microplastics released by wastewater treatment plants is
uncertain, these facilities greatly contribute to microplastic pollution, and efforts should be made

to minimize their impact. Strategies such as improving wastewater treatment processes, reducing



the use of microplastics in consumer products, and implementing more eftective methods for
microplastic removal from wastewater can help reduce the number of microplastics released by

these plants.

2.2 Current Removal in Water Treatment

Once a microplastic has made its way through a water treatment facility, there are no longer any
barriers to protect the end user. This plastic is susceptible to encountering any other contaminants

that may be present within a distribution system.

To date, microplastics have been identified in tap water in over 94% of treated water sources in
the United States (Kirstein, Gomiero, et al., 2021), meaning that currently employed treatment
trains cannot remove all microplastics from the influent. Systems which receive influent from
groundwater sources have been found to have far lower levels of microplastics than those that
receive influent from surface water sources. This is due to environmental contamination and run-
off observed in a surface watershed (Cherniak et al., 2022). A study conducted by Piconkonsky et
al. in 2018 aimed to quantify the number of microplastics being removed through conventional
drinking water treatment, to understand the amount, size and makeup of microplastics being
introduced into the drinking water system (Pivokonsky et al., 2018). This study tested three
drinking water treatment processes, all employing coagulation/flocculation with different
filtering techniques. Treatment plants which used sedimentation, sand and granular activated
carbon filtration after coagulation/flocculation yielded a maximum removal of 86% and a

minimum removal of 75%. While the removal techniques employed could remove most of these



plastics, the remaining concentrations were not negligible. They implied that potable water might
be an important source of microplastic contamination within humans. The size of these
microplastics was primarily (<90%) under 10pm. Twelve different plastic materials were
observed in the treated water samples, with polypropylene (PP) being the most abundant. The
materials that followed in significant concentrations were polyethylene (PE) and polystyrene
(PS) (Pivokonsky et al., 2018). Multiple studies have supported the finding that advanced
drinking water treatment employing coagulation/flocculation followed by granular activated
carbon filtration has yielded the highest removal of microplastics for treatment technologies

being used in industry to date (Lapointe et al., 2020; Zhang et al., 2020b, 2021).

A water treatment facility’s ability to remove microplastics depends on the technology used. The
addition of coagulants aids in the removal of microplastics since these negatively charged
particles coagulate and increase in size, making them easier to remove. Granular filtration can
only remove plastic particles larger than 100 um; anything smaller is likely to find its way into
the treated water system unless finer filtration techniques are employed (Zhang et al., 2020b).
Beyond size and surface chemistry, particle density is also influential. While dense microplastics
(i.e., polyethylene terephthalate) may be better suited to removal by sedimentation processes,
mid- to low-density microplastics (i.e., polyethylene, polypropylene, polystyrene) can be
effectively removed with dissolved air flotation (DAF) (Ngo et al., 2019; Talvitie et al., 2017).
This is due to the way that the sludge is removed in the two processes, where sedimentation

removes sludge from the bottom of the tank, and DAF removes sludge from the top of the tank.

2.3 Factors Affecting Surface Morphology
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When treatment plants fail to remove microplastics, following disinfection methods and
environmental factors can contribute to further degradation and fragmentation of the remaining
plastic particles. Previous work by Vibien et al. and Gill et al. in 2001 have shown that exposure
to chlorine, O3 and UV light are the driving factors in plastic degradation. Chlorine and O3 can
subsequently cause the inner surface of plastic pipes to oxidize. This can lead to cracking,
reduced pipe lifetime, and fragmentation of a pipe's inner surface to leach into a distribution
system (Vibien et al., 2001; Gill et al., 1999). In a distribution system, microplastics, both from
the treated water and degraded from the distribution pipe surface, will interact with
contaminants. Compared to pristine plastics, the adsorption of pollutants by degraded
microplastics will be more complex due to the changes in surface characteristics (Boucher et al.,
2015; Holmes et al., 2012; Li et al., 2021). Depending on water quality and treatment processes
(e.g., corrosion control, disinfection), the surface charge, roughness, porosity, polarity, and

hydrophobicity of microplastics can change.

Due to their high polymer nature, MPs are stable under conventional physical treatments, such as
coagulation/flocculation and sedimentation. Contrarily, physiochemical processes, such as UV
irradiation, have the potential to alter the surface of the MPs (Hiiffer et al., 2018). UV irradiation
is a widely used disinfection process employed by both wastewater and drinking water treatment
facilities. This alteration to the MP's surface could affect how well it would respond to different
treatment processes. Previous research has shown that the presence of suspended particulate
matter such as MPs impacts the effectiveness of UV disinfection by reducing the amount of

available energy for absorption for disinfection. These particles may also shield contaminants
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located on the surface of the particle, shielding them from disinfection (Christensen & Linden,

2003).

Plastic degradation begins at the polymer surface, which is exposed to the environment and
available for chemical attack (Gewert et al., 2015). Therefore, the degradation of a microplastic
proceeds faster than meso- and macro-plastic, as microplastics have a higher surface-to-volume
ratio. The first visual effects of polymer degradation are changes in colour and cracking of the
surface. Surface cracking makes the inside of the plastic material available for further

degradation, which eventually leads to embrittlement and disintegration.

MPs undergo aging in the environment, and the aging process mainly includes mechanical
breakage, photo-degradation, thermal degradation, and biodegradation. The combined influence
of various environmental factors on the MPs’ aging process is complex, leading to unpredictable
changes in the fate of MPs in the environment. UV light (sunlight) is seen as the most critical
factor in the aging process of polymers since exposure is frequent within the natural environment
(Ho et al., 2020). Understanding the impact of UV on the fragmentation and degradation process
of all plastics is of great significance for further predicting the behaviour of MPs within the
environment. The chemical oxidation induced by light is enhanced, showing a synergistic aging
effect when multiple aging factors work together. Polymer photo-oxidation reaction generally
includes four steps: chain initiation, chain growth, branch formation and chain termination
(Gewert et al., 2015). The degradation of a polymer occurs when unsaturated structures or

additives within the polymer absorb UV light to form free radicals. These free radicals form from
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the breaking of C-H bonds which then interact with oxygen to generate more free radicals, which

accelerate its aging (Gewert et al., 2015).

The term ageing of polymers is usually associated with long-term changes in polymer properties

under the conditions of weathering and may involve any of the above processes.

In the case of polystyrene, when the polymer is irradiated from exposure to UV light, the phenyl
ring becomes excited, and the excitation energy is emitted to the next C-H bond, breaking the
bond. This transfer of energy causes the formation of free radicals within the polymer (Yousif &
Haddad, 2013). End-chain scission is the predominant mechanism for degradation (vs random
scission). Therefore, styrene monomers are the most abundant product of polystyrene
degradation since chains are broken on either end. The further production of these monomers

increases the rate of polymer degradation.

2.4 Adsorption mechanisms of heavy metals

In general, the adsorption mechanism between MPs and heavy metals can be described by
electrostatic interactions, van der Waals forces, n—r interactions, pore filling, hydrogen bonding
and hydrophobic interactions (Fu et al., 2020; Lin et al., 2021; Torres et al., 2021). The sorption
behaviour of contaminants to MPs is dependent on solution chemistry. It was observed that
polystyrene (PS) microparticles have an isoelectric point at a pH of around three, which implies
that in the natural aqueous environment, these MPs should carry a negative surface charge (Lin
et al., 2021). The electrostatic attraction between these negatively charged MPs and positively

charged metal ions promotes adsorption. PS is negatively charged due to the presence of
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carboxylic acid groups on the surface. Compared to electrostatic interactions, van der Waals
forces, hydrogen bonding and n—m interactions play a relatively minor role (Fu et al., 2021).
However, they can further promote the sorption capacity. Specifically for PS, n—r interactions
are more present due to the increased number of aromatic structures present on the surface

(Nguyen et al., 2022).

Electrostatic attraction simply refers to the attractive force that exists between positively and
negatively charged particles. In the context of heavy metal adsorption to microplastics,
electrostatic attraction plays an important role. Microplastics are often negatively charged due to
the presence of functional groups on their surface, while heavy metals in water are typically
positively charged. This creates an electrostatic attraction between the microplastic surface and
heavy metal ions, leading to adsorption. The strength of the electrostatic attraction depends on

the charge density and distribution of both the microplastic surface and heavy metal ions.

Van der Waals forces are described as a weak, short-ranged, electrostatic attraction due to a
momentary change in polarity where one side of the molecule becomes much more electron-
dense than the other. This electron-dense side now momentarily imparts a more negative charge
and will have a higher affinity for cations present in the solution. This force arises from the
dipole moment of the heavy metal ion and the induced dipole moment in the microplastic surface
due to the presence of polar functional groups. These forces are highly reversible and could lead

to the desorption of adsorbate within the solution (Tsuchiya, 2018).

14



n—7 interactions, in terms of metal adsorption, occur between the electron-rich pi system present
within an aromatic molecule. These electron-rich systems interact with the positively charged
metal ion. These can also be described as pi—cation interactions. Several factors influence the
strength of the bond: the nature of the cation, the nature of the w system, and the geometry of the
interaction (Atugoda et al., 2021; Liu et al., 2021). In terms of strength, these interactions are

stronger than Van der Waals since these are a type of covalent bond.

Hydrogen bonding is another weak electrostatic attraction which is described as a hydrogen atom
located between a pair of atoms which have a high affinity for electrons; these bonds are weaker
than an ionic bond or covalent bond but stronger than van der Waals forces. One atom is
covalently bonded to a hydrogen atom, where the electron is shared unequally, giving the
hydrogen side a more positive charge and the donor side a more negative charge. This more
negative charge can cause the electrostatic attraction between cations to present within the

solution (Vladilo & Hassanali, 2018).

Pore filling is an adsorption-like interaction. This is the process of contaminants becoming
entrapped within the microscale pores of an MP. Pore filling is controlled by the diffusion of
contaminants from the bulk phase to the surface of the MP. It has been found that microplastics
which have been exposed to the environment contain a higher micropore area than that of virgin

MPs, and the pore-filling sorption capacity is, therefore, higher for aged MPs.

Hydrophobic interactions can also play a role in the adsorption of lead onto polystyrene

microplastics. Polystyrene is a hydrophobic material, meaning it repels water. Lead ions, on the
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other hand, are hydrophilic and are surrounded by a layer of water molecules. When lead ions
encounter the hydrophobic surface of polystyrene microplastics, they can be attracted to the
surface through hydrophobic interactions (Faghihnejad & Zheng, 2013; Zhang et al., 2019).
Adsorption kinetics refers to the rate at which heavy metals adsorb to microplastics over time.
The kinetics of adsorption depends on several factors, including the concentration of heavy
metals in the surrounding solution, the surface area and charge of the microplastics, and the
nature of the heavy metal ions. Generally, the adsorption of heavy metals to microplastics
follows a rapid initial stage, where many metal ions are adsorbed quickly, followed by a slower
stage where adsorption slows down and eventually reaches equilibrium. The rate of adsorption
can also depend on the size and shape of the microplastics, as well as the temperature and pH of

the solution.

