Department of Environment Systems
Graduate School of Frontier Sciences
The University of Tokyo

2020

Master’s Thesis

Sorption of polycyclic aromatic hydrocarbons (PAHS) on
microplastics in the freshwater, brackish, and saline

environments

Submitted February 25, 2021

Advisor: Professor Tomochika Tokunaga
Co-advisor: Professor Shigeru Tabeta

V% FVVa TIF

Nelissa Osorio Prado



ACKNOWLEDGEMENTS

I would like to express my sincerest gratitude and admiration for the people who
had aided me in the completion of my master’s thesis and also to those who had helped
me grow as a researcher and as a better person.

First of all, to my research supervisor, Professor Tomochika Tokunaga, for his
patience in guiding me from the beginning until the end of this study, for his ideas and
insights that made me think critically when | do not know in which direction should |
continue my research, and for always making time not only for me but also for his other
students. He may be harsh at times, but this just pushed me to do better and to get out of
my comfort zone. Through the help of his valuable insights and questions, | learned how
to think and solve problems independently. He is the embodiment of how an exceptionally
dedicated and committed researcher and professor should be.

I would like to extend my gratitude to all the professors and researchers who had
contributed and helped in the completion of my research. To Professor Shigeru Tabeta,
my co-advisor, for his helpful comments and opinions during our meetings who made me
see my research in another perspective that helped me improve the discussion of my topic.
To Professor Teppei Nunoura and Assistant Professor, Dr. Osamu Sawai for generously
lending the HPLC system in the Environmental Science Center. To Professor Junichiro
Otomo for letting me use the NOVA 2200e Surface Area & Pore Size Analyzer and to
Jihan Lee for teaching me how to use it.

Next, I would like to thank my all of the laboratory members of the Geosphere
Environment Systems laboratory for their comments and suggestions during laboratory
seminars.

To my mother, father, and brother, Ms. Nede O. Prado, Mr. Nello O. Prado, and
Mr. Alvin O. Prado, for always looking out for me and my well-being even though we
are far away from each other and for trying to help me in any way you can despite being
unable to physically reach me. In everything I do, | will always try to make you proud.

To all my friends in the Philippines, thank you for always being supportive and
cheering me on to reach my goals in life. May we achieve all the things we aim for.

To Diane Gubatanga who had accompanied me in their laboratory and assisted

me in many ways not only in using the HPLC equipment but also in accompanying me at



school during stressful times. To my other Filipino friends in Kashiwa, who made me
remember how it feels like to be back in the Philippines at times.

To Nathalie Sucgang who I have known for years, thank you for always being
someone who | can run to even here in Japan. Thank you for pushing me to achieve
greater things in life. May we continue to succeed and strive to keep improving ourselves.

To Avriel Lavilla who had helped me during the most challenging point of my life
here in Japan. Thank you for accompanying me. | would always appreciate what you did
for me. 1 will never forget the kindness you have showed me during those times.

To Mrs. Lenie Dela Cruz and Mrs. Maria Theresa Martinez, who had given me a
safe shelter when I was about to lose mine. Without you, | would not know where to go.
I would also like to thank you and your friends, Mrs. Babe and Mrs. Liberty, for making
me feel like | was back home again even though we just met.

To Mike Pedrosa, who had always been by my side, supporting me emotionally
and mentally even during my darkest times. Thank you for always making me happy and
keeping me sane. Even though we are miles apart, thank you for all the love you gave to

me. May we continue to grow and improve so we can become better people.



ABSTRACT

This study aims to examine the sorption behavior of polycyclic aromatic
hydrocarbons (PAHs) on microplastics in the freshwater, brackish, and saline
environments. Batch adsorption experiments were conducted (1) to compare the sorption
behaviors of PAHs on microplastics; (2) to determine to which kind of microplastic PAHs
have more affinity to; (3) to know the effect of changing salinity on the sorption behaviors
of PAHSs on microplastics; and (4) to determine the effect of the co-existence of different
microplastics on the sorption of PAHs. Phenanthrene was used as the model PAH and
polyethylene (PE) and polystyrene (PS) were used as the model microplastics. The
sorption equilibrium of phenanthrene on PE and PS was reached within 5 minutes of
contact time and that PE had greater sorption capabilities than PS. Additionally, the
results best fitted the linear isotherm model (with non-zero intercept). Partition coefficient
K of PE were higher by around 30 to 40 times to PS. This difference can be explained by
the fact that PE is a rubbery polymer and has specific surface area three times greater than
that of PS, a glassy polymer. Furthermore, PE and PS may have an interaction with each
other as the composite additive model did not work out. Aggregation may have occurred
between the PE and PS particles as aggregation can decrease the SSA, which in turn,
decreases the sorption capabilities of the sorbent. The possible main sorption mechanisms
are hydrophobic interactions and van der Waals forces. Furthermore, more phenanthrene
is sorbed on PS and PE in more saline environments possibly due to the salting-out effect.
Since the marine environment is the ultimate sink for both microplastics and PAHS, this
may pose a risk on the organisms living in there. Additionally, PE is one of the most
found and widely used plastic so disposal and handling of PE must be properly managed

in the future as it can store more PAHSs.
Keywords: Sorption, polycyclic aromatic hydrocarbons, microplastics, freshwater,

brackish, saline, phenanthrene, polyethylene, polystyrene, linear isotherm model,
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Chapter |
INTRODUCTION

1.1. Research background

Around 75 to 90% of the plastic debris and most of the persistent organic pollutants
(POPs) found in marine environment are from land-based sources, especially in coastal
regions near industrial areas and cities [1-6]. Furthermore, numerous megacities and
settlements around the world are situated near coastal zones [7]. Mismanaged plastic
wastes dumped directly and indirectly from anthropogenic activities inland heavily
impact many water bodies, not only coastal areas, but also rivers, lakes, and estuaries.
Plastics that are exposed to various environments are degraded into microplastics through
long periods of time. Here, microplastics are the plastics that are less than 5 mm in size
[8-14].

Aside from being an unattractive sight in the environment, plastics and microplastics
have far more severe dangers that it can impose on the wildlife. Physically, some studies
indicate that plastics can cause digestive tract blockages and internal injuries to the
organisms that ingest them. Blockages can cause reduced food consumption and
starvation. Filter feeders also had reduced filtering activity and photosynthesis of
planktons were interfered due to microplastics [15-17]. Microplastics also cause severe
developmental effects on sea urchin embryos [18]. Potential of microplastic
bioaccumulation was also observed by Murray and Cowie (2011) [19] when they fed
polypropylene strands to small lobsters and, in turn, let fishes ingest these lobsters. They
observed that the microplastic strands were ingested but not excreted by the fishes [17].

Microplastics are also observed to sorb and carry POPs in the environment, and pose
the potential to be more harmful when ingested by organisms due to the added toxicity
by the sorbed pollutant [16, 20]. POPs are contaminants of concern due to their
persistence, toxicity, tendency to bioaccumulate, and susceptibility for transportation in
long distances [21]. Various studies have found POPs on the surfaces of microplastics
such as antibiotics, polychlorinated biphenyls, organochlorine pesticides, and polycyclic
aromatic hydrocarbons [16, 22—-25].

Polycyclic aromatic hydrocarbons (PAHS) are a group of compounds that have three

or more fused benzene rings and are ubiquitous in the environment due to their regular



emission in the environment [26-30]. They are of environmental concern due to their
high carcinogenic and mutagenic properties, long environmental persistence, wide
distribution and transportation, poor biodegradation, and the risk to bioaccumulate and
biomagnify in food chains [26-30]. PAHs are mostly colorless, white, or pale-yellow
solids that are naturally found together as mixtures of two or more compounds (e.g., Soot)
[26-30]. Generally, they also have high melting and boiling points, low vapor pressure,
and very low aqueous solubility (hydrophobic); but they are highly soluble to organic
solvents because they are highly lipophilic [26-30]. PAHSs found in the environment are
usually from the incomplete combustion of fuels and crude oil spills [27, 29]. After PAHs
are emitted in the atmosphere, it reaches the marine and terrestrial environments through
wet (e.g., rain and snow) and dry deposition. Those PAHs on the soil and land are
transported to the marine environment through surface runoff, making the marine
environment a sink of PAHSs [27, 30]. Total PAH concentrations of up to 0.069 ppm are
found in urban runoff waters [31] and up to 146 ppm in seawater during oil spill events
[32].

Many studies have reported sorption of PAHs on microplastics as observed in field
samples [22, 33, 34] and laboratory experiments [6, 35-37], and they can act as storage
and sinks for these pollutants [25, 38—41]. This can pose a problem in the environment as
these microplastics can be vessels for contaminant transport. Re-emission or secondary
emission may occur when the concentration of the contaminants is lower in the
surrounding water than what is sorbed on other materials, such as microplastics [42].
Furthermore, microplastics can also be ingested by organisms and consequently, the
sorbed pollutants may result to various levels of toxicities to the organisms [43, 44].

There are limited studies on the effect of salinity changes on the sorption of PAHs
on microplastics, which can be observed from the disposal of plastics from the terrestrial
to the marine environment. Also, experiments conducted are usually done using separate
microplastic setups [6, 35-37]. Plastics do not occur alone in the environment and the co-
existence of different kinds of microplastics may have an effect on their sorption of PAHSs.

The presence of plastics in the environment is continuously rising throughout the
years [3, 45]. Plastics are used almost everywhere, especially in single-use packaging,
which is why it has a large volume of production. As of 2015, around 6,300 million metric

tons of plastic waste have been generated and only about 9% were recycled, 12% were



incinerated, and the remaining 79% were discarded into landfills or directly into the
environment [45]. Microplastics can be a sink and storage of PAHs which can cause great
harm to the organisms that ingest them [46]. Additionally, microplastics can be vectors
for PAH transport to places that have low PAH concentrations in the surrounding water
through re-emission [47]. Due to the rapid usage and disposal of plastic wastes and the
continuous emission and deposition of PAHs due to anthropogenic activity, it is important

to study their interaction with each other.

Estuany,

1
Figure 1-1. Schematic diagram for how PAHs and microplastics from anthropogenic activity can pose a threat in the

freshwater, brackish, and saline environments.

1.2. Objectives
The objectives of this research are set to be:
1. To compare the sorption behaviors of PAHs on microplastics
2. To determine to which kind of microplastic PAHs have more affinity to
3. To know the effect of changing salinity on the sorption behaviors of PAHs on
microplastics
4. To determine the effect of the co-existence of different microplastics on the

sorption of PAHs

1.3. Significance of the study

With the increasing and constant disposal and emission of plastics and PAHs, it is
important to study how they would interact with each other. Plastics that have been
disposed in the environment a long time ago may have been degraded into microplastics

and these microplastics are found to be more capable in sorbing more PAHSs than larger-



sized plastics due to an increase in surface area [48]. Microplastics can act as storage for
the PAHSs which can be transported in further distances [17]; deposited at the sediments
which may reduce degradation of PAHs and be the source of re-emission in the future
[49]; or ingested by organisms [43, 44]. Therefore, sorption of PAHs onto microplastics
would be an environmental concern. Understanding the mechanisms of the sorption of
PAHSs to microplastics may help with comprehending how they interact in the natural
environment. Since microplastic research is still relatively new and still has a lot of gaps
and many researchers still lack consensus and standards in various concepts and
methodologies [50, 51], shedding light on the sorption behavior of microplastics and
PAHSs, which is another pollutant that receives attention due to its harmful effects on

organisms, can add to the growing knowledge of this emerging pollutant, microplastics.