2.5 Previous work on heavy metal interactions

Multiple studies have been conducted to quantify the amount of heavy metal adsorption
occurring due to microplastics within an aqueous solution (Liu et al., 2021; Nguyen et al., 2022).
These studies, however, do not mimic environmental drinking water conditions as well as
microplastic concentrations that would be observed in a treated water source. A study conducted
by Ho et al. determined that the maximum uptake of Pb ions to a pristine microplastic occurs
when the pH is increased. This is due to the intensified electrostatic attraction between
microplastics and Pb at increased pH. These interactions are intensified due to microplastics
(specifically polystyrene) having an isoelectric point around 3. For any pH higher than 3, the

microplastics will exhibit a higher negative zeta potential.
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A study conducted in 2020 aimed to investigate how changes in water constituents affected the
adsorption rates of different metals (Cu, Fe, Pb, Mn, Zn) to microplastic surfaces, both aged and
not-aged (Huang et al., 2020). This research concluded that the driving factors in metal
adsorption for plastics were changes in pH and changes in the surface morphology of the plastic
particles. As particles age, essential changes in surface morphology occur, where a greater

number of adsorption sites are created, thus providing adsorption sites for metals and/or NOM.

To evaluate the interaction of plastic with metal ions in a simulated environmental context,
experiments with variable levels of organic matter have been performed. Dissolved organic
matter can adsorb to dissolved metals (Caprara et al., 2016; Martell et al., 1988; Ploger et al.,
2005) and can therefore aid or inhibit metal adsorption onto microplastics. Organic matter in
water can form complexes with metals and therefore lower the dissolved metal ions’ activity
within a solution, making them unavailable for adsorption to the plastic (Liu et al., 2020).
Organic matter is also able to adsorb onto plastic, both through hydrophobic interactions and
through weak interaction with charged functional groups located on the surface of the plastic.
These interactions possibly enhance the accumulation of metals on the plastic surface by
increasing the density of negative charges on the primed plastic and, consequently, an affinity for

metal ions (Li et al., 2019).

Because of such complexity, earlier studies sometimes yielded contradictory results. For
example, Tang et al. (2020) showed that fulvic acid in the solution negatively affected the
adsorption of Pb onto aged nylon MPs, possibly due to the complexation between fulvic acid and

Pb (forming dissolved Pb — NOM complexes). A similar behaviour was observed with humic
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acid, competing with different microplastic polymers for Cd adsorption done by Zhou et al.
(2020). Both studies indicate that organic matter would inhibit adsorption capacity onto

microplastics due to the formation of NOM-metal ion complexes.

In contrast with these results, Fu et al. (2020) and Godoy et al. (2019) observed increased
adsorption of Pb, Cr and Cu on different polymers in tap water and wastewater (compared to
distilled water) and proposed that the interaction was enhanced by DOM present in these
matrices by the organics creating a bridging effect between the microplastic surface and the

heavy metals (Binda et al., 2021).

2.6 Methods to analyze MPs

Despite significant evidence of abundant microplastic waste within the environment, no
standardized methods for sampling, extraction, analysis, evaluation, and classification of
microplastics in aquatic samples exist. However, the variety of methods used has led to a wide
range of data which makes comparison difficult due to the wide variability of data. Therefore, a
harmonized detection approach is needed for future comparisons and for research to move
forward. These discrepancies in methods can lead to an extensive range of data and the inability

to compare results accurately.

The current techniques used can be classified into two types of identification: physical
characteristics and chemical characteristics (Luo et al., 2022). Physical characteristics include
size, shape, colour, crystallinity, and surface morphologies. In contrast, chemical characteristics

cover elemental makeup, light absorption capacity, and present functional groups. The main
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objective of this review is to describe analytic methods for the detection, characterization, and

identification of MPs in different aquatic matrices. Among the analytical methods, chemical

characterization techniques such as spectroscopy will be described, although some microscopic

techniques, such as transmission electron microscope (TEM), scanning electron microscope

(SEM), and fluorescence microscopy, have an analytical potential that allows for identifying and

determining the chemical and physical properties of many polymers. The advantages and

limitations of the different microscopic and analytical techniques will be discussed in Table 2-1.

Table 2-1 Comparison of known commonly used methods for microplastic detection.

Method Size Detection | Advantages | Disadvantages | References
range Target
Visual Sorting | <50 um | Size, Low cost The polymer (Prata et al.,
(Optical shape type of the 2020), (Dris et
Microscope) Identification | samples al., 2017), (Chen
of size, cannot be et al., 2020)
shape, and determined and
colour necessary to
couple with
identification
methods listed
below
SEM imaging | 0.01 - Size, The ability to | High cost (Caietal., 2017)
1 pm shape, show active
qualitativ | binding/adsor | Low
e ption onto maneuverabilit
analysis, | MPsshowa |y can only
morpholo | visual of analyze a small
gy aging by segment of the
showing sample at a
changes in time
morphologica
| structure
When
combined

with EDS can
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show

elemental
composition
Can detect
very small-
sized
particles
ATR - FTIR 50-500 | Chemical | Non- Ambient air (Képpler et al.,
Spectroscopy um compositi | destructive, and humidity 2016),(Liu et al.,
on can severely 2019),(Luo et al.,
Large impact readings | 2022),(Mani et
spectral al., 2015)
library A large enough
volume of
sample is
needed to fully
cover the
detector
Not
quantitative
Raman 1-50 Chemical | Non- Not (Képpler et al.,
Spectroscopy pm compositi | destructive quantitative 2016),(Klein &
on Fischer, 2019)
Can detect A large enough
additives volume of
sample is
needed to fully
cover the
detector.
Spectra library
is not as broad
as FTIR
Membrane 0.01 - Concentra | Ease of use (Mausra &
filtration with | 12pum tion, Time- Foster, n.d.),
weighing (pore discrete Minimal consuming (Moller et al.,
size size range | sample 2020)
depende preparation Large sample
nt) volume
Large variety | required
of filter
media and Low size
pore size selectivity

20




(pore size and

higher)
Field Flow 0.001 — | Size Provides Long setup (Fuetal.,
Fractionation Ium Distributi | continuous times 2020),(Contado,
on, size 2017; Mintenig
hydrodyn | distribution High sample et al., 2018)
amic dilution occurs
radius High during sample
resolution migration in the
with channel to the
continuous detector, which
particle limits the mass
separation sensitivity
Analytes can
interact with
the chamber
wall and
membrane,
which could
give low
particle
recovery
UV -VIS -- Concentra | Easy to setup, | Calibration (Hofman-Caris et
Spectrophotom tion quick curve needed al., 2022),(Fan et
etry readings for each new al., 2022)
influent
High analyte
concentrations
needed for
detection
Not suitable for
environmental
samples
Dynamic Light | 0.006 - | Bulk size | Minimal Low resolution | (Boyd et al.,
Scattering 10pm distributio | Sample prep 2011),
(DLS) n Not suitable for
Hydrodyn | Easy to use, | samples where
amic quick settling occurs,
Diameter | readings low

concentrations
or aggregation,

21




or polydisperse
samples
Large particles
may block
smaller ones,
skewing size
range
Nanoparticle 0.01 — Concentra | Can detect High cost (Boyd et al.,
Tracking 2um tion, individual 2011),(Karimi
Analysis (NTA) hydrodyn | particles Does not Estahbanati et al.,
amic and provide 2023, p.5)
radius aggregates imaging or
morphology
Transmission 0.001 — | Size, Able to High cost, (Sun et al., 2018)
Electron Ium shape, capture
Microscope qualitativ | nanosized Low
(TEM) e particles maneuverabilit
analysis, y
morpholo | Minimal
gy sample Unable to
preparation analyze large
number of
Both wet and | samples
dry samples
can be used
Size Exclusion | 0.001 — | Size, Minimal Analytes can (Biale et al.,
Chromatograp | lpum effective | sample interact with 2021)
hy (SEC) radius volume the chamber
needed wall, which
could give low
Non- particle
destructive recovery
Calibration
curve standard
needed
Pyrolysis-Gas | >100 Chemical | Can separate | Require larger | (Kirstein, Hensel,
Chromatograp | um compositi | sample from | particle masses | et al.,
hy Mass on, size contaminants | compared to 2021),(Peters et
Spectrometry distributio | based on size | vibrational al.,
(Py—GC/MS) n and polarity | microscopy-
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orientated 2018),(Hermabes
methods. siere et al., 2018)

Destructive to
sample

Method for
microplastic
detection not
well studied

2.6.1 Visual Sorting

This method uses an optical microscope to separate individual microplastics from one
another/from the sample. If large plastics (> Smm) are the target area of study, then visual sorting
and inspection can be done without a microscope, as these are no longer considered
microplastics. If particles are smaller (< Smm), then a microscopic technique should be
employed to aid in visual sorting (Loder & Gerdts, 2015). This method characterizes
microplastics using size, colour, shape, and number of microplastics within a sample. This is a

low-cost method that takes little to no sample prep.

One limitation of visual sorting is the inability to differentiate organic and inorganic matter from
the microplastic samples. For instance, it is challenging to distinguish microplastics which are
similar in colour to the sample background, making bright/opaque colours easier to identify than
muted transparent ones. This can cause a large margin of error in counting and determining
microplastic concentrations. Therefore, it is not recommended to use only visual observation for

microplastics less than 500 um (Hidalgo-Ruz et al., 2012).
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2.6.2 Scanning electron microscopy

Scanning electron microscopy is a microscopic technique able to provide information about the
morphological surface structure of MPs, generating high-resolution images of the surface state. If
equipped with Energy Dispersive X-ray-Spectroscopy (EDS), it can also provide data about the

chemical composition of the samples.

The electron microscope works by using a beam of electrons to form an image. The primary
electrons penetrate the solid specimen, and both elastic and inelastic scattering processes are
generated. The electron beam hits the atoms of the specimen, and those atoms absorb the energy
and give off their electrons. A detector picks up these electrons, which form an image (Omidi et

al., 2017).

The disadvantages of using SEM imaging are that samples must be conductively coated to obtain
a reading (destructive to the sample), and this is a costly and time-consuming method. This
method also has little maneuverability since it is only able to analyze small portions of a sample
at a time and would not be helpful for samples having a large volume of microplastics. On the
other hand, SEM imaging is easily able to show a degree of degradation of samples as indicated
by changes in surface characteristics/morphology as well as if any contaminants have been

adsorbed onto the plastic surface.

2.6.3 Transmission Electron microscopy
Transmission Electron microscopy can examine samples of nano sizes by using specific wave
properties of electrons to gain a higher-resolution image (Goldstein et al., 2017). The main

difference between SEM and TEM is that SEM provides an image by using reflected electrons,
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while TEM uses electrons that pass through the sample (transmitted) to create an image. This
allows the TEM to provide more information on the inner structures and crystalline structures of
a specimen. TEM samples need to be very thin (< 150nm) so that the electron beam can entirely
pass through the sample (Malatesta, 2021). TEM also requires complex sample preparation, such
as electropolishing, mechanical polishing, and focused ion beam milling, before samples can be

analyzed (Malatesta, 2021).

Dependent on what information is needed, either TEM or SEM would be used. In the case of
microplastics, if the information needed regarded surface morphologies and/or contaminant
adsorption detection, then SEM would be used. If the information needed was regarding crystal

structure or structural defects, then TEM would be used.

2.6.4 Vibrational spectroscopy

The most common analytical methods used to identify microplastics in aquatic samples are
Fourier transform infrared spectroscopy (FTIR) and Raman. Both vibrational spectroscopic
techniques can characterize synthetic organic polymers and their products through a comparison
of wavelength spectra. In vibrational spectroscopy, molecule vibrations of a sample are excited
and detected, which leads to characteristic spectral fingerprints in the FTIR or Raman spectra
(Chen et al., 2020). Thus, a characterization based on the polymeric chemical structure and

identification by comparison with known reference spectra becomes possible.

Raman
Raman spectroscopy is a technique based on the interaction between radiation and material. This

technique uses intense light from a laser that interacts with the chemical bonds of a substance,
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which generates the re-emission of light at the specific wavelengths that are characteristic of the
specific atomic groups. A Raman spectrum is therefore generated by the scattering between the
photons of incident radiation and the molecules in the sample (Huppertsberg & Knepper, 2018).
This technique works like FTIR analysis and has a minimum limit of detection of 1um. This
technique can be used to authenticate materials and/or determine chemical changes within a
sample. The disadvantages of vibrational spectroscopy are that it is difficult to analyze samples
containing many polymers or environmental samples since it is difficult to isolate individual

materials.

Attenuated Total Reflection — Fourier Transform Infrared Spectroscopy (ATR - FTIR)

Using ATR - FTIR spectroscopy, the sample is irradiated with IR light (wavenumber range 400—
4000 cm!). A part of the IR radiation is absorbed depending on the molecular structure of the
sample and measured reflection model (Wang & Wang, 2018). Different samples have different
compositions, resulting in different spectral images. By comparing the spectral images of
samples with known materials in libraries, the type of polymer composing the microplastics can
be identified. Compared with visual analysis, FTIR can analyze particles of small size, and the

results of the identification are more reliable than only using one method.

The difference between the two methods is that FTIR measures how much light is remaining
from the original light source after it is passed through the substance; any light that does not
remain is assumed to be absorbed by the bonds within the sample. Raman, on the other hand,
measures the light energy that is scattered after the sample has been excited by the laser (Exline,

2013). These two methods can complement one another to better determine what a substance is
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comprised of. For example, Kappler et al. (2016) concluded that a particle whose Raman
spectrum matched that of TiO» but whose FTIR spectrum matched that of acrylic resin was
acrylic resin coloured with pigments containing TiO> (Képpler et al., 2016). This shows that the
use of both methods together can give a more accurate representation of samples, especially

when samples contain multiple materials.

2.6.5 Membrane filtration

Membrane filtration is the most common type of size separation method and is widely used
across the water treatment industry. This method relies on the physical separation of colloids
from the aqueous solution by passing through a membrane with a fixed pore size. In the case of
detection, filtration is meant to be coupled with numerous other analytical methods to better
determine microplastic characteristics. Membrane filtration can go down to the nano size
(0.0005—-0.001 pum), though membranes this size are expensive and time-consuming to use,
dependent on sample volume. Furthermore, membrane filtration does not provide finite size
distribution; instead, it is only based on the pore size (Quinn et al., 2017). Membranes sized at
0.45um are most used in drinking water applications and determine the threshold size of a
colloid being considered as dissolved (Wang et al., 2017). Membrane filtration is subject to many
errors through filter media, filtering techniques, influent quality, and analyte adsorption onto the

membrane.

2.6.6 Field flow fractionation (FFF)
This technique works by separating colloids based on size using a cross-flow perpendicular to

the main parabolic flow, which separates colloids based on their mobility against the cross flow.
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This technique is designed for the fractionation of colloids and particles. A concentration profile
is created from the membrane depending on the cross-flow (Okada, 2007): smaller particles
diffuse further into the channel than larger particles based on mobility. The advantage of using
FFF for microplastic detection is that a continuous size range of colloids can be determined
within a relatively short period. Coupled with Inductively Coupled Plasma Mass Spectroscopy
(ICP-MS), this method could indicate if metals are binding to the surface of colloids within a
solution. Disadvantages of this method are the lengthy setup times as well as the current lack of
knowledge for detecting polymers within an environmental solution, as well as limited detectors

available that are specific for identifying plastics.

2.6.7 Dynamic Light Scattering (DLS)

Basic operations of light scattering methods require little operator training and measure the bulk
sample size distribution of samples. DLS works by measuring the hydrodynamic diameter of
particles as a factor of Brownian motion, and this motion is related to particle size. Light
scattering cannot distinguish between individual particles and agglomerates or between particles
of different compositions, nor can it provide information on the chemical composition (Boyd et
al., 2011; Stetefeld et al., 2016). DLS provides low-accuracy measurement due to the low
resolution of large aggregates and settling. As well, measurements can be skewed when sample

concentrations are too low, or particles are too small.

2.6.8 Nanoparticle Tracking analysis (NTA)
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Nanoparticle Tracking analysis is a visualization method for analyzing particles in a solution
relative to the Brownian motion of the particle. A particle can be measured individually using a
light-scattering laser and an ultramicroscope. The light that is scattered by the particles is
captured using a coupled charge device (CCD) camera over multiple frames. This movement of
particles is tracked frame by frame. The rate of the particles’ movement is dependent on the
sphere-equivalent hydrodynamic radius, which is calculated using the Stokes-Einstein equation.
The advantages of this method are the minimal sample preparation, small sample volumes are
needed, and samples can be analyzed in solution. Disadvantages of this method include the high
cost and limited availability of this device, as well as the inability to show surface morphology

(Boyd et al., 2011).

2.6.9 UV-VIS Spectroscopy

As a type of absorption spectroscopy, UV Spectroscopy is concerned with how molecules absorb
radiation. Data is generated by directing UV light toward a sample. This excites the electrons
within the sample and forces them to move from their ground state to a higher energy level
(Tom, 2021). As this occurs, the electrons release wavelengths, also known as a spectrum. These
patterns are used to determine the elemental composition of the sample. The detector then
measures the amount of light absorbed by the sample at the specific wavelength. For
concentration values to be determined using this method, the specific wavelength of the analyte
needs to be known, and a calibration curve needs to be made at known concentrations. This
method is only viable for a sample with a known analyte; environmental samples cannot be

analyzed (Hofman-Caris et al., 2022).
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2.6.10 Size Exclusion Chromatography (SEC)

Size Exclusion Chromatography (SEC), which is also called gel filtration chromatography,
separates particles based on size by filtration through a gel located in a column. This gel contains
porous spherical beads, and separation occurs when larger particles are unable to diffuse into
these pores. This method can give a size distribution due to smaller particles having a longer
residence time in the column since they are entrapped in the column. The advantages of this
method are that separation can be achieved with minimal sample volume and can provide well-
defined size separation of analytes. The disadvantages of this method are that particles could

interact with the column walls, which would skew measurements(Patil, 2020).

2.6.11 Pyrolysis-Gas Chromatography Mass Spectrometry (Py—GC/MS)

This method works by breaking down a sample into smaller stable fragments through controlled
thermal degradation (pyrolysis). This method can give both qualitative and quantitative
measurements in samples. The coupling of pyrolysis with GC-MS allows for the elimination of
sample extraction and dilution and can effectively analyze environmental samples. After the
sample has been broken down, the mobile phase is used to separate the components, which are
detected using mass spectrometry. This method is an appropriate tool for microplastic polymer
identification and can give both qualitative and quantitative measurements. However, this
method is constrained by sample size, as samples sized less than 10 pg are not easily detected, as

well as the long sample preparation time (Peters et al., 2018).
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Chapter 3 Materials and Methods

Sections 3.1 to 3.3 were employed for all lab work conducted throughout the study.

3.1 Glassware Preparation

All glassware was soaked for 24 hrs in a 10% nitric acid (HNOs3) solution. The glassware was
then rinsed with de-ionized water four times and ultrapure water (MilliQ) four times and dried.
This was done to ensure no metals or natural organic matter would remain on the glassware and

impede readings.

3.2 Dissolved Organic Carbon (DOC) Analysis
Natural organic matter was measured as dissolved organic carbon. Samples were filtered through
a 0.45 um cellulose nitrate filter (Watman) and collected in a 40 mL vial with no headspace and

acid preserved using 85% H3POa.

3.3 Zeta Potential

The Zeta potential of all samples was taken on the Malvern Zetasizer. This measurement is the
magnitude of the electric charge present between particles. Zeta potential was taken for all
samples at all time points, including before and after experiments, to determine the overall

change in electric charge.

3.4 In-lab aging of microplastics
3.4.1 UV Irradiation method
To simulate the emittance of a treatment process UV light, a UV- C LED collimated beam

employing medium pressure lamps was employed. UV experiments were conducted using 280
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nm wavelength, and irradiance was measured using a USB4000 Ocean Optics spectroradiometer
(Ontiveros et al., 2021). The microplastics were placed in an 8-cm circular dish and placed 1.5 -
cm below the beam. The average irradiance delivered to the samples was calculated to be 668
uW cm 2. UV irradiance dosages used were chosen based on a study completed in 2020, which
used a minimum and maximum irradiance dosage of 180 mJ/cm2 and 3060 mJ/cm2, respectively
(Lin et al., 2020). The maximum dose was set to 20 times the minimum dose to further the visual
degradation of the samples. In practice, 186 mJ/cm2 is the UV dose required for virus
inactivation according to the USEPA, meaning that surface waters in the US will receive this
dose as the UV dose for treatment (Yates et al., 2006).

It should be noted that the setup of using a solution placed in a dish underneath the collimated
beam is not a full representation of the type of UV inactivation that would occur. In a full-scale
plant, disinfection would be achieved with irradiance from 360 degrees. An experimental design
table can be seen below. Irradiation time was calculated using equation 1 below.

Table 3-1 Irradiation dose and times for in-lab aging experimental setup.

Irradiation Dosage (mJ/cm?) | Irradiation Time (min)

180 4.54
1080 18.10
3060 43.43

Irradiation Dose [L]

.. . )
Irradiation Time [s] = am—— (1)
Measured Irradiance [cm—z]

Irradiance was measured using a spectroradiometer, which indicates how much radiance is being

emitted from a source.
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Before irradiation, MPs particles were added to MilliQ and sonicated for 10 minutes to ensure a
homogenous mixture. A volume of 30 mL of 1050 mg of MPs/L stock solution was added to a
glass petri dish located 1.5 cm below the beam, and a stir bar was used to ensure particles were

always moving throughout the exposure. A diagram of the setup can be seen below in Figure 3-1.

( 1(__:\/

| [———— Medium Pressure 1000W bulb

- Column

Collimated Beams

1.5ch yy /

< MP stock solution on stir plate

-

Figure 3-1 Schematic of collimated beam setup

Once the allotted irradiance time was reached, samples were syringe filtered through a 0.22 um
polycarbonate filter and dried for 48 hours in a desiccator. Control groups were conducted using
the same MPs immersed in ultrapure water without UV treatment. The zeta potential was taken

before and after irradiation; methods for this can be found in section 3.3.