1.4. Structure of the thesis

This thesis comprises six chapters. Chapter one presents the background of the
research, objectives, and significance of this study. Also included in this chapter is the
structure of the thesis. Chapter two describes major sources, formation, transport and fate,
and the occurrence of both PAHs and microplastics in the environment. Previous field
studies and laboratory experiments regarding the sorption of PAHs onto microplastics
and its mechanisms are reviewed. Current study on the adsorption isotherm models
applied are also part of this chapter. Chapter three includes the description of the model
PAH and microplastic materials chosen for the study as well as the other materials needed
to conduct the experiments. Experimental setup, design, and procedure and analytical
methods used are also explained here. Chapter four shows the results obtained from the
experiments such as the effect of contact time on the sorption of phenanthrene onto
microplastics and the sorption behavior of phenanthrene to PE and PS. Chapter fives
discusses the possible mechanisms involved in the sorption of phenanthrene on the
microplastics with the effects of salinity on the sorption behavior. The affinity of different
kinds of microplastics to phenanthrene is also discussed together with the adsorption
isotherm model that best describes the sorption behavior. Chapter six summarizes the
research findings. It also includes recommendations for further improvement of research

and future work.



Chapter 11
REVIEW OF RELATED LITERATURE

This chapter is divided into four sections. The first section is the in depth review
on the fate of microplastics while the second section is the comprehensive description of
PAHSs. The third section is a review on the sorption of PAHs on microplastics such as
field occurrence of sorbed PAHSs onto microplastics and laboratory experiments. Possible
mechanisms and factors affecting sorption capability are also presented in this section.
The fourth section describes the different adsorption isotherm models that are applied in
this study.

2.1. Microplastics
2.1.1. General description

The presence of plastics in the environment is a growing environmental concern
in the contemporary times. Plastics are everywhere; they are used in packaging (mostly
single-use), construction, vehicles, electronics, and many more. Due to the durability,
versatility, and low production cost of plastics, it is widely used by many. Most of the
time, the robustness of the plastics exceeds their product lifetime or service life such that
plastics are usually discarded after their usage and they persist in the environment due to
their resistance to degradation [45, 52-54]. Their high stability and durability make the
degradation very slow [55]. Production of plastics rapidly grows throughout the years. As
of 2015, around 6,300 million metric tons of plastic waste has been generated and only
about 9% was recycled, 12% was incinerated, and the remaining 79% was discarded into
landfills or directly into the environment (Figure 2-1) [45].

Mismanaged plastic wastes are exposed to various environments which drive their
degradation into microplastics through long periods of time. Microplastics (MPs) are
plastics that are less than 5 mm [8-14]. Although, there is no clear agreement yet on the
size range of MPs, e.g., some consider MPs to be less than 1 mm [56] and less than 2 mm
[57]. There are also variations on the lower limit, for example, some researchers use 0.1
um [11, 46], 1 nm [9], 0.3 mm (due to the usage of zooplankton nets with mesh size of
333 um) [8], or 0.5 mm (due to technical difficulties in the analysis of plastics smaller
than 0.5 mm) [53, 58].



Due to their small size, marine organisms tend to ingest them, which in turn causes
the accumulation of MPs in their digestive tracts. This will cause internal blockages in
their digestive systems which will affect their intake of food and nutrients needed for their
growth and development [13]. Studies also found out that MPs affect the photosynthesis
of some algal species that attach to them due to the blockage of light and air [59]. An
experiment also demonstrated the tropic transfer of MPs. Mussels with MPs were fed to
fishes and crabs and results showed that the gastrointestinal tracts of the fishes and crabs
contained MPs. After 10 days, depuration of MPs happened, and the gastrointestinal tracts
of the predators used were clear of MPs which may indicate that transfer of MPs to higher
trophic levels may be improbable, however, the ingestion of MPs is still a concerning
issue for future studies [60]. Microplastics were also known to adsorb pollutants from the
surrounding water. When ingested, the adsorbed pollutants and inherent additives may
result to various levels of toxicities depending on the kind of contaminant, and these can
be harmful to organisms [43, 44].

6300 Mt o
global plastic

Incinerated
12%

waste

/‘ generated as
of 2015

Figure 2-1. Amount of plastic waste generated as of 2015 and the percentage
of it that is recycled, incinerated, and discarded. Data obtained from [45]

2.1.2. Formation of microplastics

There are two types of microplastics found in the environment based on their
formation: primary and secondary. Primary MPs are microplastics that are manufactured
in small sizes before being released in the environment. Examples of these are abrasives



from personal care products and cleaning products. Secondary MPs, on the other hand,
are created from the weathering and degradation into smaller sizes from larger-sized
plastics [8, 9, 11, 58].

Degradation is the process where the plastics are changed chemically or
physically which significantly reduces their average molecular weight. Four main
processes are involved in the natural degradation of plastics: photodegradation,
thermooxidative degradation, mechanical abrasion, and biodegradation (Figure 2-2).
Usually, the initial and the fastest and most effective degradation of plastics is the
photodegradation or photooxidative degradation due to the exposure to ultraviolet (UV)
radiation. Incorporation of oxygen atoms into the plastic polymers, initiated by the
exposure to UV rays, forms oxygen-rich functional groups which embrittles and weakens
the plastic. The plastics are now more susceptible to fragmentation by mechanical
abrasion caused by waves, sand, or other materials due to its weakened surface and
structure. Biofilm, algal mats, and colony of invertebrates can also form on the surface of
plastics which causes biofouling. Addition of these organisms on the surface of plastic
causes it to sink and accumulate in the benthic environment. Exposure to UV radiation
may also decrease due to biofouling and other degradation processes may be more
significant at this stage, such as thermooxidative degradation and mechanical abrasion
[11, 55, 61, 62]. Thermooxidative degradation involves formation of oxygen-rich
functional groups which weakens the polymer chains, initiated by moderate temperatures.
It can also be described as the slow oxidative breakdown that occurs at moderate
temperatures [61, 63]. Natural biodegradation of common plastics is rare and is
tremendously slow as microbial species that can metabolize polymers are rarely found in
the environment. Even photodegraded, thermooxidatively degraded, and mechanically
abraded MPs are not guaranteed to increase susceptibility to biodegradation. The process
of plastic degradation may take more than 50 years or even longer in aquatic
environments due to relatively lower temperature and oxygen concentration than in the

terrestrial environment as plastics on land are exposed in air [55, 61].

2.1.3. Sources, transport, and fate of microplastics
Around 75 to 90% of the plastic debris found in the marine environment are from

land-based sources. One of the largest land-based sources of marine plastic debris are



Thermooxidative Mechanical

degradation abrasion
Photodegradatlon
Biodegradation
Q
O N
N 0

-

§ &£

Microplastics

Figure 2-2. Schematic diagram of the four main processes of natural degradation of
plastics in the environment. Out of these four, biodegradation is the rarest while
photodegradation is the fastest and the most effective.

from sewage and storm water, especially in coastal regions near industrial areas and cities
[1-5]. Rivers are also considered as the major pathway for plastic debris to enter the
marine environment because rivers contribute 80 to 94% of the total plastic load of the
seas. An estimated amount of 1.15 to 2.41 million metric tons of plastic waste from rivers
enter the ocean annually [64]. The largest volume of plastic debris observed at river
mouths are during rainy seasons when there are huge amounts of floodwater discharge
from upstream sources [65]. After plastics and microplastics enter different bodies of
water, four transport processes may occur: beaching, surface drifting, water column
suspension, and bottom settling (Figure 2-3) which is mainly affected by the density of
the plastic [64-66].

Many of the common plastics used and produced nowadays are buoyant and float
on the surface of oceans, seas, and other bodies of water. Table 2-1 summarizes the
density (in g/cm®) of the common plastics used today. As for comparison, the density of
freshwater is around 1.00 g/cm?® while the density of seawater is about 1.03 g/cm? (in
standard ambient temperature and pressure) [65]. The plastics that are floating on the
surfaces are mainly transported through wind forces, surface currents, and geostrophic
circulation. The plastic debris will passively float until deposited to shores and beach,
which is called beaching, or be trapped in subtropical convergence zones, as seen from

the western and eastern garbage patches in the North Pacific Ocean. Surveys by Moore



et al. (2001) in the North Pacific Ocean eastern garbage patch reported around 334,271
pieces/km? of plastic while Law et al. (2010) reported around 1,069 to 580,000 pieces/km?
of plastic in the western North Atlantic Ocean and Caribbean Sea subtropical convergence
zones [64, 65]. Microplastics were also found in the Arctic and Antarctica which are very

far from the production and use of plastics [67].

Beaching

Surface drifting

Figure 2-3. Schematic diagram of the transportation and fate of plastics and
microplastics in the environment

Plastics and microplastics that have neutral density with the surrounding water
tend to be suspended in the water column (subsurface to deep water). The plastics are
mixed and moved from the surface to the deep water or vice versa through advection and
turbulent mixing forces. Size and shape of plastics are important factors that determine
the velocity at which the plastics are mixed and transported along the water column.
Microplastics and smaller-sized plastics can act as colloidal particles and are most likely
to be suspended in the water column. Fibrous-shaped plastics have the lowest velocity
when affected by turbulent mixing, followed by sheets and particles. Originally buoyant
plastic may also sink and be suspended in the water column when its physical properties
change through processes such as degradation, biofouling, flocculation, and aggregation.
Biofouling occurs when the plastic accumulates biofilms, or when its surface is colonized
by algae and invertebrates. This can increase the overall density of the plastic causing it
to sink. Plastics that have greater density than the surrounding water will settle to the



benthic environment. Non-buoyant plastic will naturally sink and settle at the bottom of
the sea, oceans, or freshwater bodies. Microplastics were also observed to have the
tendency to aggregate and flocculate with organic and inorganic matter [11, 64, 65]. An
experiment by Long et al. (2015) found that microplastics that aggregated with other
particles have settling rates of hundred meters per day compared with microplastics that
were not aggregated (less than 4 mm/day). Microplastics incorporated with aggregates
increase their density as well as their settling rates [64, 65]. Microplastics that have settled
at seafloor and other benthic environments may be buried due to the constant deposition
of sediments and other matter or may be resuspended predominantly due to storm events
and storm-induced currents. In estuaries, tidal currents are the main forces that drives the

resuspension of sediments and microplastics from the benthic environment [65].

Table 2-1. Density of the commonly used plastics today. Data adapted from [46, 68]

Plastic Density (g/cm?)
High density polyethylene (HDPE) 0.94-0.97
Low density polyethylene (LDPE) 0.91-0.93
Polypropylene (PP, atactic) 0.85-0.94
Polyethylene terephthalate (PET) 1.34-1.45
Polytetrafluoroethylene (PTFE) 2.2
Polyvinyl alcohol (PVA) 1.19-1.31
Polyvinyl chloride (PVC) 1.16-1.58
Polypropylene (PP, isotactic) 0.92
Polystyrene (PS) 1.04-1.10
Polyurethane (PU) 1.2
Poly(methyl methacrylate) (PMMA) 1.18
Polyamide (Nylon 6,6) 1.13-1.15

2.1.4. Occurrence of microplastics in the environment

Multiple studies have been done for the quantification of microplastics in the
marine environment. Some examples of these studies indicate the concentrations of
microplastics ranges from 107 to 10° particles/m?®in seawater worldwide (North Pacific

South Equatorial counter current and Geoje Island, Korea, respectively); while
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concentration ranges from 10 to 10%° particles/kg dry weight in subtidal sediments
worldwide (Southern Baltic Sea and Industrial Harbor, Sweden, respectively) [69]. Other
studies concerning the concentrations of microplastics from other areas are done in Beibu
Gulf, China coastline sediments (5,020 to 8720 particles/kg dry weight of sediments) [70],
in the Norwegian Continental Shelf (20 to 90 mg/kg dry weight of sediments) [71], and
in Alang-Sosiya ship-breaking yard, India (81.43 mg/kg dry weight of sediments) [72].
A lot of researchers have contributed to the knowledge of the distribution of microplastics
worldwide, however, there is still no standard unit of quantification of the concentration
of microplastics found which makes comparison between studies challenging [14]. Table
2.2 summarizes some of the microplastic concentrations found in different places and
environmental compartments. Polyethylene and polystyrene are among the most common

types of microplastics found in the environment.