3.4.2 FTIR Analysis
Samples were filtered through a 0.22 um polycarbonate filter and dried for 48 before analysis to
remove any water signals from analyzing a wet sample. A blank filter media (polycarbonate) was

analyzed and used for spectrum subtraction to isolate the microplastic spectrum. Fourier
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transform infrared (FTIR) spectroscopy was recorded using an Alpha II compact FT-IR
spectrometer between 4000—400 cm'. This was used to identify the surface chemical

characteristics of each sample and monitor changes within the absorbance.

3.4.3 SEM Imaging

Samples were prepared for SEM analysis by drying the filter material (polycarbonate) for 48
hours; once enough sample volume had passed, and the filter was coated with polystyrene. These
filter samples were then cut and placed on SEM stubs and held in place using carbon tape since
the carbon conducts an electrical charge allowing for SEM analysis to take place. The sample
was then gold coated using a sputter coating device to further the electrical conductivity of the

sample.

3.4.4 Image J Analysis

Using ImageJ (ImagelJ, n.d.) analysis tool, surface measurements of microplastics were
quantified with roundness, perimeter, and area. ImageJ was able to determine the area and
perimeter of particles in SEM imaging, and from that, roundness was calculated using equation
2.2.

Area
Roundness = 4mn(

(2)

Perimeterz)

3.5 Microplastic concentration detection method: UV-VIS Spectrometry
Calibration curves for both raw and treated water were created by spiking samples with known
concentrations of microplastics and taking single wavelength readings at 290nm. A wavelength

scan was done using a HACH DR6000 spectrophotometer, with a sample containing only MilliQ
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and 1050 mg/L of polystyrene beads. This wavelength scan showed a significant absorbance
spike at 290 nm and was therefore used to detect polystyrene. These wavelength spectra can be
found in Appendix A. This value corresponds to many other studies quantifying PS using

spectrophotometry for detection (Abedi et al., 2019; Li et al., 1991; Nurmukhametov et al., 2006)

The samples were spiked and measured at 0,2,4,6,8,10 mg/L of microplastics creating a six-point
calibration curve. These concentration values are higher than environmental concentrations, but
they were chosen to ensure a significant shift in absorbance was observed. These calibration
curves were made for every influent as well as every treated sample every time samples were
taken to ensure that influent variability was accounted for. The calibration from the raw water
samples was only used to determine the recovery efficiency of the slope equation, while the
treated water calibrations were used to determine removal efficiency. Using Beers Law, the
absorptive capacity of the PS is directly proportional to its concentration in a solution. Using the
slope of the line created through the calibration curve, absorption values from the spiked samples
and the corresponding absorption value was plugged into the slope equation to determine the
remaining microplastic concentration. Once the concentration values had been determined using
the slope and intercept, the removal efficiency was calculated.

The removal efficiency was calculated by comparing the initial calculated value for
concentration and comparing that to the calculated value for concentration after 40 minutes using

equation 3:

Initial Concentration—Final Concentration

MP removal % = x 100% (3)

Initial Concentration
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3.6 Jar Testing

Four replicates of each jar test were done at varying influent turbidities and duplicates of all
measurements. Zeta potential was taken for all samples during all time stamps to determine how
the overall charge of the solution was being affected, methodology for this can be found in
section 3.3. Organic matter was measured by analyzing the amount of dissolved organic carbon

(DOC) that was present in the sample; the methodology can be found in section 3.2.

3.6.1 Raw Water Characterization

Pockwock Lake is the surface water in which JDKWSP draws source water for treatment and is
used as raw water for all experiments. This protected watershed is not influenced by industrial
and/or treated wastewater discharge. Pockwock Lake is characterized by low turbidity, low
alkalinity, and moderate NOM source water with a slightly acidic pH. This study was performed

during July and August of 2022. Raw water characteristic ranges are presented in Table 3-2

Table 3-2 Raw water characteristics.

Measurement Range

pH 55-59
Turbidity (NTU) 0.74 — 2.44
DOC (mg/L) 2.89-3.84

3.6.2 Raw Water Jar test protocols
Jar tests were conducted using raw water samples from Pockwock Lake, which supplies Halifax

Water's largest drinking water treatment facility that supplies the city of Halifax, NS. The
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turbidity of the raw water samples ranged from 0.7 NTU to 2.44 NTU. Two litres of influent
were used for each jar, and the dosage of microplastics was 10 mg/L. The concentration of
10mg/L used was approximately 270 times smaller than the concentration used in a similar MP

experiment through removal with coagulation/flocculation (Larue et al., 2003).

Two blank samples were used (one without plastics and one without coagulant), and two were
dosed with microplastics and coagulant for replicate data. The coagulant used was aluminum
sulfate at a dose of 18.5 mg/L, and the pH was increased to 6 by adding lime. The coagulant
dosage and pH used for this study were based on the current dosages at the treatment facility. In
drinking water treatment, a coagulant is dosed based on achieving turbidity levels < INTU. The
raw water was equilibrated at 22°C for 10 seconds before experimenting. A volume of 19 mL of
the microplastic stock solution was added (~ 19mL @ 6.7x10!! particles/L). This concentration is
above environmental concentrations but was chosen to be able to detect microplastics using
analytical tools. After adding lime, coagulant, and microplastics, the stirring speed was
maintained at 142 rpm/min for 1 min and then decreased to 37 rpm/min for 12.5 min, 26
rpm/min for 12.5 minutes and 18 rpm/min for 12.5 minutes. There was also a subsequent 40 min
sedimentation taking aliquots of the supernatant every 10 minutes. Each supernatant sample was

analyzed using the HACH DR6000 Benchtop Spectrophotometer.

3.6.3 Wastewater Characterization
The influent being received by the DWWTF comes from a combined sewer system, meaning
both municipal waste and road runoff are present in the influent. This makes treatment difficult

as turbidity and influent characteristics are highly variable due to variability in the level of
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stormwater dilution. The study was performed in July and August of 2022, taking samples from
days where consecutive heavy rainfall occurred and days that were consecutively dry and hot.

Influent characteristics observed throughout the experiment are reported in Table 3-3.

Table 3-3 Wastewater influent characteristics.

Measurement Range

pH 6.5-7.2
Turbidity (NTU) 60.45 —260.18
Temperature (°C) 11.5-13.7

3.6.4 Wastewater Jar testing Protocols

Jar tests were conducted using post-grit influent water samples from the Dartmouth sewage
treatment facility. The turbidity of the influent samples ranged from 60 NTU to 260 NTU. Two
litres of influent were used for each jar, and the dosage of microplastics was 10mg/L. Two blank
samples were used (one without plastics and one without coagulant), and three were dosed with
microplastics and coagulant for replicate data. At the same time, one contained only coagulant
and no polymer. The raw water was equilibrated at 22°C for 10 seconds before experimenting. A
volume of 19 mL of the microplastic stock solution was added (~ 19 mL @ 6.7x10"! particles/L).
This concentration is above environmental concentrations but was chosen to be able to detect
microplastics using analytical tools. The coagulant used was aluminum sulfate at a dose of 9
mg/L, and the polymer dosage was 1.3mg/L. The stirring speed was maintained at 150 rpm/min
for 1 min; the polymer was added and stirred for an additional minute at 150 rpm. The

flocculation phase was held at 50 rpm/min for 10 minutes, followed by a 40-min sedimentation
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phase, taking aliquots of the supernatant every 10 minutes. Each supernatant sample was

analyzed using the HACH DR6000 Benchtop Spectrophotometer.

3.7 Batch Adsorption Experiment

To create synthetic water, two samples of 100 mL of MilliQ were dosed with 30uL of NaHCO3
stock solution, and one was dosed with 100 pL of a 1g/L humic acid (HA) isolate as the
surrogate for NOM. NaHCOs; was used as a buffer to ensure pH levels stayed consistent.
Pb(NOs3) was added to the solution and, once the pH was stable, was brought up to 6 + 0.2 by
adding 0.1 M NaOH. 40 mL jars were rinsed using MilliQ and filled with duplicates of each
solution. Two samples containing raw water, which had also been pH adjusted to 6 £ 0.2 by
adding 0.1 M NaOH, were used for analysis, with an additional sample containing no plastics
that would act as blank for control purposes. Losses to glassware, filtration apparatus and any
precipitation of the lead were accounted for by having these blank samples for each water matrix.
These blank samples were dosed the same way as all the other samples, without adding
microplastics, to better isolate how much lead was being adsorbed to the MPs vs how much lead

was being adsorbed by other surfaces.

The microplastics used for this experiment were 0.3 pm suspended polystyrene beads (Sigma
Aldrich, LB3). The stock solution had a concentration of 1.05 g/mL of polystyrene; volume
calculations for this can be found in Appendix A. The aged plastics have been weathered using
3060 mJ/cm? of energy using UV irradiation. More information on how these plastics were

weathered can be found in section 4.2.1. All nine jars were sealed and placed on the shaker table
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for 24 hours at 150 rpm. Initial measurements for dissolved organic carbon and total metals were

taken from each sample.

3.7.1 Lead Analysis

Lead concentrations were analyzed using an inductively coupled plasma mass spectrometer
(ICP-MS) (X series 2 ICP-MS, Thermo Fisher Scientific, MA, USA). 2 mL filtered aliquots from
each sample were taken and diluted using 8ml of MilliQ to make a 10 mL sample. It was
assumed losses to the filter media were negligible in comparison to solution concentrations, and
losses were the same across all water matrices. These samples were treated with nitric acid for
inductively coupled plasma mass spectrometry (ICP-MS) for filtered analysis and tested for total
lead concentrations. The samples analyzed had a much greater lead concentration than the

minimum detection limit of 0.4 pg/L of lead.

Adsorption experiments were conducted by adding two mg/L of Pb*" to 100 mL of the synthetic
water with an initial PS concentration of 1 mg/L and an initial DOM concentration of Img/L.
The concentration of metal ions before and after equilibrium adsorption was determined using
the inductively coupled plasma mass spectrometer (ICP-MS). The uptake value of metal ions at

each time stamp was calculated according to equation 4:

Co—C
q: = (—t)'V 4)

m

Where m is the mass of the MPs (mg), and V is the volume of solution (L). C, and C; are the
initial and final concentrations of ions (mg/L), respectively. C, was found by using the metal

concentration values for samples containing no plastics at each respective time stamp, performed
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in sequence with the other jars. This was done to determine losses of metals attributed to

adsorption to the glassware, filter media.
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Chapter 4 IN-LAB AGING METHOD FOR ARTIFICIAL
WEATHERING OF MICROPLASTICS

4.1 Introduction

Current studies utilizing microplastics primarily use pristine microplastics, which would not
accurately represent how a microplastic would react within the environment. Aging causes
changes in surface morphology and functional groups of a microplastic and, therefore, would
impact how it would respond to treatment. Current in-lab aging methods span weeks to years,

and no standardized method is used to quantify the amount of aging that has occurred.

The primary objective of this study aims to investigate the degree of degradation that polystyrene
microplastics undergo when exposed to increasing amounts of UV irradiation and to determine if
this is an appropriate rapid in-lab method for aging microplastics. Two different quantification

methods were used to achieve these: changes in carbonyl indices and visual inspection.

4.2 Results
4.2.1 FTIR Analysis

Irradiation dose was set in the range of 180-3600 mJ/cm? to evaluate the surface chemical
feature variations. FTIR was used to measure absorbance spectra to verify changes in chemical
characteristics. As shown in Fig. 4-1, the FTIR spectra revealed new absorption peaks that
appeared at 1670 cm !, which were identified as the characteristic peaks representing the
stretching vibration of carbonyl groups (Carlier et al., 1986). These new peaks suggested the
generation of carbonyl structures during UV treatment, even under the minimum irradiation dose

of 180 mJ/cm*
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Figure 4-1 FTIR Spectra for polystyrene exposed to increased levels of energy.

The changes in the IR spectra indicate changes in functional groups on the plastics surfaces are
occurring. Despite spectrum subtraction being used, peaks from the polycarbonate filter can still
be seen around the 2500 band, which was determined by overlaying the filter spectrum on the
treated particle spectrum. These spectrums can be seen in Appendix A. These peaks are not
indicative of any changes to the MP surface, and a full FTIR spectrum of the filter can be found
in Appendix A. The zeta potential of all samples was taken after each irradiation was completed.
The zeta potential value remained consistent for all UV doses at -37 mV, which can be seen in
appendix A, meaning that UV irradiation has no impact on the overall surface charge of the
particles, only on their physiochemical structure. The weak alteration of the FTIR spectra is
probably attributed to the unique anti-aging properties of polystyrene, such as UV stabilizers

(Arangdad et al., 2019). Overall, the FTIR spectra obtained using the aging procedure in this
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study compares well with recent reports on polystyrene MPs occurring in environmental
samples, which also showed peaks around the 1670 cm™' band (Mattsson et al., 2021; Sarkar et
al., 2021). This demonstrates that this method of UV irradiation could be a viable option for in-

lab weathering for the simulation of environmental microplastics.

4.2.2 Carbonyl Indices (CI)

A carbonyl index is a measurement used in analytical chemistry to quantify the degree of
oxidation of organic compounds containing carbonyl functional groups. A carbonyl group is a
functional group consisting of a carbon atom double bonded to an oxygen atom. The carbonyl
index is calculated as the ratio of the absorbance at a specific infrared wavelength corresponding
to the carbonyl group to the absorbance at a reference wavelength that is not affected by the
carbonyl group. The higher the carbonyl index, the greater the degree of oxidation of the organic
compound (Carlier et al., 1986). Currently, there is no standardized reference wavelength or

method used for polystyrene.

Four different methods were used to determine carbonyl indices, which can be found in Table 4-

1.
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Table 4-1 Carbonyl index calculation methods and their corresponding features.

Method Methodology Specified Range of References
Wavenumbers CI Values
(em’)

1 Ratio of 1670/2925 0.3-0.9 (Ville, 2015)
maximum
absorbance
height
2 Average 1625 - 1700/ 1.0-2.1 (Almond et al., 2020)
absorbance 2900 - 2975
area of
carbonyl
peak over
reference
area
reference
peak
3 Ratio of 1670/1450 0.1-04 (Yousif & Haddad, 2013)
maximum
absorbance
height
4 Average 1625 - 1-23 (Almond et al., 2020)
absorbance 1700/1425 -
area of 1500
carbonyl
peak over
reference
area
reference
peak

Methods 1 and 3 used the ratio of maximum peak values of two different reference peaks
compared to the maximum absorbance peak in the carbonyl range (Ville, 2015; Yousif &
Haddad, 2013), while methods 2 and 4 used the same maximum peaks but used the of the area
under the curve for ratio comparison (Almond et al., 2020). As seen in figure 4-2, the overall
shape of the curve for methods 1 and 3 are relatively the same as well as methods 2 and 4, both

showing there is no positive relation between CI and increased irradiation dose, with a tendency

of initial increase after 180 mJ/cm? of energy. This result suggests that an accumulation of
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carbonyl structures (C double bond O) occurs on the MPs surfaces after low dose irradiation
(even under 180 mJ/cm?) (Lin et al., 2020). The decrease in values could suggest that these C
double O bonds were degraded when the irradiation dose increased continuously. All four
methods showed similar maximum percentage increases in CI between 55% and 60%, indicating
all methods can determine a similar degree of aging relative to the pristine sample. The steep
decrease observed in methods 2 and 4 could be attributed to the large width of the peak at 1675
cm! after 180 mJ of energy. Wide peaks indicate the presence of exchangeable protons, typically
from a carboxylic acid group. This shows that the bonds associated with carbonyl groups are

beginning to form at the 180 mJ point and that bonds have fully formed at the 1080 mJ point

(Clark, 2023).
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Figure 4-2 Plots for method comparison of carbonyl indices.

While both methods 2 and 4 yielded similar results, the method using the area under the curve is

less studied and not widely used for measuring carbonyl indices. For comparison purposes,
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method 3 was used as it is the most widely used method within the literature (Li et al., 1991;

Song et al., 2017; Yousif & Haddad, 2013).

4.2.3 SEM Analysis

After UV aging, alterations in surface morphology can be seen in figure 4-3, including cracks,
wrinkles, flaking and overall size reduction of some particles from SEM images below. No
significant surface changes were observed through imaging for irradiation doses at 180 mJ/cm?
(Figure 4-3). As irradiation increased, the surface cracks located on the particles became more
pronounced, and flaking of the outer edges of the particles was observed; this degradation is
outlined in red in figure 4.3. These changes in cracks and wrinkles may lead to an increase in the
overall surface area of the particle, which may, in turn, expose more adsorption sites for
contaminants to attach to. Amorphous polymers such as the polystyrene used in this research are
particularly susceptible to crack development because of their relatively open structure, which
leaves them susceptible to contaminant penetration (Ho et al., 2020). Under conditions
commonly encountered in the environment, such crack formation can be accelerated by localized
plasticization, which can be described as changes in the mechanical and thermal properties of a
polymer lowering its rigidity. Along with an increase in surface area, the flaking aspect also
produces nano plastics from microplastics. These particles are extremely small and generally go
undetected due to this. These particles could still adsorb many different contaminants that could

end up within a distribution system.
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Figure 4-3 SEM images of irradiated 0.3um polystyrene beads 1. No UV treatment, 2.180
mJ/cm?, 3. 1080 mJ/cm?, 4. 3060 mJ/cm? between 18 to 20 KX magnification.
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Image J (ImageJ, n.d.) was used to better understand and quantify the SEM images seen in

Figure 4-3. Figure 4-4 shows the changes in surface measurements compared to the given

dosages of UV.
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Figure 4-4 Roundness, perimeter and area changes of microplastics based on UV dosage.

As seen in the figure above, both perimeter and area have increased with increases in dosage
while roundness has decreased. This is due to the increased surface cracks and wrinkles that have
formed on the surface of the plastic, which are seen in the SEM imaging. The variability has also
increased for all measurements as the dosage increased. This variability allows for samples to be
more environmentally relevant since samples found within both water and wastewater treatment

plants have a wide variety of shapes/sizes and surface morphologies (Pivokonsky et al., 2018).
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4.3 Conclusion

The tests conducted aimed to determine if using a collimated beam would be a sufficient rapid
method for in-lab aging of microplastics for testing purposes. It was noted that shifts in the FTIR
spectra occurred, showing the formation of carbonyl bands. These carbonyl bands were used to
quantify aging using the CI indices, which according to the literature were able to show
significant weathering occurred. The SEM imaging further indicated weathering was present due

to the changes in area, perimeter, and surface area.

One advantage of using UV irradiation as an aging method is that it can be easily replicated in
different laboratory settings. This makes it possible to compare the results of different studies
and draw meaningful conclusions about the impact of aging on microplastics. In addition, UV
irradiation is a cost-effective and efficient method that does not require the use of hazardous
chemicals or specialized equipment. This makes it a practical method for use in research and
testing laboratories. Overall, the use of UV irradiation as a method for aging microplastics in the
laboratory is a reliable and effective approach that can help to advance our understanding of the

environmental impact of microplastics.
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Chapter 5 Removal Efficiency of microplastics in both
drinking/wastewater using conventional treatment

5.1 Introduction

Even though MPs are a global emerging contaminant, systems for mitigating and controlling
them are not well established. There is currently a lack of knowledge on how very small (<
20pm) microplastics can be removed by conventional water treatment processes, specifically a
coagulation/flocculation/sedimentation treatment train. Presently, this process has shown poor
removal efficiency on pristine particles using in-lab trials (Lapointe et al., 2020). The low
removal rate may be attributed to the lack of interaction between coagulants and the pristine
plastic surfaces. In the environment, these plastics would be exposed to some level of
photodegradation as well as fragmentation, and mechanical abrasion, which would result in
changes the porosity and surface chemistry of the particle, which could increase interactions with
the coagulant used (Munoz et al., 2021). The particles would also likely be coated with Natural
Organic Matter (NOM) and silica-based colloids that are present in the water sample (Wilkinson

etal., 1997).

Most studies have shown that the greater the size of the microplastic, the better the removal
efficiency will be since larger particles are more likely to attach to floccs than smaller ones,
resulting in a higher amount settling in the water (Zhang et al., 2020a). Previous studies have
shown that 90% of MPs present in effluent treated by coagulation/flocculation are sized smaller
than 20um. A study conducted by Pivonkonsky et al. (2018) aimed to quantify the number of
microplastics larger than 1pum being removed through conventional drinking water treatment, to

understand the amount, size and makeup of microplastics being introduced into the drinking
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water system (Pivokonsky et al., 2018). This study tested three water treatment processes, all
employing coagulation/flocculation with different filtering techniques. It was shown that for all
three plants the coagulation process removed between 40% and 55% of total microplastics from
the influent (Pivokonsky et al., 2018). These values are much higher than removal achieved by
granular activated carbon (GAC) filtration (20%) and deep filtration (6%) alone, which indicates
that the coagulation process is the main driver for microplastic removal in a drinking water

system.

The primary objective of this study was to identify the removal efficiency of microplastics via
coagulation under different matrix conditions (e.g., raw water influent and wastewater influent,
aged vs unaged PS). The secondary objective was to determine the accuracy of using
spectrophotometry for microplastic detection by using changes in single wavelength absorbance
values to determine removal. This study compared various sizes (0.3pum, 1.1pm, 3.0pm) of PS

beads to understand the influence size has on the detection method to further guide the study.