2.2. Polycyclic aromatic hydrocarbons (PAHS)
2.2.1. General description

Polycyclic aromatic hydrocarbons (PAHSs), a class of hydrophobic organic
contaminants, are a group of compounds that have three or more fused benzene rings and
are ubiquitous in the environment due to their regular emission to the environment. They
are of environmental concern due to their carcinogenic and mutagenic properties, long
environmental persistence, wide distribution and transportation, poor biodegradation, and
the risk to bioaccumulate and biomagnify in food chains. PAHs are mostly colorless,
white, or pale-yellow solids that are naturally found together as mixtures of two or more
compounds (e.g., soot). Generally, they also have high melting and boiling points, low
vapor pressure, and very low aqueous solubility; but they are highly soluble to organic
solvents because they are highly lipophilic [26-29].

Studies have found that PAHs have moderate to acute toxicity to aquatic life and
birds. Tumors and problems in reproduction, development, and immunity are some of the
severe effects PAHSs can cause on organisms. Laboratory studies discovered that animals
exposed to PAHSs over long periods of time can develop lung cancer, stomach cancer and
skin cancer depending on the mode of contact. PAHs can also be dangerous to humans,
not only to animals. The United States Environmental Protection Agency (US EPA) have

classified seven PAHs that can potentially cause cancer to humans if exposed in high
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concentrations or in long periods of time: benz(a)anthracene, benzo(a)pyrene,
benzo(b)fluoranthene, benzo(k)fluoranthene, chrysene, dibenz(a)anthracene, and
indeno(1,2,3-cd)pyrene [27].

Table 2-2. Summary of some of the plastic concentrations found in different parts of the world.

Location Plastic Sample type Plastic Reference
concentration composition

Belgium 390 particles’/kg ~ Subtidal Nylon, PVA, [73]

coastal zone sediments PP, PE, PS

Caribbean Sea 1414 pieces/lkm®  Seawater PE, PP [74]

Heungnam 473 particles/m?>  Beach sediment PS [14]

Beach, South

Korea

Antua River, 18-629 items/kg Sediments PP, PE, PS, [75]

Portugal dry PET

Wushan 360-1320 Sediments PE, PVC, PS [75]

county of items/kg dry

Gansu

Province

Soya Island, 46,334 items/m?  Surface water PS, PP, PE [14]

South Korea

Japanese Sea  1.72 million Surface water NA [14]
items/km?

Three Gorges 3407.7 x 10% to Surface water PP, PE, PS [76]

Reservoir, 13,6175 x 10°

China particles/m?

Urban river of 2516.7 to 2933 Surface water PET, PP, PE, [76]

Wuhan, China  particles/m? nylon, PS

*Polyvinyl alcohol (PVA), Polypropylene (PP), Polyethylene (PE), Polystyrene (PS), Polyethylene
terephthalate (PET), Polyvinyl chloride (PVC), Not available (NA)
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2.2.2. Sources and formation of PAHs

There are three types of PAHSs: pyrogenic, petrogenic, and biological, which
corresponds to their major sources in the environment. Pyrogenic PAHs are created
during pyrolysis; it is the process when organic substances undergo high temperatures
(around 350°C to more than 1200°C) with low to no oxygen conditions. Examples of
pyrolytic processes that create pyrogenic PAHs are thermal cracking of petroleum
residuals, distillation of coal into coke and coal tar, volcanic eruptions, and incomplete
combustion of motor fuel from car engines, wood from forest fires, and cigarettes. They
are usually found in great concentrations near urban areas [27].

PAHSs that are made through lower temperatures (100°C to 150°C) in diagenetic
processes that encompasses millions of years are called petrogenic PAHs. Usage and
transportation of crude oils and petroleum products add their concentration in
environment. Oil spills, storage tank leakages, erosion of sedimentary rocks containing
fossil fuels, and small releases of gasoline and motor oil are some of their pathways to
the surroundings [27].

Lastly, biological PAHs are produced by certain plants, bacteria, and algae or
degradation of vegetative matter although this type of PAH is not well-known. Based on
the examples mentioned, PAHs are seen to be synthesized both naturally and
anthropogenically which further proves their ubiquity in the environment. Pyrogenic
PAHs from anthropogenic activities are said to be the largest contributor of PAHSs in the
environment with their input concentrations varying due to seasonal changes and
industrialization [27, 29].

2.2.3. Transport and fate of PAHs

PAHSs are established to be produced from plentiful sources and these enter the
marine environment through wet and dry atmospheric deposition, run-off and river
effluents, spillage of fossil fuels, and industrial wastewater sewages (Figure 2-4) [27, 29,
77, 78]. Incomplete combustion emits the most PAHs. These PAHSs go to atmosphere and
tend to attach to particulates due to their low vapor pressures and they can be deposited
to the coastal, marine, and terrestrial environments through dry deposition (settling) or
wet deposition (precipitation in the form of ice or rain). Those PAHSs that have settled on
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land can be deposited in the marine environment through surface runoff. The marine

environment is usually the ultimate sink and storage of PAHSs [29].

Figure 2-4. Schematic diagram for the emission and deposition of PAHs in the environment.

Melting of snow can also add PAHs to the marine environment as ice is an
important accumulator of pollutants [79]. The amount of atmospheric PAH that will enter
the marine environment depends on the volume of precipitation [80, 81], ambient
temperature [82], and intensity of solar radiation. Ambient temperature affects the
evaporation of PAHs from the water [82] while ultraviolet light from the solar radiation
causes photodegradation of the PAHs coming from the atmosphere [83].

Upon entering the water column from different sources, PAHs will sorb to
suspended particles due to their hydrophobicity, and eventually, these pollutants will
settle and accumulate in the bottom sediments. Once the PAHSs are assimilated into the
sediments, they are mostly immobile as they are non-polar which prevents them from
dissolving back into the water [27, 29]. PAHSs incorporated in sediments can also persist
in longer times than free molecules in air or water. Photolysis of PAHSs in water is only
effective on the upper few centimeters of the water column. PAHSs are also considered
persistent in anaerobic conditions which indicates that there is low biodegradation of
PAHSs in sediments. The calculated half-lives of phenanthrene, a kind of PAH, in water
and sediments are 12-42 days and 420-1250 days, respectively [84]. Unless other factors
occur that will cause their re-emission into the water column, such as sediment
resuspension due to natural (storms, waves, and currents) or man-made events (dredging)

[85] or change in concentration in the surrounding water over time which disturbs the
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equilibrium of the amount of PAHs between sediment and water [42, 86—89], sediments
and other particles, such as microplastics, can be a sink and storage for these contaminants.

2.2.4. Occurrence of PAHSs in the environment

Many researches have been conducted for the quantification of PAHSs in the
marine environment. Some examples are concentrations of PAHs in the sediments
collected from the coast of Chiba, Japan (8 to 18 pg/kg dry weight) [90], surface
sediments around coastal areas from England and Wales (6 to 43,470 pg/kg dry weight)
[91], urban runoff waters in the United States (69 ug/L) [31], estuarine sediments from
Gironde Estuary, France (1,000 to 2,000 ng/g dry weight) [92], sediments from the Black
Sea (200 to 1,250 ng/g dry weight) [93], sediments from the lagoon in Cotonou, Benin,
Africa (25 to 1,450 ng/g dry weight) [94], coastal seawater from Bohai Bay, China (48 to
607 ng/L) [95], seawater after the Deepwater Horizon Oil Spill event in the Gulf of
Mexico (146,000 pg/L) [32], and seawater from Cadiz Bay, Spain (266 to 377 ng/L) [96].
Sources of the PAHs from the examples above differ from case-to-case. Those from
sediments in Chiba, Japan and England and Wales are predominantly pyrogenic while
those sediments from Gironde Estuary, Black Sea shelf, and lagoon in Cotonou in Africa
and water from urban runoff in the United States, Bohai Bay, and Cadiz Bay are mostly
from petrogenic sources [31, 90-96]. PAHSs in the surrounding water is usually lesser in
concentration compared to those in sorbed in particulate matter. Table 2-3 summarizes

some of the PAHSs concentration found in the environment.

2.3. Sorption of PAHs on microplastics
2.3.1. Field occurrence

Many studies have reported sorption of PAHs on microplastics taken from the
field in the sediments, seawater, and freshwater environments. Frias et al. (2010) collected
microplastics from Cresmina and Fonte da Telha, two beaches in the Portuguese Coast.
Total PAHs concentrations of the plastics ranged from 0.2 to 319.2 ng/g with
phenanthrene, pyrene, and fluoranthene being the PAHSs with highest concentrations [22].
Hirai et al. (2011) studied the concentration of organic contaminants sorbed to
microplastics from open oceans and seas (Pacific Ocean and Caribbean Sea) and urban

(Odaiba, Tokyo, Japan; Kugenuma, Kanagawa, Japan; and Seal Beach, USA) and rural
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beaches (Marbella Beach, Costa Rica and Thinh Long, Tonking Bay, Vietnam). The
polyethylene gathered from the urban beach of Kugenuma, Kanagawa, Japan has the
highest concentration of total PAHs concentration (9,297 ng/g). In general, they reported
that higher concentrations of PAHSs are found in plastics found in urban beaches [33].
Camacho et al. (2019) studied the concentrations of organic pollutants in microplastics
from Canary Islands beaches. They also reported that PAHSs are the contaminants with
the highest concentration (52.0 to 17,068.7 ng/g) [34]. Table 2-4 summarizes some of the

studies that observed microplastics from field samples sorbing PAHSs.

Table 2-3. Summary of some of the PAH concentrations found in different parts of the world.

Location Sample type PAH concentration Reference
Coast of Chiba, Japan Sediments 8-18 ug/kg dry [90]
Coastal areas from Sediments 6-43,470 ng/kg dry [91]
England and Wales
Urban runoff waters  Surface water 69 ng/L [31]
in the United States
Gironde Estuary, Sediments 1000-2000 ng/g dry [92]
France
Black Sea Sediments 200-1250 ng/g dry [93]
Lagoon in Cotonou,  Sediments 25-1450 ng/g dry [94]
Benin, Africa
Bohai Bay, China Seawater 48-607 ng/L [95]
Gulf of Mexico oil Seawater 146,000 pg/L [32]
spill event
Cadiz Bay, Spain Seawater 266-377 ng/L [96]
Storm water in the Surface water 0.6-6.1 pg/L [37]

United States

Petroleum Surface water 7.6-9.9 ng/L [97]
wastewater in

Shandong Province,

China
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These are the examples that demonstrate that PAHs sorb to microplastics in the
natural environment. However, there are still no standardized sampling, handling,
analysis, cleaning and separation, and contaminant extraction techniques for the
microplastics in the environment, and researchers use different methodologies which
make it difficult to compare data and results obtained. [51, 68, 98-100].

Table 2-4. Summary of some of the studies showing that PAHs sorb to microplastics from field samples.

Location Sorbed PAH Reference

concentration

Cresmina and Fonte da Telha 0.2 to 319.2 ng/g [22]

beaches, Portugal

Kugenuma, Kanagawa, Japan 9297 ng/g [33]
Canary Islands beaches 52.0-17,068.7 ng/g [34]
Ponta da Praia, Brazil 386-1996 ng/g [101]
North Atlantic gyre 11.2-172 ng/g [23]
Indonesian Cilacap coast 153-2000 ng/g [23]
Lake Biwa and Osaka Bay, 1730-27,100 ng/g dry [102]
Japan

2.3.2. Sorption experiments

Some studies have already been done to analyze the sorption of PAHSs on different
kinds of microplastics. Teuten et al. (2007) tested the sorption of phenanthrene, a kind of
PAH, to PE, PP, and PVC microplastics in natural seawater, and the results showed that
PE had greater partition coefficient (Kd values) (around 20 times) than PVC and PP. PVVC
had the smallest Kd value [37]. Rochman et al. (2013) conducted an experiment to
compare the sorption of PS to PET, HDPE, PVC, LDPE, and PP. They deployed virgin
microplastics in San Diego Bay and measured sorbed PAH concentrations for a year.
They found that PS, HDPE, and LDPE sorbed similar amounts of PAHSs but sorbed more
PAHSs than PET, PVC, and PP. However, PS sorbed 8-200 times greater concentrations
of PAHSs than HDPE and LDPE in less than a month [39]. Bakir et al. (2014) studied the
sorption of phenanthrene to PE and PVVC microplastics in estuarine conditions and found

that PE sorbed more phenanthrene than PVC using natural diluted saline water (0, 8.8,
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17.5, 26.3, and 35 psu (practical salinity scale unit)) [6]. Another study done by Lee et al.
(2014) stated that PS sorbed more PAHs than PE and PP in synthetic seawater
environment [103]. On the other hand, O’Connor and Hendriks (2016) discussed that
organic contaminants, especially PAHs, are more attracted to LDPE and HDPE than PP,
PVC, and PS. PVC and PS had the least PAH sorption capabilities in their study [104].
Wang et al. (2018) compared the sorption of phenanthrene to PE and nylon and results
showed that PE had higher sorption capabilities than nylon in synthetic seawater [35]. An
experiment on the sorption of phenanthrene on PE, PS, and PVC using synthetic
freshwater was done by Wang and Wang (2018), and they stated that the order of sorption
capabilities was PE > PS > PVC [105]. Wang et al. (2019) tested the sorption of PAHs
on HDPE, PS, LDPE, and PVC microplastics in synthetic freshwater, and the sorption
order was HDPE > PS > LDPE > PVC [106]. Wang et al. (2020) also discussed that PE
had greater Kd values than PS, PVC, and PP by around 3 to 20,000 times [48]. The
different studies had varying results, but PE and PS had the highest sorption capacities in
many of the experiments. However, there are still disagreements whether PE or PS had

the greater sorption capability.