Once a detection method was established, the study investigated the removal behaviors of MPs
using conventional coagulation/flocculation/sedimentation characterized by initial influent
turbidities and alterations to the PS surface. Finally, the study compared the removal behaviours
of MPs within wastewater influents, characterized by increasing initial turbidities, using
conventional coagulant coupled with a cationic polymer additive. This is of increasing
importance due to wastewater effluent being a primary source of microplastics within the

environment (Bretas Alvim et al., 2020).
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5.2 Results: Detection Method

The correlation between the detected levels of microplastics and UV absorbance was linear for
microplastics sized at 0.3 um. Particles larger than 1 um show a less linear trend as size increases
(Figure 5-1). As particle size increased, the slope became smaller, which can be further seen in
the decrease in R — squared values. This is probably caused by a smaller number of particles/L
present in the sample for larger particles than for those samples with smaller particles. Samples
using 3 pm MPs had an average count of 6.7x10® MP/L, while samples using 0.3 um MPs had
6.7x10'! MP/L, which is 1000 times greater, meaning there is much more surface area for light to
interact with within the sample. Number of particles per L were found using equation 2, which
was derived from work done by (Leusch & Ziajahromi, 2021). This theory is supported by a
study completed in 2014, which showed that for particles larger than 60 nm, an increase in size

corresponds to a decrease in absorbance (Goh et al., 2014).
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Figure 5-1 Calibration curve for 0.3,1.1 and 3.0um polystyrene spheres at an absorbance
wavelength of 290 nm.
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The method employing the HACH for spectrophotometry as a simple detection method showed
promising results for quantifying the removal efficiency of a known analyte. At a treatment
facility, this method could be used to test coagulation efficiency for a known MP and could be
used as an indicator for removal efficiency of MPs for different
coagulation/flocculation/sedimentation parameters. To account for matrix effects, a calibration
curve must be made for each new water sample, ensuring to take a blank reading to account for

any material within the influent that may absorb light at the same wavelength as the given MP.
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This method would not be feasible for environmental samples since initial concentrations of
analytes would be unknown. For MP quantification of environmental samples, a different method

would need to be used.

5.2.1 Calibration Curves: Drinking Water

In drinking water treatment, specifically at Pockwock Lake, influents are filtered through a dual
media filter (anthracite and sand) with an estimated effective pore size of 1.2 pm, meaning larger
plastics would ultimately be removed by just filtration. Any plastic smaller than this threshold is
subject to move through the filter, through the treatment plant and out to distribution if it is not
removed by another method. To determine if removal (if any) is achieved, a method which can
detect microplastics of very small sizes needs to be employed. Therefore, using
spectrophotometry at a single wavelength absorbance of 290 nm was used. This method can
currently only be employed for one type of plastic material at a time, and a calibration curve
must be completed for each new influent. For drinking water, turbidity levels ranged from 2.4 to
0.74 NTU. The 1? value for all calibration curves was >0.99, meaning that turbidity at these
levels have a marginal impact on the fit of the calibration line. The regression line for UV

absorbance parameters are shown in Table 5-1.
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Table 5-1 Regression line parameters for coagulated drinking water.

Trail Experiment Raw Coagulated R? Slope Intercept 95%
Number  al Condition Turbidity Turbidity Confidenc
(NTU) (NTU) e Interval
on slope
1 1 0.741INTU | 0.46 NTU 0.996 | 4.3 0.049 0.0039-
5 x 1073 0.0050
2 1 0.888 0493 NTU 0998 @ 4.6 0.043 0.0042-
NTU 8 x 1073 0.0048
3 1 1.56 NTU | 0.581 NTU | 0.996 @ 4.5 0.037 0.0043-
0 x 1073 0.0048
4 1 244 NTU | 0.589 NTU | 0.993 | 4.5 0.037 0.0039-
5 x 1073 0.0047

To study the repeatability of the results, three separate spiked calibrations were performed for

each matrix. The standard deviation of these replicates is reported as error bars in the calibration

curves. The range of the confidence intervals for all four trails have significant overlap, showing

that the raw turbidity has little effect on the variation of the slope. The maximum residual

standard error for each calibration curve was 0.0026 mg/L for raw water samples and 0.0015

mg/L for coagulated samples. The coagulated water calibration curves are shown in Figure 3

below, with standard deviation being expressed as error bars. The calibration curves for the raw

water can be found in Appendix A.
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Figure 5-2 Calibration curve for coagulated water of varying influent turbidity’s using
experimental condition 1.

For wastewater, the variance in turbidity levels ranged from 60 to 240 NTU. The r* value for all
treated calibration curves can be seen in the table below. More turbid water samples responded

better to treatment, resulting in lower-level effluent turbidities. This is likely due to the increased



particle-to-particle collisions and flocc formations present in more turbid waters variability. The

line parameters are shown in Table 5-2.

Table 5-2 Regression line parameters for coagulated wastewater.

Trial Experimental Raw Coagulated R2 Slope Intercept | 95%
Number Condition Turbidity Turbidity Confidence
(NTU) (NTU) Interval on

slope

1 4 60 31 0.9890 5.0 x 1073 | 0.67 0.0043-
0.0055

2 4 140 27 0.9930 3.6x 1073 0.2 0.0027-
0.0041

3 4 200 21 0.9970 | 4.5 x 1073 | 0.44 0.0042-
0.0049

4 4 260 18 0.9970 | 4.4 x 1073 | 0.68 0.0041-
0.0049

To study the repeatability of the results, three separate spiked calibrations were performed for

each matrix. The coagulated water calibration curves are shown in Figure 5-3 below with

standard deviation being expressed as error bars. The calibration curves for the raw water can be

found in Appendix A. As turbidity increased, the range of the confidence interval decreased,

showing that on samples where treatment was more effective (lower coagulated turbidity) the

slope was estimated with less uncertainty.
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5.3.1: Removal from drinking water systems
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Figure 5-3 Calibration curves for varying turbidities of coagulated wastewater using
experimental condition 4.

5.3 Results: Removal of microplastics from water treatment

The aim of this study was to evaluate the effect that aluminum sulfate as a coagulant would have
on microplastic removal, and how increases in turbidity levels could impact removal within a

raw water matrix. This study focused on MPs sized at 0.3 um as they show increased challenges



in removal due to their size. Microplastic removal was detected after
coagulation/flocculation/sedimentation treatment. Removal was quantified by looking at changes
in single wavelength absorbance values of 290 nm, which is the corresponding wavelength for
polystyrene microspheres (Li et al., n.d.). This removal was compared to varying levels of
turbidity which are commonly seen in raw water samples (< 5.0 NTU) (Canada, 2005, p. 8) to
determine what impact increasing turbidity levels had on removal efficiency of microplastics.

Error bars were set using the maximum and minimum values for all triplicate values.

After a 40-minute sedimentation time, little to no MP removal was observed in samples
containing no coagulant. This demonstrates that new polystyrene beads, having a similar density
to water (1.05g/cm?), would not be effectively settled out. However, previous studies have shown
that biofilm growth on the surface of plastic can occur after 24 hours and cause settling to occur
without the addition of coagulant (Huang et al., 2021; Kaiser et al., 2017; Semcesen & Wells,

2021).

The highest MPs removal (86 + 3%) was achieved in raw water with the highest turbidity (2.44
NTU) corresponding to 8.47 mg/L removed. Samples having a lower turbidity showed removal
values of 5.95 mg/L, which corresponds to a removal rate of 59% (£ 3%). The relationship
between percent removal and initial turbidity levels is illustrated in the Figure 5-4. As turbidity
increases, removal efficiency also increases. This suggests that higher levels of organics (higher
turbidities) have higher particle concentrations, which increases the opportunity for particle-
particle collisions in the system, entrapping the MPs, and increasing aggregation rates (Farrell et

al., 2018).
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Removal vs Time for Drinking Water
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Figure 5-4 Microplastic concentration vs Settling Time using raw drinking water influent.

Particles of this size (0.3um) tend to agglomerate and self-aggregate due to Brownian motion,
and small amounts of settling have been observed after 24 hours in the absence of coagulant in
similar studies (Ghernaout, 2015). The likely main mechanism causing the removal of
microplastics is charge neutralization. The zeta potential of the polystyrene microplastics was

measured to be -13.89 mV at a pH of 6.5 in DI water. As the turbidity levels increased, so did the
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negative charge of the sample, having a maximum negative zeta potential of -26.64 mV. When
compared to samples containing no PS, the negative charge was significantly lower than those
with PS present, meaning the combination of NOM and PS was a main factor for the highly
negative samples. Based on coagulation theory, the negatively charged microplastics are likely to
interact with positively charged aluminum hydroxide. As mixing occurs, the particles may
become enmeshed by sweep flocculation in a mass of amorphous aluminum hydroxide (Sun et
al., 2019). Once treatment was completed, the average zeta potential for samples containing PS
had an average increase of 57% having maximum zeta potential of -12.46 mV. This shows that
the main mechanism responsible for MP removal within these water matrices was probably

charge neutralization.

Though up to 86% removal was achieved following CFS treatment, there are still significant
concentrations of microplastics remaining in the effluent. Pockwock filtration pore sizes are 40
um, with an estimated effective pore size of 1.2 pm after filter ripening. At these sizes, the
system would not be able to capture these microplastics. A study conducted in 2022 found that
although between 70-85% of all microplastics present in raw water can be removed with a CFS,
of the plastics remaining in the treated effluent , 92% were < 10pm (Mason et al., 2016;
Pivokonsky et al., 2018). These plastics were found in concentrations of 628 + 28 MPs/L. This
concentration is much lower than that used in this study, but significant negative impacts are still
prevalent at these concentrations. The knowledge gap on microplastics does not give an
indication of what levels should begin to raise concern for human health but it is known that

microplastics are ubiquitous in almost all environmental matrices.
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5.3.2 Removal of aged microplastics using CSF

The aim of this study was to determine what impact in lab weathering had on MP removal during
conventional treatment. This study focused on MPs sized at 0.3um, as particles of this size and
smaller show significant difficulty in removal. Removal was quantified by looking at changes in
single wavelength absorbance values of 290nm, which is the corresponding wavelength for
polystyrene microspheres. This removal was compared to varying levels of weathering, which
were used to simulate different environmental samples. Error bars were set using the maximum
and minimum values for all triplicate values. The initial turbidity of the raw water sample was

1.8 NTU.
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Removal vs Treatment for Raw Water
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Figure 5-5 Jar testing using plastics of varying degrees of weathering using 0.3um polystyrene
microplastics with samples being spiked at 10 mg/L.

The highest removal was observed at samples which had been irradiated at 3060 mJ/cm?* which
corresponded to a 90% (£1% S.D). The degree of aging and amount of removal were
proportional, showing that as weathering became more severe, removal was higher. This could
be due to the increased number of functional groups which become present on the surface after

irradiation, which is discussed in section 4.2.1.
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It should be noted that triplicate jar tests were also conducted using coagulant and microplastics
in the absence of organics. The pH was adjusted to 6 with the addition of lime and a buffer was

added to maintain alkalinity. No coagulation or flocculation occurred throughout the jar test and
no settling was observed, showing that plastics must be in the presence of organics to coagulate

for efficient removal. A graph of this can be found in Appendix A.

5.3.3 Removal of microplastics in wastewater

The aim of this study was to evaluate the effect that aluminum sulfate coupled with the addition
of polymer would have on microplastic removal, and how increases in turbidity levels could
impact removal within a wastewater matrix. This study was conducted on municipal wastewater
from a combined sewer system. This means that the influent turbidity levels are highly variable
and subject to change due to stormwater dilution. To date, removal of microplastics of this size
have not been previously studied in a municipal wastewater matrix. There is a lack of analytical
methodology for studying microplastics in wastewater at this size, since generally anything
smaller than 10pm in a wastewater matrix is excluded due to high price points and limited access
of the highly specialized analytical tools able to detect colloids of these sizes (Mintenig et al.,

2017).