Table 2-5. Summary of the experimental studies on the sorption of PAHs to microplastics

Order of sorption Sorbate Background Reference
capabilities solution/environment

PE > PP >PVC Phenanthrene  Natural seawater [37]
PS > HDPE =~ LDPE PAHSs San Diego Bay seawater [39]
>PET =PVC = PP
PE > PVC Phenanthrene  Natural diluted seawater [6]
PS>PE > PP PAHSs Synthetic seawater [103]
LDPE ~ HDPE > PP PAHSs Synthetic seawater [104]
>PVC =PS
PE > nylon Phenanthrene  Synthetic seawater [35]
PE > PS> PVC Phenanthrene  Synthetic freshwater [105]
HDPE > PS > LDPE PAHSs Synthetic freshwater [106]
>PVC
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2.3.3. Mechanisms of sorption of PAHs on microplastics
Sorption of PAHs on microplastics are mainly governed by hydrophobic

partitioning interaction, ©-n interaction, and van der Waals forces [48].

2.3.3.1. Van der Waals forces

Van der Waals forces are weak intermolecular forces that do not affect nor is not
affected by the structure of the molecules. It is attractive or repulsive depending on the
distance between interacting molecules [107]. These are forces experienced by most
molecules. There are three types of van der Waals forces: Keesom forces (where two
dipoles interact with each other), Debye forces (where a permanent dipole induces a
temporary dipole on another molecule without dipoles), and London dispersion forces
(where two molecules with no dipole moments are attracted with each other due to
random fluctuations on their electron clouds that lead to temporary charge redistribution)
[108]. Guo et al. (2012) mentioned that PE is alipathic such that it only has C-H bonds
and has no functional groups, so other attractive interactions cannot occur between PE
and hydrophobic organic compounds (HOCs). Van der Waals forces may be one of the
main mechanisms that govern the sorption of HOCs, such PAHSs, to PE [109].

2.3.3.2. Hydrophobic interactions

Hydrophobic interactions or the hydrophobic effect occurs when nonpolar
molecules, such as PAHSs, tend to aggregate together instead of dissolving in the
surrounding water due to the fact that the dipole-dipole bondings of water molecules are
stronger and more favorable than the van der Waals forces acting between nonpolar
molecules and water molecules [110]. This process is effectively characterized by the
linear sorption isotherm model [48]. Studies by Teuten et al. (2007), Bakir et al. (2014),
and Wang and Wang (2018a) compared the sorption capability of phenanthrene on PE
and PVC, and they found that PE had greater sorption capacity of phenanthrene than PVC,
a polar polymer [6, 37, 105]. Another study by Nabetani et al. (2017) indicated that the
sorption of PFCs (perfluorinated compounds) and PAHs on microplastics are dominated
by hydrophobic effects. It is because the ratio of the chemical concentration on

microplastics to dissolved phase in the surrounding waters of Lake Biwa and Osaka Bay
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increases as octanol/water partition coefficient (log Kow) of the contaminants, a parameter
to measure hydrophobicity [111], increases [102]. Wang and Wang (2018b) also
compared the sorption of pyrene, another kind of PAH, to PE, PS, and PVVC, and the order
of sorption based on their results was PE > PS > PVC [112].

2.3.3.3. n-m interactions

Sorption of PAHs to microplastics are also governed by n-m interactions, which
are bonds that occur between aromatic compounds. Velzeboer et al. (2014) discovered
that polychlorinated biphenyls (PCBs) and PAHs have stronger sorption affinity to
polystyrene (PS) than to PE due to its higher aromaticity. PS has a phenyl functional
group where n-n interactions with PCBs and PAHSs can occur [24]. Huffer et al. (2016)
studied the sorption of different organic compounds (n-Hexane, cyclohexane, benzene,
toluene, chlorobenzene, ethylbenzoate, and naphthalene) to different kinds of
microplastics (PE, PS, PVC, and polyamide or PA) and found that PS had the highest

sorption affinity which may be due to n-x interactions [113].

2.3.4. Factors affecting sorption of PAHs on microplastics
2.3.4.1. Effect of kind of plastic

The kind of MP may affect the sorption of PAHSs as they have different inherent
properties. Polymers that are in a rubbery state tend to sorb more contaminants than those
in glassy states. Polymers are usually semi-crystalline; they have both crystalline (chains
are more ordered) and amorphous (disordered chains) regions. Amorphous regions are in
rubbery states when their glass transition temperature Tq is below room temperature, such
as PE (Tg of -125°C). Otherwise, they are in a glassy state when their T is above room
temperature, such as PS (90 — 110°C). When heat is applied to plastics above their Ty,
they transition from glassy to rubbery polymers. Table 2-6 summarizes the T4 of selected
plastics. Glassy polymers have lower sorption levels than rubbery polymers. Polymers
that are in a glassy state have denser structures with higher cohesive forces between
polymer chains which restricts movement. Entrance of contaminants is difficult due to
this and adsorption is the main mechanism of sorption to them. Polymers that are in
rubbery states have more free volume due to polymer chains having more mobility and

flexibility so contaminants can enter more easily. Absorption mainly happens to these
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polymers. Studies also show that organic contaminants have more affinity with rubbery
polymers [11, 48, 114-117]. Wang et. al (2019) reported that the order of sorption ability
of microplastics to phenanthrene, nitrobenzene, and naphthalene was HDPE > PS > LDPE
> PVC and HDPE is in a more rubbery state than PS [106]. However, different plastics
also have different functional groups. As mentioned earlier, PS have phenyl groups which

makes it more sorptive to aromatic compounds due to n-x interactions [113].

Table 2-6. Glass transition temperatures of selected plastics. Data adapted from [11, 46]

Plastic Tg (°C)
High density polyethylene (HDPE) -125
Low density polyethylene (LDPE) -130
Polypropylene (PP, atactic) -20-0
Polyethylene terephthalate (PET) 70-80
Polytetrafluoroethylene (PTFE) 120-130
Polyvinyl alcohol (PVA) 80-90
Polyvinyl chloride (PVC) 65-87
Polypropylene (PP, isotactic) 100
Polystyrene (PS) 90-110
Polyurethane (PU) 120-160
Poly(methyl methacrylate) (PMMA) 85-105
Polyamide (Nylon 6,6) 47-60

2.3.4.2. Effect of specific surface area

Specific surface area (SSA) is the part of the total surface area of a sorbent that is
available for sorption. SSA increases when the material is more porous [118]. Following
this definition, the greater the SSA of a plastic, the greater its sorption capability. Teuten
et al. (2007) obtained the SSA of PE, PP, and PVC and found that PE had SSA values 4
times greater than that of PP and PVVC and that the Kd of PE for phenanthrene was around
20 times greater than that of P\VC and PP [37]. Wang and Wang (2018a) studied the SSA
of PE, PS, and PVC and discovered that the SSA of PE was greater by 3 times to both PS
and PVC. The Langmuir K of PE for phenanthrene was larger by 2 and 5 times than PS
and PVC, respectively [105]. Another experiment of Wang and Wang (2018b) obtained
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the SSA of PE, PS, and PVC and results showed that PE had higher SSA values (around
3 times) than PS and PVC and the Langmuir K values of PE for pyrene were 3 times
higher than that of PS and PVC [112, 115]. On the other hand, Wang et al. (2019) studied
the SSA of HDPE, LDPE, PVC, PP, and PS micro- and mesoplastics (plastics with sizes
between 5 to 20 mm) and found that PVVC and PP microplastics had SSA values greater
than the other plastics (around 3 times). However, HDPE still had greater Kd values [106].

2.3.4.3. Effect of salinity

Increasing salinity of the water can affect the sorption of contaminants to
microplastics due to salting-out effect. When strong electrolytes are added into the water,
these create solvation shells from the added ions which decreases the free water molecules
that can interact with other nonelectrolytes and weak electrolytes, and in turn, decrease
their solubility with water. Lesser water molecules are available to interact with the weak
and nonelectrolytes [119]. Most PAHSs are said to have higher log Kd in seawater than in
freshwater [120, 121]. Organic compounds are said to be less soluble as salinity increases
[122]. However, Bakir et al. (2014) argued that salinity had no significant effect on the
sorption capacity and desorption rates of phenanthrene on PVC and PE [6]. Liu et al.
(2016) compared the experimental data they obtained for the sorption of PAHs to PS
(freshwater) to the data obtained by Lee et al. (2014) (seawater). They observed that the
Kd values they obtained under freshwater condition were lower than that of Lee et al.
(2014) under seawater condition [103, 123].

2.3.4.4. Effect of size

Usually, decrease of the particle size, increases the SSA of a sorbent which in turn
would increase the sorption capacity [48]. Also, between two similar materials of the
same amount, greater SSA can be observed on the more finely divided material [118].
Liu et al. (2016) compared the sorption capabilities of PAHs to aggregated and non-
aggregated 70 nm PS particles and found that aggregation did not have an effect on the
sorption capabilities [123]. Meanwhile, Wang et al. (2019) tested the sorption behaviors
of phenanthrene to micro- and mesoplastics and found that microplastics sorbed greater
concentrations of phenanthrene and had greater SSA values [106]. Wang et al. (2019), on

the other hand, conducted experiments on the sorption of phenanthrene to PS particles
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with the sizes from 50 nm to 170 pum, and results exhibited that 50 nm-sized PS had lesser
Kd values than 235 nm-sized PS due to aggregation. Aggregation of the smaller PS may
have decreased its SSA [36].

2.4. Adsorption isotherm models

The three most commonly used isotherm models are linear, Freundlich, and
Langmuir isotherm models due to their relative mathematical simplicity and reasonable
accuracy [124, 125]. Each of the adsorption isotherm models are described below. The
criteria used by past researchers on which isotherm model is the best are when the
equilibrium data and the isotherm function have a good fit (high R? value) and that the
other calculated values (maximum adsorption capacity, etc.) should have realistic values
[126].

2.4.1. Linear isotherm model
The linear isotherm model is described by Eq. 2-1.

qge = KCe (Eq.2-1)
where: ge = sorbed sorbate concentration at equilibrium (ug/g)
K = partition coefficient (L/g)
Ce = amount of sorbate at the bulk solution at equilibrium (ug/L)

Hydrophobic interactions and van der Waals partition processes were better
described by using linear isotherm model [48, 127]. Guo et al. (2012) described the
sorption of phenanthrene to PE to be highly linear but not to PS which indicates that the
main sorption mechanism in PE is hydrophobic partitioning and other processes may have
occurred to PS such as -7 interactions [109]. Additionally, Wang et al. (2019) stated that
the sorption of phenanthrene to PS was linear (R? = 0.999) due to hydrophobic
partitioning [36]. Usually, sorption of organic compounds to rubbery polymers are better
described using linear isotherm which indicates that the sorption happens in the bulk of
the polymer rather than on the surface only [106, 113, 128]. However, a study by Zhao et
al. (2020) indicated that the sorption of PAHSs to PS, a glassy polymer, had better fitting
to the linear isotherm (R? > 0.946).
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2.4.2. Freundlich isotherm model

The equation for the Freundlich isotherm model is shown in Eg. 2-2. The
linearized form of the Freundlich isotherm is on Eq. 2-3. The Freundlich isotherm will
reduce to the linear isotherm model when n = 1 [127]. On the other hand, the

heterogeneity of the sorbent increases as n decreases [6].

1
qe = KfCen (Eq.2-—2)
1
logge = logKf + ElogCe (Eq.2-3)

where: ge = sorbed sorbate concentration at equilibrium (ug/g)
Kf = Freundlich constant or the adsorption capacity (ugL*"/gug*"
1/n = intensity of adsorption or the heterogeneity of the surface (unitless)
Ce = amount of sorbate at the bulk solution at equilibrium (pg/L)

The Freundlich isotherm model is used to represent the multilayer adsorption on
the heterogenous surface of the sorbent. The surface of a sorbent is said to heterogeneous
when there are large quantities sorption sites (that are energetically inequivalent)
simultaneously acting [129-131]. Wang et al. (2019) found that the sorption of
phenanthrene to HDPE, LDPE, PVC, PP, and PS fitted better when Freundlich isotherm
model (R? > 0.954) was used compared to the linear isotherm model (R? > 0.889) [106].

2.4.3. Langmuir isotherm model
Langmuir isotherm model is defined by Eq. 2-4. There are five types of linearized

Langmuir isotherm models as written in Eq. 2-5 to 2-9.

qe = Cebqm (Eq.2 —4)
1+ Ceb '
. Ce Ce 1
Langmulr I: q—e = q_m + bq_m (Eq 2— 5)
) 1 1 1 1
Langmuir II: % = —qua + q_m (Eq.2 —6)
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Langmuir III: ge = qm — (Eq.2-7)

bCe
. qe
Langmuir IV: Co ™ bgm — bqe (Eq.2 —-8)

1 1
L irV: —=bgqm——> Eq.2 -9
angmuir o qmqe (Eq )

where: ge = sorbed sorbate concentration at equilibrium (ug/g)
Ce = amount of sorbate at the bulk solution at equilibrium (ug/L)
gm = maximum adsorption capacity (ug/g)
b = adsorption equilibrium constant or the affinity of the binding sites to
the sorbate (L/Q)

The Langmuir isotherm model describes the monolayer adsorption on a
homogeneous sorbent surface [124]. The main assumptions of the Langmuir isotherm are
each active adsorption site only interacts with one adsorbate molecule; the adsorption
sites have definite localized sites and are finite, homogeneous, well-distributed, and
energetically equivalent; and the interaction between adsorbate molecules are negligible
[118, 127, 129, 132]. Wang and Wang (2018a) indicated that sorption of pyrene on PE,
PS, and PVC was better described by the Langmuir isotherm (R? > 0.99) than the other
isotherm models used (Freundlich, Tempkin, Dubinin-Radushkevich, and Redlich-
Petersen) [112]. Another study by Wang and Wang (2018b) used the linear, Freundlich,
and Langmuir isotherm models to fit the sorption data of phenanthrene on PS, PVC, and
PE. The results were that Langmuir isotherm had better fitting for the sorption behaviors
(R? > 0.9957) than linear (R? > 0.9352) and Freundlich (R? > 0.9775) [105]. Zhao et al.
(2020) studied the sorption of PAHs on polyurethane (PU), a polar polymer with benzene
rings, and found out that Langmuir isotherm fit the data better which may indicate that -
n Electron-Donor-Acceptor interaction occurred on the sorption of PU and the PAHS.
This may show that only one molecule of the PAHSs adsorbed on each adsorption site of
PU [133].
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Chapter 111
MATERIALS AND METHODS

In this chapter, the experimental methodology, analyses, and the materials used to
conduct the experiments are described. At first, the model PAH and microplastic
materials chosen for this study are explained together with the other materials used for
the experiments. Then, the experimental setup is presented with special reference to the
experimental design used to determine the effect of phenanthrene contact time with the
microplastics and the sorption behavior of the model PAH to the model microplastics.
Lastly, the analyses, i.e., High Performance Liquid Chromatography (HPLC) analysis and
BET analysis, are presented. All the experiments were conducted at the Geosphere
Environment Systems Laboratory, University of Tokyo Kashiwa Campus; the HPLC
analysis at the Environmental Science Center, University of Tokyo Kashiwa Campus;
and the BET analysis at the Otomo Laboratory, University of Tokyo Kashiwa Campus.

3.1. Materials
3.1.1. Description of the model materials

Phenanthrene (PHE, C14H10) is a kind of polycyclic aromatic hydrocarbon (PAH)
with three angularly bonded benzene rings (Figure 3-1). This is chosen as the model PAH
as it is one of the simplest PAHSs according to the International Agency for Research on
Cancer [27]. Like all other PAHSs, it is highly hydrophobic.

Figure 3-1. Chemical structure of phenanthrene
Polystyrene (PS, (CsHs)n) and polyethylene (PE, (C2Ha)n) are used as the model
microplastics as they are the most found and widely used kinds of plastics [10, 14, 20, 45,
134]. Previous studies have also noted their high sorption capacity of PAHs compared

with other types of plastics [105, 106, 109, 135]. Plastics are polymers and are commonly
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composed of long chains of repeating hydrocarbon monomers. PE is composed of
ethylene monomers while PS is composed of styrene monomers (Figure 3-2) [136, 137].

S
e *r
R C—C1-
H H
L —n ) H H_n

Figure 3-2. Chemical structure of polyethylene (left) and polystyrene (right)

3.1.2. Materials for the experiment

Milli-Q water was used as the representative freshwater background solution (0
parts per thousand), and sea salts (Sigma-Aldrich) were used for preparing the synthetic
brackish (17.5 parts per thousand) and seawater (35 parts per thousand) background
solutions. Freshwater has a salinity range of 0-0.5 parts per thousand while brackish water,
0.5-30 parts per thousand and saline water 30-50 parts per thousand, with an average of
35 parts per thousand [138].

Analytical standard phenanthrene (Supelco) and >99.9% purity acetonitrile
(Sigma-Aldrich) were used to create the phenanthrene stock solutions for spiking the
background solutions. The acetonitrile was also used as the eluent for the HPLC analysis.
Acetonitrile is widely used in chromatographic separations due to its low chemical
reactivity, high miscibility with water mixtures, low viscosity, and low UV cut-off [139].
PS and PE (GoodFellow) with 3 mm average granular size were used for the model MPs.

The phenanthrene stock solutions were stored in brown borosilicate reagent
bottles with PTFE-lined caps and in the dark at 4°C to avoid degradation [36, 106, 123].
PTFE and borosilicate glass are better materials for working with PAHSs to prevent loss

of reagents through container leaching [140, 141].

3.2. Experimental setup
Four setups were prepared to study the sorption behavior of phenanthrene onto
the microplastics — blank, PE-only, PS-only, and PS and PE setups (Figure 3-2). Amber

vials were used on all setups to avoid photodegradation [83]. All experiments were done
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using a water-filled shaking bath (Yamato BW 200 model) to achieve constant stirring
speed (125 rpm) and temperature (standard ambient temperature, 25°C) throughout the

duration of the experiments.

Blank PE PS PE and PS

Figure 3-2. Schematic diagram for the experimental setups

3.3. Experimental design
3.3.1. Effect of contact time

To determine the effect of contact time to the sorption of phenanthrene to PS and
PE, each of the four setups were spiked with the same initial phenanthrene concentration
of 5 ppm and a group of setups were prepared for sampling at time intervals of 5, 10, 15,
20, 25, and 30 minutes. A total of 24 setups were prepared per run to test the effect of
contact time. The samples of the liquid phase were analyzed and the concentration of
phenanthrene in each time interval were compared. The data obtained, Ce (ug/L, amount
of phenanthrene not sorbed by the microplastics in the liquid phase) were used to calculate
gt, which is the amount of solute sorbed per mass of sorbent (g/g).

3.3.2. Sorption behavior of phenanthrene to PE and PS

To observe the sorption behavior of phenanthrene to both PE and PS, each of the
four setups were spiked with varying initial phenanthrene concentrations of 0.1, 0.2, 0.3,
0.4,05,0.7,1, 25,35, 4,5, 6,and 7 ppm. A total of 52 setups were prepared per run to
test the sorption behavior of phenanthrene to PE and PS. After sampling and analysis, the
phenanthrene concentrations were compared. The data obtained, Ce (ug/L, amount of
phenanthrene not sorbed by the microplastics in the liquid phase at equilibrium) were
used to calculate ge, which is the amount of solute sorbed per mass of sorbent at

equilibrium (ug/g).
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3.4. Experimental procedure

Before conducting batch adsorption experiments, the plastics were each weighed.
Then, amber vials with 10 mL of background solutions were prepared. These were then
spiked with the phenanthrene stock solution to the designed initial phenanthrene
concentration. The microplastics were placed in the vials of each setup. The vials were
continuously shaken in the water bath and 1 mL samples were taken from the background
solution at the designated time intervals to be analyzed by using HPLC. Data obtained
from the HPLC analysis were then used to calculate and fit the results on different
adsorption isotherms. Sorption behavior were determined from the results. All the

experiments were replicated twice, and the results were averaged.

Plastics Amber vials
were with 10 mL

. background
weighed solution

Spiked with Microplastics
phenanthrene were placed

1 mL samples of the Continuously

liquid phase were

shaken in a
water bath at
125 rpm at
25°C

then taken at
designated time
intervals

HPLC
analysis

Figure 3-3. Flowchart of the experimental procedure

3.5. Analytical methods
3.5.1. HPLC analysis

The liquid samples obtained from the background solutions were analyzed using
HPLC. The HPLC system with fluorescence detector and C18 column was utilized for
the analysis of the concentration of phenanthrene. PAHSs are strongly fluorescent and
fluorescence detectors are demonstrated to be more sensitive and provides limit of
detections (LODs) 95-100 times lower than that of UV detectors [142].

The JASCO International HPLC system was used with the following components:
intelligent fluorescence detector (FP-2020 Plus), intelligent HPLC pump (PU-2080 Plus),
line degasser (DG-2080-53), intelligent autosampler (AS-2055 Plus), intelligent column
oven (CO-2065 Plus), and reversed-phase C18 column (YMC-Triart C18 model, column
size: 250 x 4.6 mm, particle size: 5 um, pore size: 12 nm). JASCO ChromNAYV ver.
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1.16.02 software program was used to quantify the phenanthrene concentration from the
liquid samples.

Reversed-phase liquid chromatography is usually used for separation of
hydrophobic compounds and C18 column is an efficient stationary phase as it is the most
hydrophobic [143]. Optimized analysis conditions used in HPLC analysis were 246/370
nm excitation/emission wavelengths, 100% acetonitrile as the mobile phase, 1 mL/min
flow rate, 40°C column oven temperature, isocratic elution, and 10 pL injection volume.
The eluent was degassed using an ultrasonic bath for around 30 minutes at 22-25°C before
usage to minimize the interference of gas bubbles in the detector. Phenanthrene standards
were prepared using acetonitrile and concentrations from 0.001 to 7 ppm were used for

the determination of the calibration curve and LOD.

3.5.2. BET analysis

BET analysis was used to determine the specific surface area (SSA) of
microplastics. SSA is defined as the portion of the total surface area of an adsorbent that
is available for adsorption [118]. The BET analysis was based on the Brunauer, Emmett,
and Teller (BET) theoretical isotherm equation (Eg. 3-1) which was developed to estimate
the number of adsorbate molecules required to cover the adsorbent surface in
multimolecular layers. This is best applied in the adsorption equilibrium of gas-solid
systems and this is commonly used to quantify the surface area of an adsorbent from
nitrogen adsorption data [126, 127, 144].