After a 40-minute sedimentation time, the data showed that for blank samples containing no
coagulant, little to no MP removal was observed, and the absorbance levels stayed consistent. A
plot of this data can be found in Appendix A. This means that settling alone could not separate
MPs within these water samples at this time frame, which would be attributed to polystyrene

beads having a very similar density to water. The highest removal was achieved in waters having
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high turbidity levels (260 NTU) at 9.48 mg/L. This corresponds to a removal rate of 96% (+ 3%
S.D) with samples using both aluminum sulfate coupled with polymer. Error was calculated
using standard deviation of replicates (n = 4). Samples having a lower turbidity (60 NTU)
showed removal values of 6.89 mg/L, which corresponds to a removal rate of 68% (£ 3%). The
relationship between percent removal and initial turbidity levels is indicated in the Figure 5.32.
As turbidity increases, removal efficiency also increases. Error bars were computed using

maximum and minimum value ranges for each replicate.
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Figure 5-6 Microplastic Concentration vs Settling time for municipal wastewater with the
addition of polymer and coagulant using 0.3um polystyrene microplastics with samples being

spiked at 10 mg/L.

The addition of polymer to the jar tests yielded higher removal of microplastics than the jar tests

that did not. The jars containing polymer and coagulant were able to remove an additional 1.5

mg/L of microplastics compared to the jars that did not. This yielded a 5% (£1% S.D) increase in

removal when both polymer and coagulant were used. This was calculated by comparing the

removal of the microplastics from jars containing polymer and alum vs jars that only contained
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alum, and error was computed using the standard deviation of the replicates. This is illustrated in

Figure 5-7 using highly turbid water (260 NTU), and all other samples followed these same
trends which can be seen in Appendix A.

MP concentration vs Time for 260 NTU
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Figure 5-7 Removal Efficiency of microplastics from 260 NTU wastewater with and without
polymer.
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This increase in removal could be caused by the polymer adsorbing onto the surface of the
microplastic causing further agglomeration. The interactions between microplastics and chemical
flocculants have not been well studied, and how much it aids in removal is unclear. It is known
that polymer addition to wastewater aids in flocc formation due to the cationic charge of the
polymer, which further aids in the charge neutralization mechanism present in the flocculation

(Industries, 2021).

5.3.4 Three-point calibration vs Six-point calibration

The current study utilized a six-point calibration curve for each different water sample. For time
and ease of execution, a three-point calibration was tested and compared to the six points to
determine if similarly accurate results could be created and if the slopes created would be the
same. These calculation errors were summarized and had a maximum slope deviation of
approximately 1% for both drinking water and wastewater, meaning that a three-point calibration
method could also be used. Figure 5-8 shows calibrations for both drinking water and wastewater
samples using both a three-point and a six-point calibration. As turbidity increased, the percent

error of the calibration curves did as well.
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Figure 5-8 3-point vs 6-point calibration curves for polystyrene detection.

The method using spectrophotometry at a single wavelength absorbance showed promising
results for detection within drinking water treatment, with an average 1 of 0.99, regardless of
initial turbidity levels. As turbidity levels of raw wastewater increased, the method used became

increasingly accurate, due to the increase in flocc formation and treatment performance. The



coagulated turbidity of these samples was lower than those with an initially lower turbidity,
meaning that the lower the turbidity of the final matrix, the more accurate the method will be,

likely due to less interference of other colloidal material present in the influent.

The removal efficiency of microplastics within a water treatment system is affected by multiple
factors, most notably increases in turbidity levels of the influent. The removal efficiency of both
drinking water and wastewater followed the same trend, showing greater removal with higher
turbidities due to increased particle-particle collisions causing floc formation. For aged plastics,
as the degree of surface weathering increased, so did removal. This increase is likely caused by
the increased interactions with the coagulant from functional groups present and the increased

surface area of aged plastics.
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Chapter 6 Aged and non-aged microplastics as a potential vector for
heavy metal transport

6.1 Introduction

There is potential for MPs in bodies of water to absorb and transport harmful chemicals or heavy
metals (Mendez et al., 2019). This poses challenges for water treatment utilities as the adsorption
capability of microplastics is inversely related to their size (Wagner et al., 2014). It is important
to understand the amount of heavy metal adsorption relative to a plastic particle size that can
occur to determine if maximum allowable concentrations of these toxins in treated water are
being exceeded, as well as if different water characteristics can influence adsorption behaviours.
Similarly, plastic particles can also be a transport vehicle for natural organic matter (NOM) in
differing environments, and NOM could potentially alter the adsorption capacity and toxicity of
microplastics. NOM is present in almost all aquatic ecosystems, and concentrations can range

from almost zero to more than 20 mg/L (Andersen & Gjessing, 2002).

The adsorption of heavy metals by MPs is likely to change their surface properties and toxic
effect. Once these MPs are released into the environment, their mobility, persistence and toxicity
in an aquatic system largely depend on their stability and possibility of forming aggregates
(Troester et al., 2016). Aggregation is an important process since aggregates containing MPs can
likely be removed via a filtration process, while dispersed MPs will be able to diffuse, be more

mobile, and have a larger available surface area for adsorption.

MP stability in aquatic systems is governed by their physicochemical properties such as size,

coating surface charge, as well as aquatic chemical conditions. These conditions include pH,
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ionic composition, and presence of NOM (Cargnello et al., 2014). After an MP enters the
environment, it is likely the MP will interact with some form of organic matter, as both
ubiquitously exist in aquatic ecosystems. When NOM is exposed to these MPs, it imparts a
negative charge and modifies the surface properties by raising their absolute surface potential.
This is done through different interactions dependent on the nature of both the organic as well as
the MPs. These interactions are mainly dependent on the functional groups present on both
species, particularly the aromatic structures on PS are found to interact with the aromatic
structures of the dissolved organics through m — © bonds, and these colloids are then entrapped
within the organics, creating an electron-dense co — polymer (Chen et al., 2018; Zhao et al.,
2010). This exposure could impact aggregation and adsorption potential based on initial surface

charge of the particle.

Furthermore, a weathered microplastic which has undergone physical and chemical changes due
to environmental exposure can lead to differences in its surface properties and adsorption
capacity. These changes can include the formation of cracks, crevices, and pores on the surface,
as well as the creation of functional groups that can interact with heavy metal ions. Therefore, a
weathered microplastic may have a higher adsorption capacity for heavy metals than a pristine
microplastic due to these modifications, but the extent of the differences will depend on the

specific weathering conditions.

The aim of the study is to determine the adsorption capacity of heavy metals to MPs using Pb*"
with the presence of NOM and without. This study is aimed to investigate the following

objectives:
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(1) estimated adsorption of lead onto polystyrene,
(2) the impact of NOM on Pb** adsorption to polystyrene,

(3) the impact of UV irradiated surface weathering on adsorption capacity

6.1.2 Approach

This study has been set up as a two by three factorial design. The parameters being changed are:
e Plastic Age (2 levels: new and aged)
e Water matrix (Synthetic water, synthetic water + 1 mg/L humic isolate, raw water)

Table 6-1 Factorial Design set up for batch adsorption experiment.

Sample ID Plastic Water Matrix

1 Aged Synthetic
Water

2 New Synthetic
Water

3 Aged Synthetic
Water + 1
mg/L humic
isolate

4 New Synthetic
Water + 1
mg/L humic
isolate

5 Aged Raw Water

6 New Raw Water

6.2 Results

In jars one and two, the synthetic water contained no added organics, to isolate lead adsorption to
MPs to better understand the effect dissolved organic matter has on heavy metal adsorption, as
well as to determine how aging of the microplastics affected its adsorbing capacity. Jar one
contained microplastics that had been weathered by exposing them to prolonged doses of UV

irradiation and jar two contained pristine microplastics, and a control jar was used that contained
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no microplastics. The adsorption of Pb on microplastics was broken down by Shen et al. (2021)
into three distinctive steps: (i) exterior mass transfer from the liquid to the outer surface of PS
MPs; (i1) internal diffusion of the Pb to the adsorption sites, i.e., film-pore diffusion; and (iii)

surface adsorption.
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Pb Uptake vs NOM

A No NOM

No NOM

0.4 -

0.3

0.2+

0.1+

0.0+

=

1 I'-|our

24 Hc'Jurs

NOM

0.4+

0.3+

0.2+

g (mg/mg)

01-W

0.0+

A

1 Hour

24 Hours

C Raw

Raw

0.4+

0.3

0.2+

0.1+

0.0+

20 40
Time (min)

o 4

60

1 Hour

24 H(')urs

Time (min)

Treatment
—=— Aged

—— New

Figure 6-1 A. Pb uptake vs Time for samples containing no organics B. Pb uptake vs Time for
samples containing Img/L of humic acid C. Pb uptake vs time for raw water samples for the first

hour as well as after 24 hours.

When no dissolved organic matter was present in solution, the MPs which had been aged showed

a higher uptake of lead than those that did not with maximum uptake values of 0.21 mg/mg (+

0.041 mg/mg) and 0.127 mg/mg (+ 0.034 mg/mg) , respectively. Error was calculated by using
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the range of values from duplicate trials of the experiment. Both samples reached equilibrium

within 24-hours of exposure, illustrated by Figure 6-1. A.

For samples three and four, jar three contained weathered microplastics, jar four contained
pristine microplastics and a jar with no microplastics were used as a control. This synthetic water
sample was identical to that of jars one and two, with the addition of 1 mg/L of HA to mimic
DOM. The addition of this showed an increase in metals uptake for both aged and new MPs,
having a maximum uptake of 0.23 mg/mg (+ 0.041 mg/mg) for aged plastics and 0.157 mg/mg
(£ 0.017 mg/mg) for new plastics. Both samples reached equilibrium within 24 hours of
exposure, illustrated by Figure 6-1. B. These uptake values were 8% higher than the samples
containing no organics for aged samples, and 20% higher for pristine samples, which can be seen

in Figure 6-2.

77



A Aged

Aged

0.34

0.24

0.1- |

0.0 1

§\

———1

o
N
o

60

1 Hour

24 Hours

New

g (mg/mg)

0.34

0.2+

0.1+ |

0.04

20

o 4

40

Time (min)

60

1 i—|our

24 Hours

Time (min)

Treatment
No NOM
—-— NOM

—<— Raw

Figure 6-2 Comparison of Pb uptake dependent on plastic age for the first 60 minutes as well as

after 24 hours.

For samples five and six, raw water from a local watershed was used. Jar 5 contained

microplastics that had been artificially weathered through prolonged exposure to UV irradiation

and sample 6 contained pristine microplastics. An additional jar was used containing no

microplastics as a control. Both TOC and DOC were measured to be 3.8 (£ 0.3 S.E) mg/L where

n =4, meaning all the organics within the sample were dissolved in solution. These samples both

had maximum adsorption at the 45-minute mark, and a steady linear decrease of desorption after
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that, meaning maximum observed adsorption capacity occurred between 45 and 60 minutes of
exposure. The aged plastics had a maximum lead uptake of 0.335 mg/mg (+ 0.035 mg/mg) while
the new had a maximum of 0.221 mg/mg (= 0.027 mg/mg). It should be noted the initial lead
values for these samples had the highest initial uptake values compared to the previous two. This
means a significant amount of lead was immediately adhering to the MPs during the first minute.
Figure 6.2.2 compares the aged vs new plastics when exposed to a known DOM source and an
environmental sample. The raw water samples saw the highest overall uptake of Pb, which were
11% higher than those of samples which were spiked with humic acid and 42% higher than

samples which contained no organic materials.