P
! (C_l)ﬁ+ ! (Eq.3—1)
P - 4=
Q(b-1)  COn " COm
where: P = equilibrium pressure of the gas

P = saturation pressure of the gas

Q = amount of gas adsorbed

Qm = monolayer capacity of the adsorbed gas on the solid
C = BET constant

The specific surface area (Eq. 3-3) is calculated from the total surface area (Eq.
3-2) of the adsorbent which can be obtained from the Qm from the BET equation [144].
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QmNs
V

where: St = total surface area of the adsorbent

St=

(Eq.3—-2)

N = Avogadro’s number
s = cross-sectional area of the adsorbate gas

V = molar volume of the adsorbate gas

St
Sper = E (Eq.3-3)
Where: a = mass of the adsorbent

Seet = specific surface area

The BET analysis was conducted using the NOVA 2200e Surface Area & Pore
Size Analyzer with N2 as the adsorbate gas. Usually, the analysis is done using N at its
boiling temperature of 77 K. The microplastics used in this study were first degassed
under high vacuum conditions using an inert gas (N2) at 25°C for 2 hours to remove
impurities and to prevent altering the surface properties of both PS and PE [145].
Quantachrome software was then used to analyze and calculate the results.
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Chapter 1V
RESULTS

This chapter is divided into three sections. In the first section, the results from the
effect of contact time on the sorption of phenanthrene are described. In the second section,
the sorption behaviors of phenanthrene to both PE and PS are presented. Then, in the third

section, the specific surface areas of PS and PE obtained from the BET analysis are shown.

4.1. Effect of contact time on the sorption of phenanthrene

To test the effect of contact time of phenanthrene with PS and PE on the sorption
in freshwater, brackish, and saline environments, samples of the liquid phase (taken at
designated time intervals as discussed in chapter three) from each of the four setups were
analyzed using HPLC. The experiment was duplicated, and the obtained results were
averaged. The results were summarized in Figure 4-1.

It was observed that the sorption equilibrium of phenanthrene to both PS and PE

in all environments studied (freshwater, brackish, and saline) was reached within 5
minutes of contact time.

Brackish
3000  Freshwater 3000

2000
PE

PS

PE
PS
0 PS and PE 0 PS and PE

0 10 20 30 0 10 20 30
Time (mins)

qt (ug/g)

1000

Time (mins)

Saline
3000

2000
PE

PS

0 PS and PE
0 10 20 30

Time (mins)

1000

qt (ug/e)

Figure 4-1. Effect of contact time on the sorption of phenanthrene on PS and PE in the three environments studied.
gt = amount of solute sorbed per mass of sorbent (ug/g)

4.2. Sorption behavior of phenanthrene to PE and PS

To investigate the sorption behavior of phenanthrene to both PE and PS in
freshwater, brackish, and saline environment, the background solution was spiked with

varying initial concentrations of phenanthrene as discussed in chapter three. The solution
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was then sampled and was analyzed using HPLC. The experiment was duplicated, and
the obtained results were averaged. The results were summarized in Figure 4-2. Figure 4-
3 was shown to better compare the sorption capabilities of PE and PS in each environment
studied.

From the results, PE-only setups showed greater sorption capability than PS-only
and PS and PE setups in all of the environments studied (freshwater, brackish water, and
saline water) while PS-only setups had the least sorption capability among the other
setups (Figure 4-2). Furthermore, both PE and PS demonstrated greater sorption
capability in the saline environment than in the brackish and freshwater environment, and
the environment which induced the least sorption capability for both PE and PS is the
freshwater environment (Figure 4-3). As summary, the order of sorption capabilities for
the setups is: PE-only > PE and PS > PS-only, while the order of sorption capabilities of
PS and PE in the three environments studied is saline water > brackish water > freshwater.

5000  Freshwater 8000  Brackish
.
- 4000 . 6000 . e
S 3000 =
gz : * PE 2 4000 . o PE
< 2000 o < © " pS
“ 1000 * <2000 |
0 PS and PE 0 PS and PE
0 20 40 60 80 0 20 40 60 80
Ce (ug/L) Ce (ug/L)
5000  Saline .
4000 .
3 3000 .
g 2000 TP
& PS
1000 *
0 PS and PE
0 10 20 30 40 50
Ce (ug/L)

Figure 4-2. Sorption behavior of PHE to PS and PE in the three environments studied. ge = sorbed sorbate
concentration at equilibrium (ug/g), Ce = amount of sorbate at the bulk solution at equilibrium (ug/L)
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Figure 4-3. Sorption behavior of phenanthrene on PE and PS in the freshwater, brackish, and saline environments.
ge = sorbed sorbate concentration at equilibrium (ug/g), Ce = amount of sorbate at the bulk solution at
equilibrium (ug/L)
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4.3. Specific surface area of PE and PS
The results from analyzing specific surface areas (SSA) obtained are summarized
in Table 4-. From the results, PE has 3 times greater SSA than PS.

Table 4-1. Specific surface area of PE and PS

Microplastic Specific surface area (m?/g)
Polyethylene 0.759
Polystyrene 0.258
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Chapter V
DISCUSSION

This chapter is divided into four sections. The first section discusses the fitting of
the sorption data into the linear, Freundlich, and the Langmuir isotherm models. The
second section includes the in depth discussion on the mechanism of sorption of
phenanthrene to PE and PS. The third section discusses how the knowledge gained in this
study can be applied in the natural setting. Lastly, the fourth section is about the scope

and limitations of this study.

5.1. Adsorption isotherms

Results and data obtained from the experiments were fitted into linear, Freundlich,
and Langmuir isotherm models. The equation used for the linear isotherm model is shown
in Eq. 5-1. Using linear regression, K values of the linear isotherm model were obtained
(Table 5-1). High R? values (R? > 0.908) were observed in this model and PE had higher
K values by around 30 to 40 times to PS.

qe = KCe (Eq.5—-1)
where: ge = sorbed sorbate concentration at equilibrium (ug/g)
K = partition coefficient (L/g)

Ce = amount of sorbate at the bulk solution at equilibrium (ug/L)

Intercepts were obtained after fitting the data in the linear isotherm. This may
mean that the intercept is the amount of phenanthrene PE or PS can sorb at once as none
is left in the liquid phase at equilibrium. Concentrations after the intercept may be sorbed
at increments following the linear isotherm model. This may be due to the fact that PE is
a rubbery polymer, and that and rubbery polymers have more free volume due to polymer
chains having more mobility and flexibility which makes phenanthrene enter into the bulk
structure more easily. PS, on the other hand, is a glassy polymer, which means that PS
have denser structures that have higher cohesive forces between polymer chains and
restrict movement [11, 48, 114-117]. Due to these characteristics, phenanthrene cannot

enter the PS structure easily. Since the linear isotherm represents sorption by hydrophobic

35



interactions and van der Waals forces [48, 127] and sorption of the sorbate happens not
only on the surface but also at the bulk of the polymer [106, 113, 128], the intercepts may
indicate that PE can sorb around 1000 pg of phenanthrene per gram of PE until all sites
of sorption inside the bulk of the polymer are filled (absorption). The increments of
phenanthrene sorbed after this concentration may be due to the adsorption on the surface
of PE and by following the definition of hydrophobic interactions, phenanthrene
molecules may interact with each other on the surface as phenanthrene is a hydrophobic
compound. PS, on the other hand, can absorb 30 ug of phenanthrene per gram of PS

before adsorption happens which is a lot lesser than that of PE.
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Figure 5-1. Fitting of the sorption data using linear isotherm model. ge = sorbed sorbate concentration at
equilibrium (ug/g), Ce = amount of sorbate at the bulk solution at equilibrium (ug/L)

Table 5-1. K, intercept, and R2 values obtained using linear regression for the linear isotherm model.

Freshwater Brackish water Saline water

Linear PE PS PEand PE PS PE and PE PS PE and

PS PS PS
K 512 169 218 86.3 198 234 103.6 2.829 34.6
Intercept 1170 27.6 309 1080 256 393 1520 253 473
R? 0997 0998 0999 0936 0.982 0945 0910 0.955 0.908
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The linearized equation used for the Freundlich isotherm model is shown in Eq.

5-2. Values for log ge and log Ce are plotted in Figure 5-2. Using linear regression, Kf

and 1/n values of the Freundlich isotherm model were obtained (Table 5-2). High R?

values were also obtained in some points in this model (0.970 > R? > 0.478) but Linear

isotherm still had higher R?.

1
logge = logKf + ElogCe (Eq.5—-2)

where: Kf = Freundlich constant or the adsorption capacity (ugL*"/gug*"

1/n = intensity of adsorption or the heterogeneity of the surface (unitless)
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Figure 5-2. Fitting of the sorption data using the Freundlich isotherm model

Table 5-2. Kf, n, and R? values obtained using linear regression for the Freundlich isotherm model.

4.0 Brackish
. ad
3.5 . e PE
3.0
&
2.0
15 PS and PE
1.0
0.8 1.3 1.8 2.3
logCe
e PE
PS
PS and PE
2.0

Freshwater Brackish water Saline water

Freundlich PE PS PE PE

and PS
Kf 221 3.86 17.7 426
1/n 0.742 0890 1.14 0.644
R? 0.902 0970 0.941 0.811

PS PE PE PS
and PS

145 228 1370 23.3

0.547 0.498 0.367 0.421

0.908 0.818 0.823 0.799

PE
and PS
342
0.455
0.478
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Lastly, the data were fitted using five types of the linearized Langmuir isotherm
model. The equations of these types, i.e., Langmuir | to V, are shown in Eq. 5-3, to 5-7.
X and Y axes for the cross-plots differ depending on the linearization of the Langmuir
equation (Figures 5-3 to 5-7). Linear regression was used to obtain the gm and b values
(Tables 5-3 to 5-7). Some of the R? values were high, however, in many instances, very
low R? values (0.999 > R? > 0.108) were observed compared to Linear and Freundlich
isotherms. Some negative gm and b values were also seen from the results which are not

possible because PE and PS cannot be desorbing phenanthrene before sorption.

. Ce Ce 1

Langmulr [: q—e = q—m + bq_m (Eq 5-— 3)
) 1 1 1 1

Langmulr II: E = bq—ma q—m (Eq 5-— 4)
) 1qge

Langmuir III: ge = qm — 5 To (Eq.5-5)

e
Langmuir IV: % = bgm — bqe (Eq.5—6)

1 1
L irVi —=bgqm——0»> Eq.5—-7
angmuir o qm e (Eq )
where: gm = maximum adsorption capacity (ug/g)

b = adsorption equilibrium constant or the affinity of the binding sites to
the sorbate (L/jQ)

The criteria used by past researchers to choose which isotherm model best fits the
data are high R? value and that the calculated parameters (maximum adsorption capacity,
etc.) should be realistic [126]. Out of the three adsorption isotherm models used in this
study, the data best fitted the linear isotherm model due to higher R? values (R? > 0.908).
Partition coefficient K and other values from the linear isotherm will be used in the further
parts of discussion in this study.
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Figure 5-3. Fitting of the sorption data using the Langmuir | isotherm
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Figure 5-5. Fitting of the sorption data using the Langmuir Ill isotherm model
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Figure 5-6. Fitting of the sorption data using the Langmuir IV isotherm model
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Figure 5-7. Fitting of the sorption data using the Langmuir V isotherm model

Table 5-3. gm, b, and R? values obtained using linear regression for the Langmuir | isotherm model.

Freshwater Brackish water Saline water
Langmuir
| PE PS PE PE PS PE PE PS PE
and PS and PS and PS
gm 5020 161 1670 6170 200 1840 7520 435 2040
b 0.0850 0.0354 0.0698 0.0721 0.0330 0.0732 0.0756 0.0182 0.182
R? 0919 0949 0965 0.782 0.836 0919 0596 0.108 0.901
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Table 5-4. gm, b, and R2 values obtained using linear regression for the Langmuir Il isotherm model.

Freshwater Brackish water Saline water
Langmuir
N PE PS PE and PE PS PE PE PS PE
PS and PS and PS
gm 21300 2000 41700 12300 -435 2940 5260 -2500 3330
b 0.00503 0.00145 0.000735 0.0159 -0.00625 0.0275 0.171 -0.00143 0.0342
R?2 0.903 0.926 0.957 0.746 0.831 0.707 0.929 0.819 0.510
Table 5-5. gm, b, and R? values obtained using linear regression for the Langmuir Ill isotherm model.
Freshwater Brackish water Saline water
Langmuir
i PE PS PE and PE PS PE PE PS PE
PS and PS and PS
gm 8890 -30.8 1500 4890 -116 1540 5180 -34.7 1390
b -0.0155 0.0139 -0.0864 -0.0983 0.0152 -0.105 -0.174 0.0265 -0.547
R?2 0.991 0.906 0.932 0.616 0.930 0.988 0.817 0.957 0.998
Table 5-6. gm, b, and R2 values obtained using linear regression for the Langmuir IV isotherm model.
Freshwater Brackish water Saline water
Langmuir
v PE PS PE and PE PS PE PE PS PE
PS and PS and PS
gm 8950 -55.6 1540 5660 -168 1550 5480 -142 1390
b 0.0153 -0.0138 0.0805 0.0606 -0.0141 0.103 0.142 -0.0201 0.546
R2 0.991 0.926 0.932 0.616 0.931 0.988 0.817 0.909 0.998
Table 5-7. gm, b, and R2 values obtained using linear regression for the Langmuir V isotherm model.
Freshwater Brackish water Saline water
Langmuir
Vv PE PS PE and PE PS PE PE PS PE and
PS and PS PS
gm 34500 629 6630 -5150 -1970 2640 5300 -352 8160
b 0.00280 0.00500 0.00540 -0.0101 -0.00150 0.0298 0.158 -0.00830 0.00870
R?2 0.903 0.964 0.999 0.825 0.812 0.740 0.929 0.819 0.509
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5.2. Sorption mechanisms of phenanthrene on PE and PS

Based on the results, phenanthrene had greater sorption affinity to PE than PS
with higher K values by around 30 to 40 times to PS. Few studies suggested that PS should
have greater sorption capacity than PE because of n-n interactions, which is the attractive
force that occurs between aromatic molecules, between the phenyl functional group of PS
and the benzene rings of phenanthrene [24, 113]. However, from the results of this study,
PE has more sorptive capacity than PS. This may indicate that the mechanism of sorption
for both PS and PE is hydrophobic interactions and van der Waals forces.

PE has SSA values of three times greater than that of PS which means that PE has
more available sorption sites for phenanthrene while the K values of PE and PS differ by
around 30 to 40 times. This can be explained by the fact that PE is a rubbery polymer and
PS is a glassy polymer. Rubbery polymers have more free volume because its polymer
chains have more mobility and flexibility. Phenanthrene can enter the bulk structure of
PE more easily. Glassy polymers have denser structures that have higher cohesive forces
between its polymer chains which restricts movement that makes the penetration of
phenanthrene into inside of the PS polymer harder [11, 48, 114-117]. This is in
accordance with previous studies. Wang et al. (2019) studied the sorption capabilities of
HDPE, LDPE, PS, PVC and found that HDPE sorbs more than PS as it is a rubbery
polymer [106]. Furthermore, BET analysis of SSA was developed to estimate the number
of adsorbate molecules required to cover the adsorbent surface in multimolecular layers
[126, 127, 144]. This does not consider the free volume inside of the bulk of the polymers.

Sorption equilibrium of phenanthrene on both PE and PS in all environments
studied was reached within 5 minutes of contact time. This may be due to hydrophobic
interactions (low solubility of phenanthrene in water). Since phenanthrene is hydrophaobic,
it tends to partition into phases that are also hydrophobic such as, PE and PS.

More phenanthrene is sorbed in saline environments. Increase in salinity increases
the sorption capability of both PS and PE. Partition coefficient K and salinity (parts per
thousand) were plotted against each other and it was observed that K increases linearly
as salinity increases (Figure 5-8). This may be due to the salting-out effect. An increase
in salt concentration in the aqueous phase decreases the solubility of organic compounds
as the salt attaches to the water molecules — leaving lesser room for organic compounds

to attach to the water molecules [119, 122]. The results obtained in this study were
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different from the study of Bakir et al. (2014). They concluded that salinity had no effect
on the sorption capacity of phenanthrene on PVC and PE [6]. However, based on the
results obtained in this study, salinity had an effect on the sorption behavior and the order

of sorption is saline > brackish > freshwater.

Effect of Salinity on K (PE) Effect of Salinity on K (PS)
150 3 ............. 4
—en | . S
S @ X 2 IR °
59 e y = 1.4962x + 54.196 - 1 y =0.0326x + 1.5954
R2 = 0.9633 R2=0.9244
0 0
0 10 20 30 40 0 10 20 30
Salinity (parts per thousand) Salinity (parts per thousand)

Figure 5-8. Effect of salinity on the partition coefficient K of PE (right) and PS (left)

The interaction of PE and PS was also checked. Using the experimental Ce values
obtained from PS and PE setups and the K values obtained from PE-only and PS-only
setups, ge for the combined setup were obtained through the composite additive model
(Eq. 5-8). Partition coefficient K is a constant value for each sorbent in this study and qe
is the sorbed amount of phenanthrene at equilibrium. The calculated ge were then
compared with the experimental ge of PE and PS setups. The results are summarized in
Figure 5.9. The calculated values and the experimental values have values that are quite
different (i.e., the experimental values are lesser than the calculated values). This
indicates that PE and PS may have an interaction with each other. Aggregation may have
occurred between the PE and PS particles as aggregation can decrease the SSA, which in

turn, decreases the sorption capabilities of the sorbent [36].

Mpg
qepspecaic = (KpeCepspgexp t+ Ipg) Mom t Moe + (KpsCepsprexp
PE PS

Mpg
 Ipg) ———
ps) Mps+Mpp,

(Eq.5-18)

where: gerspecalc = calculate ge of PS and PE setup
Kpe = partition coefficient of PE from this study
Cepspeexp = experimental Ce value of PS and PE setup

Ipe = intercept from the Linear isotherm of PE from this study
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Mpe = mass of PE

Kps = partition coefficient of PS from this study

Cepspeexp = experimental Ce value of PS and PE setup

Ips = intercept from the Linear isotherm of PS from this study

Mps = mass of PS
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2000 * Experimental 3000 * Experimental
5 1500 e Y .
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- 1000 ° -
o o .
500 |, 1000 .‘_°
L]
0 0
0 50 100 0 50 100
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Figure 5-9. Comparison of the calculated ge and Ce of PE and PS setups to check the interaction of the microplastics.

5.3. Possible application to the natural environment

This study considered the sorption of phenanthrene on PE and PS in water
salinities of 0, 17.5, and 35 parts per thousand (freshwater, brackish, and saline,
respectively) at 25°C. This is around the average ocean surface temperature for the tropics
and the results from this study can be applied to the marine environment in the tropics
[146]. From the freshwater down to the saline environment, sorption of phenanthrene on
PE and PS increases. Since the marine environment is the ultimate sink for both
microplastics and PAHS, this result is very vital to take note of. The microplastics with
sorbed PAHSs can be ingested by marine organisms and it is well-known that PAHs can
have carcinogenic and mutagenic effects on these organisms [27]. These microplastics
can also be a vector for transport to places with lesser amounts of PAHSs in the surrounding
water. Sorbed PAHs can be re-emitted back into the seawater. Re-emission of PAHSs back
into the water column can happen through particle resuspension due to natural (storms,

waves, and currents) or man-made events (dredging) [85] or through change in
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concentration in the surrounding water which disturbs the equilibrium between the
amount of PAHSs in solid and liquid phase [42, 86-89].

Since more sorption of PAHs on the microplastics occurred in the saline
environment than in the brackish environment from the results of this study, movement
and transport of microplastics from the saline to the brackish environments (e.g.,
estuaries) may cause slight release of sorbed PAHSs due to decrease in sorption capabilities.
Furthermore, estuaries are well-known to be filters and accumulators of various kinds of
contaminants [147-151]. Some studies report estuaries as sinks for pollutants, such as
polycyclic aromatic hydrocarbons (PAHS) [94, 152, 153] and microplastics [154—156].

PE is one of the most found and widely used plastic [10, 14, 20, 45, 134]. It has
around 116 million metric tons of production worldwide as of 2015 compared with PS
that only had 25 million metric tons [45]. The waste PE generated last 2015 was around
57 million metric tons while PS was around 17 million metric tons [45]. PE had the greater
sorption capacity with respect to phenanthrene than that of PS which means that disposal

and handling of PE must be properly managed in the future as it can store more PAHS.

5.4. Scope and limitations of the study

This research aims to know the sorption behavior of PAHs onto microplastics
through the use of model materials, phenanthrene, polystyrene, and polyethylene. This
study is limited to the use of spherical pristine polystyrene and polyethylene with a 3 mm
average granular size. Plastics that have been degraded in the environment were not used.
The effect of different shapes, sizes, and degree of degradation on sorption behavior were
not studied.

Synthetic seawater, brackish water, and freshwater were used in this study by
mixing Milli-Q water and sea salts obtained from Sigma-Aldrich in concentrations of 0,
17.5, and 35 parts per thousand, respectively. Natural seawater, brackish water, and
freshwater were not used in this study. The effects of the other components of natural
water (organic matter content, sediments, etc.) on the sorption behavior were not
measured.

The limitations of this study are that the experiments were done in a controlled
environment inside a laboratory and the batch adsorption experiments were only done in

standard ambient temperature (25°C) and at constant shaking (125 rpm) using a water-
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filled shaking bath. The effect of the change in temperature and shaking speed to the
sorption capability were not considered.
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Chapter VI
CONCLUSIONS AND RECOMMENDATIONS

6.1. Conclusions

In this study, the sorption behavior of polycyclic aromatic hydrocarbons (PAHS)
on microplastics in the freshwater, brackish, and saline environments were examined.
Phenanthrene, polyethylene (PE), and polystyrene (PS) were the model materials that
were used to represent PAHs and microplastics. After conducting batch adsorption
experiments, the results were that PE had the greater sorption capability of phenanthrene
than PS (around 30 to 40 times larger partition coefficient K values) and the main
mechanism of sorption was estimated to be hydrophobic interactions and van der Waals
forces. The sorption equilibrium in all the environments studied was reached within 5
minutes of contact time. The sorption equilibrium data best fit the linear isotherm model
(with non-zero intercept). Additionally, as salinity increases, the sorption capabilities of
both PE and PS increases as well possibly due to the salting-out effect. Furthermore, PE
and PS may have an interaction with each other as the composite additive model did not
work out. Aggregation may have occurred between the PE and PS particles as aggregation
can decrease the SSA, which in turn, decreases the sorption capabilities of the sorbent.

The specific surface area (SSA) of PE and PS measured by BET analysis showed
that PE had three times as large as that of PS. BET Analysis only takes into consideration
the surface properties and not the free volume of the sorbent. PE is a rubbery polymer and
it has more free volume than PS, a glassy polymer (polymers than have denser polymer
chain structures). This is another possible reason for the larger sorption capacity of
phenanthrene of PE. Based on the intercepts obtained from the linear isotherm, PE can
absorb 1000 pg of phenanthrene per gram of PE until all sites of sorption inside the bulk
of the polymer are filled (absorption) and then increments of phenanthrene are sorbed
after on the surface. PS, on the other hand, can absorb 30 pg of phenanthrene per gram of
PS before all sorption sites inside the polymer are filled up.

The marine environment is the ultimate sink for the PAHs and microplastics. In
this study, both PE and PS had the greatest sorption capability in the saline environment.
These microplastics can be ingested by organisms which can cause serious health effects

and these microplastics can re-emit the sorbed PAHs in places that have lesser
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concentrations of PAHSs. Proper disposal of PE plastics must be taken care of as PE had

the greater sorption capacity.

6.2. Recommendations

For the further improvement of this research, the following recommendations are

proposed:

1.