The organic content within the environmental sample was not tested for specific types of
organics, but it is assumed that a variety of organic species were present within the sample. The
level of organics present in the environmental samples were almost four times higher than that of
the synthetic waters. Different types of organic species show different interactions with metal

ions, due to the different fundamental structures present.

6.3 Discussion

For samples 1 and 2, containing no organics, an increase was seen in the uptake of lead onto
microplastics that had been artificially weathered using UV irradiation. This increase in uptake
could be attributed to increased surface area or the increased number of functional groups present
on the PS surface. These functional groups provide further binding ability for the ionic lead due

to their negative charge on the oxygen which has available binding sites (Carlier et al., 1986).
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Further information on the increase in surface area and functional group spectrums can be found

in section 4.2.1.

The influence of organic matter plays an important role when it comes to heavy metal
adsorption. Both samples containing organic content saw a significant increase in Pb uptake
compared to samples that contained no organics. HA has a highly negative charge at a pH of 6, a
zeta potential around -36 (= 3) mV, which can easily interact with positively charged Pb ions
through electrostatic interactions (Coles & Yong, 2006). Previous studies have shown that lead
ions interact with HA through cation exchange and hydrogen bonding which have adhered to the
surface of the MPs. Lead is bound to the HA on the carboxylic and phenolic functional groups,
which both have a high O count, where carboxylate groups are the most abundant. The cationic
lead interacts with the negatively charged oxygen within these functional groups (Manceau et al.,
1996). The enhanced uptake of Pb ions to the surface of the MPs in the presence of HA may be
due to the HA complexes forming a bridge between the Pb species and the MP surface (Chen et
al., 2018; Liu et al., 2021). A recent study utilized FTIR spectroscopy coupled with two-
dimensional correlation spectroscopy (2DCOS) to investigate the interactions occurring between
the MPs and HA. Several peaks were identified as being responsible for NOM — MP interactions
due to the change in direction of functional groups and no cross peaks appearing in the 2DCOS
maps. These results indicated that the MPs were entrapped by the functional groups within the
HA, which formed an electron dense co-polymer (Chen et al., 2018). The Pb cations showed to
have a higher affinity for the aged MPs due to the increase of ester functional groups and specific

surface areas of these aged plastics. A schematic of these interactions can be seen in Figure 6-3.

80



o —§808 -~

Polystyrene Polystyrene + Humic acid Polystyrene + Humic acid + Pb?*

Figure 6-3 Mechanism of interactions between heavy metals, microplastics and dissolved
organics(Wang et al., 2019)

A recent study found that since PS is a synthesized aromatic hydrocarbon, which behaves similar
to benzene, these hydrocarbons contain large portions of condensed domains which increase the
nonlinear sorption for HA (Zhang et al., 2018) which could be a reason for the enhanced
immediate uptake seen in the environmental samples. This would allow the HA to adhere to the
PS surface, as well as the cationic Pb, creating an entrapment of the HA — Pb - MP. This is the
likely cause for the environmental sample showing the highest lead uptake, due to the increased
amount of organic material present within the sample, since the DOM and polymer have created
a co-polymer through cation exchange, hydrogen bonding and n — & bonds (Chen et al., 2018).
These co-polymers now have an increased number of electrons which would increase its total
electrostatic attraction to the lead cations. Furthermore, the increased ester functional groups that
are found on the aged plastics and the increased surface area would also aid in the adsorption of
hydrophilic organic structures (Faghihnejad & Zheng, 2013).

It was assumed that after 45 minutes of exposure desorption occurred in the raw water samples
since the concentration of Pb in the aqueous phase began to increase. This desorption may be due
to the type of adsorption mechanisms responsible for the initial uptake. The HA and subsequent
Pb ions to the MPs are likely held by m — n bonds, hydrogen bonds and electrostatic attraction.
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These are all bonds that are relatively weak and reversible; along with the samples being kept
moving for 24 hours, this movement and constant agitation of the sample may have broken these

weak bonds that had formed (Atugoda et al., 2021).

6.4 Conclusions

The batch adsorption experiments conducted aimed to determine the adsorption capacity of lead
onto polystyrene MPs under a variety of circumstances. Aged microplastics had a greater
adsorption capacity than those that were pristine by approximately 40%, likely due to the
increased surface area and altered functional groups present on the surface. In the presence of
organic matter, the organics can act as a bridging mechanism between the surface of the plastic
and the Pb which increased the overall uptake of Pb. As the organic levels increased, so did the

uptake of metals.
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Chapter 7 Conclusions and Recommendations

7.1 Conclusions

The purpose of this study was to evaluate the use and effectiveness of a collimated beam for a
rapid in-lab aging technique for microplastics. Furthermore, how weathered polystyrene beads
behaved compared to pristine during conventional treatment as well as during adsorption kinetic
tests. Experiments consisted of three phases with the first being the development of an in-lab

method for aging microplastics.

The key findings from the first phase showed this method was able to contribute to significant
surface weathering and aging of the PS at increased doses of energy. The changes in surface
morphology were shown with SEM imaging and quantified using Image J.

FTIR spectra was also used to show changes in functional groups on the surface of the PS, as
well as to compare to known environmental PS FTIR spectra samples. These spectra changes
matched those of PS that was taken from environmental samples. These changes were used to
quantify aging degree using the carbonyl index. The plastics saw a degree of weathering of
approximately 60%. With this evidence, this in-lab method for aging is an appropriate method to

mimic environmental plastics for in-lab experimental use.

The second phase of these objectives were to test these weathered plastics to determine their
removal efficiency under conventional treatment employed at local water utilities. This study
was conducted during the summer months of 2022. The turbidity levels of raw water ranged
from 0.74 — 2.44 NTU and wastewater influent levels were between 60 — 260 NTU. It was

observed that as the turbidity levels increased, so did removal efficiency, likely due to the
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increased number of particle-to-particle interactions occurring during flocc formation. The aged
microplastics were also tested using conventional treatment at a turbidity level of 1.8 NTU, and
it was observed that the higher the degree of aging of the microplastic, the increased amount of
removal was proportional. This was likely due to the increased amount of surface area and
functional groups present on the surface which interacts with the both the coagulant and NOM

present.

The last phase of the experimental work was to determine if these aged microplastics showed a
higher affinity for heavy metals in differing solutions than those that were new. The aged plastics
showed an increased uptake of metals by 8% compared to the new plastics, within synthetic
water samples where no organics were present. This is due to the increased surface area and
increased functional groups present on the surface. In the presence of DOM, the increased
number of organics increased the amount of metal uptake to the plastics. This is likely due to the
organics within the solution causing a bridging effect between the plastics surface and the heavy

metals.

These findings provide important insights into the behaviour of microplastics in water treatment
systems, as well as the potential for microplastics to adsorb and transport harmful pollutants such
as lead. This knowledge can be used to develop more effective water treatment strategies that
account for the behaviour of microplastics, as well as to inform policies aimed at reducing the
release of microplastics into the environment. Further research can build upon these findings to
explore the mechanisms underlying microplastic aging and adsorption and to investigate the

potential impacts of microplastics and associated pollutants on human and environmental health.
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7.2 Recommendations

Future studies should be conducted using influents at different times in the year, to determine
if/how seasonality would impact the removal of PS using conventional treatment. This would
also allow for multiple repetitions of the study to be conducted for a more accurate picture of
how much removal is occurring. These studies could also evaluate the effect of different
treatment variables, such as pH, temperature, and flow rate, on the efficiency of microplastic
removal during conventional treatment. This will help to identify the optimal conditions for

microplastic removal and may lead to the development of more effective treatment strategies.

Long-term monitoring of microplastic removal during conventional treatment is necessary to
assess the long-term effectiveness of treatment strategies and to identify any changes or trends in

microplastic removal efficiency over time.

Overall, quantifying the amount of microplastics removed during conventional treatment is an
important step towards mitigating the environmental impact of microplastics. Future work in this
area should focus on improving the accuracy and reliability of methods used for detection and
quantification, and on optimizing treatment strategies to enhance microplastic removal

efficiency.

For future work regarding metals adsorption to PS, studies should employ further analytical
measurements such as FTIR spectra comparison, XPS and contact angle. These would allow for
a better understanding of what adsorption mechanisms are responsible for the metal’s uptake to

the aged and unaged plastics. These studies could also assess the effect of environmental factors
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such as natural organic matter, dissolved ions, and temperature on the adsorption of lead to
polystyrene. These factors can affect the properties of the polystyrene surface and can have an

impact on the adsorption capacity of polystyrene.

Overall, quantifying the amount of lead adsorption to polystyrene is an important step towards
developing effective remediation strategies for lead-contaminated environments. Future work in
this area should focus on improving the accuracy and reliability of methods used for detection
and quantification, and on optimizing experimental conditions to enhance lead adsorption

efficiency.
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Appendix A Supplementary Information

Absorbance spectrum for Polystyrene
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Figure A.1 Wavelegnth spectra for 0.3um polystyrene beads
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Calibration Curve for Raw Drinking Water using Experimental Condition 1
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Figure A.2 Raw drinking water calibration curves for varying influent turbidities for recovery

percent calculations.

101




Calibration Curve for Raw \Wastewater
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Figure A.3 Raw wastewater calibration curves for varying influent turbidities for recovery

percent calculations.
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Recovery Quality Control

The recovery percent of the method used is dependent on the calibration of the initial turbidity of
the influent. For samples having influent turbidity > 0.888 NTU the recovery was 99%. This was
calculated by determining the variance between the known spiked value of 10mg/L and the
calculated value using the slope equation using the raw water calibration curve. As initial
influent turbidity increased from 0.888 NTU up 140 NTU, observed within wastewater samples,
the recovery of the method decreased to 97%. At levels higher than 140 NTU the level of
recovery for this proposed method dropped to 92% for all remaining samples. This decrease can
be further illustrated by the decrease in r* values showing that calibration is more effective on
samples having lower turbidities. Since all final treated sample turbidity levels were well below

140 NTU, the method used is valid for all samples.
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Figure A.4 Polycarbonate FTIR spectra with band at 1670 to show significant peaks are present
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Table A.1 Zeta potential values of PS microplastics before and after irradiation

Irradiance Zeta
(mJ/cm?2) Potential

Initial Final

0 - -
37.34 36.84
180 - -
36.41 36.68
1080 - -
37.11 3740
3060 - -
37.18 36.93
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Removal vs Time for Waste Water with and
without the addition of polymer
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Figure A.5 Removal vs Time of wastewater samples at increasing turbidites with and without the addition of cationic polymer
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Removal of MPs in
absense of key water

additives
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Figure A.6 Removal vs Time of PS microplastics in the absence of organics as well as coagulant
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