Conducting experiments with different temperature and mixing speed

In the natural environment, the temperature is not constant throughout the water
column and turbulence and other means of particle movement are variable. These
parameters may have an effect on the sorption capacity of PAHs on microplastics
as these can affect the solubility of PAHs [157].

Usage of other kinds of microplastics

Since many other kinds of plastics exist and are currently used and disposed, they
may have different sorption capabilities and mechanisms.

Comparison of sorption behavior of different sizes of plastics

Sorption capabilities usually increase when size of sorbents decrease because of
an increase in SSA. However, aggregation may occur, and this may affect the
sorption capacity of the plastics. This can be important to study as plastics are
continuously degrading into even smaller sizes as of now.

Studying the sorption capabilities of weathered and degraded microplastics

Pristine microplastics are rare in the environment — most of those found in the
environment have been degraded at some degree. Changes on the surface and
chemical properties of the plastics and introduction of biofilm may have an effect
on the sorption capabilities of the microplastics.

Modelling of sorption phenomenon

Through conducting experiments, data can be obtained on how PAHSs are sorbed
on the microplastics. Modelling can be done to predict the sorption capabilities of

the microplastics and be applied in different situations and environments.

48



10.

11.

12.

REFERENCES
Duis K, Coors A (2016) Microplastics in the aquatic and terrestrial environment:
sources (with a specific focus on personal care products), fate and effects.
Environ Sci Eur 28:1-25. https://doi.org/10.1186/s12302-015-0069-y
Li WC (2018) The Occurrence, Fate, and Effects of Microplastics in the Marine
Environment. Elsevier Inc.
Thompson RC, Moore CJ, Saal FSV, Swan SH (2009) Plastics, the environment
and human health: Current consensus and future trends. Philos Trans R Soc B
Biol Sci 364:2153-2166. https://doi.org/10.1098/rsth.2009.0053
Browne MA (2015) Sources and Pathways of Microplastics to Habitats. In:
Marine Anthropogenic Litter. Springer International Publishing, Cham, pp 229—
244
Eerkes-Medrano D, Thompson R (2018) Occurrence, Fate, and Effect of
Microplastics in Freshwater Systems. Elsevier Inc.
Bakir A, Rowland SJ, Thompson RC (2014) Transport of persistent organic
pollutants by microplastics in estuarine conditions. Estuar Coast Shelf Sci
140:14-21. https://doi.org/10.1016/J.ECSS.2014.01.004
Neumann B, Vafeidis AT, Zimmermann J, Nicholls RJ (2015) Future coastal
population growth and exposure to sea-level rise and coastal flooding - A global
assessment. PLoS One 10:. https://doi.org/10.1371/journal.pone.0118571
Arthur C, Baker J, Bamford H (2009) Proceedings of the International Research
Workshop on the Occurrence, Effects, and Fate of Microplastic Marine Debris
Joint Group of Experts on the Scientific Aspects of Marine Environment
Protection (GESAMP) (2015) Microplastics in the ocean
Barnes DKA, Galgani F, Thompson RC, Barlaz M (2009) Accumulation and
fragmentation of plastic debris in global environments. Philos Trans R Soc B
Biol Sci 364:1985-1998. https://doi.org/10.1098/rsth.2008.0205
Alimi OS, Farner Budarz J, Hernandez LM, Tufenkji N (2018) Microplastics and
Nanoplastics in Aquatic Environments: Aggregation, Deposition, and Enhanced
Contaminant Transport. Environ Sci Technol 52:1704-1724.
https://doi.org/10.1021/acs.est.7b05559
Liu P, Zhan X, Wu X, et al (2020) Effect of weathering on environmental

49



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

behavior of microplastics: Properties, sorption and potential risks. Chemosphere
242:125193

Wright SL, Thompson RC, Galloway TS (2013) The physical impacts of
microplastics on marine organisms: A review. Environ Pollut 178:483-492.
https://doi.org/10.1016/J.ENVPOL.2013.02.031

Shahul Hamid F, Bhatti MS, Anuar N, et al (2018) Worldwide distribution and
abundance of microplastic: How dire is the situation? Waste Manag Res 36:873—
897. https://doi.org/10.1177/0734242X18785730

da Costa JP, Santos PSM, Duarte AC, Rocha-Santos T (2016) (Nano)plastics in
the environment — Sources, fates and effects. Sci Total Environ 566-567:15-26.
https://doi.org/10.1016/J.SCITOTENV.2016.05.041

Khalid N, Ageel M, Noman A, et al (2021) Linking effects of microplastics to
ecological impacts in marine environments. Chemosphere 264:128541.
https://doi.org/10.1016/j.chemosphere.2020.128541

Lusher A (2015) Microplastics in the Marine Environment: Distribution,
Interactions and Effects. In: Marine Anthropogenic Litter. pp 245-307

Della Torre C, Bergami E, Salvati A, et al (2014) Accumulation and
embryotoxicity of polystyrene nanoparticles at early stage of development of sea
urchin embryos Paracentrotus lividus. Environ Sci Technol 48:12302-12311.
https://doi.org/10.1021/es502569w

Murray F, Cowie PR (2011) Plastic contamination in the decapod crustacean
Nephrops norvegicus (Linnaeus, 1758). Mar Pollut Bull 62:1207-1217.
https://doi.org/10.1016/j.marpolbul.2011.03.032

Khare S (2019) Microplastic Pollution: An Overview of Current Scenario,
Challenges, and Research Gaps. Adv Biotechnol Microbiol 12:14-17.
https://doi.org/10.19080/aibm.2019.12.555836

Gioia R, Dachs J, Nizzetto L, et al (2011) Sources, Transport and Fate of Organic
Pollutants in the Oceanic Environment. In: Persistent Pollution — Past, Present
and Future. pp 111-139

Frias JPGL, Sobral P, Ferreira AM (2010) Organic pollutants in microplastics
from two beaches of the Portuguese coast. Mar Pollut Bull 60:1988-1992.
https://doi.org/10.1016/J.MARPOLBUL.2010.07.030

50



23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

Bouhroum R, Boulkamh A, Asia L, et al (2019) Concentrations and fingerprints
of PAHs and PCBs adsorbed onto marine plastic debris from the Indonesian
Cilacap coast and the North Atlantic gyre. Reg Stud Mar Sci 29:100611.
https://doi.org/10.1016/j.rsma.2019.100611

Velzeboer I, J. A. F. Kwadijk C, A. Koelmans A (2014) Strong Sorption of PCBs
to Nanoplastics, Microplastics, Carbon Nanotubes, and Fullerenes. Environ Sci
Technol 48:4869-4876. https://doi.org/10.1021/es405721v

Li J, Zhang K, Zhang H (2018) Adsorption of antibiotics on microplastics.
Environ Pollut 237:460-467. https://doi.org/10.1016/j.envpol.2018.02.050
Lawal AT (2017) Polycyclic aromatic hydrocarbons: a review. Cogent Environ
Sci 3:. https://doi.org/10.1080/23311843.2017.1339841

Abdel-Shafy HI, Mansour MSM (2016) A review on polycyclic aromatic
hydrocarbons: Source, environmental impact, effect on human health and
remediation. Egypt J Pet 25:107-123. https://doi.org/10.1016/j.ejpe.2015.03.011
Lu J, Zhang C, Wu J, et al (2018) Pollution, sources, and ecological-health risks
of polycyclic aromatic hydrocarbons in coastal waters along coastline of China.
Hum Ecol Risk Assess 0:1-18. https://doi.org/10.1080/10807039.2018.1548899
Koudryashova Y, Chizhova T, Tishchenko P, Hayakawa K (2019) Seasonal
Variability of Polycyclic Aromatic Hydrocarbons (PAHSs) in a Coastal Marine
Area in the Northwestern Region of the Sea of Japan/East Sea (Possiet Bay).
Ocean Sci J. https://doi.org/10.1007/s12601-019-0031-9

Hussain K, Hoque RR, Balachandran S, et al (2018) Monitoring and Risk
Analysis of PAHSs in the Environment. In: Handbook of Environmental Materials
Management. pp 973-1007

Pitt R, Clark SE, Palmer K (1994) Potential Groundwater Contamination from
Intentional and Non Intentional Stormwater Infiltration

Boehm PD, Cook LL, Murray KJ (2011) Aromatic Hydrocarbon Concentrations
in Seawater: Deepwater Horizon Qil Spill. Int Oil Spill Conf 1-13.
https://doi.org/10.1017/CB09781107415324.004

Hirai H, Takada H, Ogata Y, et al (2011) Organic micropollutants in marine
plastics debris from the open ocean and remote and urban beaches. Mar Pollut
Bull 62:1683-1692. https://doi.org/10.1016/J.MARPOLBUL.2011.06.004

51



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Camacho M, Herrera A, Gomez M, et al (2019) Organic pollutants in marine
plastic debris from Canary Islands beaches. Sci Total Environ 662:22—-31.
https://doi.org/10.1016/J.SCITOTENV.2018.12.422

Wang Z, Chen M, Zhang L, et al (2018) Sorption behaviors of phenanthrene on
the microplastics identified in a mariculture farm in Xiangshan Bay, southeastern
China. Sci Total Environ 628-629:1617-1626.
https://doi.org/10.1016/j.scitotenv.2018.02.146

Wang J, Liu X, Liu G, et al (2019) Size effect of polystyrene microplastics on
sorption of phenanthrene and nitrobenzene. Ecotoxicol Environ Saf 173:331—
338. https://doi.org/10.1016/j.ecoenv.2019.02.037

Teuten EL, Rowland SJ, Galloway TS, Thompson RC (2007) Potential for
Plastics to Transport Hydrophobic Contaminants. Environ Sci Technol 41:7759—
7764. https://doi.org/10.1021/ES071737S

Ashton K, Holmes L, Turner A (2010) Association of metals with plastic
production pellets in the marine environment. Mar Pollut Bull 60:2050-2055.
https://doi.org/10.1016/J.MARPOLBUL.2010.07.014

Rochman CM, Manzano C, Hentschel BT, et al (2013) Polystyrene Plastic: A
Source and Sink for Polycyclic Aromatic Hydrocarbons in the Marine
Environment. Environ Sci Technol 47:13976-13984.
https://doi.org/10.1021/es403605f

Wang F, Shih KM, Li XY (2015) The partition behavior of
perfluorooctanesulfonate (PFOS) and perfluorooctanesulfonamide (FOSA) on
microplastics. Chemosphere 119:841-847.
https://doi.org/10.1016/j.chemosphere.2014.08.047

Fang S, Yu W, Li C, et al (2019) Adsorption behavior of three triazole fungicides
on polystyrene microplastics. Sci Total Environ 691:1119-1126.
https://doi.org/10.1016/j.scitotenv.2019.07.176

Andrews JE, Brimblecombe P, Jickells TD, Liss PS (2004) An Introduction to
Environmental Chemistry, 2nd ed. Blackwell Science Ltd

Carbery M, O’Connor W, Palanisami T (2018) Trophic transfer of microplastics
and mixed contaminants in the marine food web and implications for human
health. Environ Int 115:400-409. https://doi.org/10.1016/J.ENVINT.2018.03.007

52



44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Harmon SM (2018) The Effects of Microplastic Pollution on Aquatic Organisms.
Elsevier Inc.

Geyer R, Jambeck JR, Law KL (2017) Production, use, and fate of all plastics
ever made. Sci Adv 3:e1700782. https://doi.org/10.1126/sciadv.1700782
Fred-Ahmadu OH, Bhagwat G, Oluyoye I, et al (2020) Interaction of chemical
contaminants with microplastics: Principles and perspectives. Sci. Total Environ.
706:135978

Caruso G (2019) Microplastics as vectors of contaminants. Mar Pollut Bull
146:921-924. https://doi.org/10.1016/j.marpolbul.2019.07.052

Wang F, Zhang M, Sha W, et al (2020) Sorption behavior and mechanisms of
organic contaminants to nano and microplastics. Molecules 25:1827.
https://doi.org/10.3390/molecules25081827

Hatzinger PB, Alexander M (1997) Biodegradation of organic compounds
sequestered in organic solids or in nanopores within silica particles. Environ
Toxicol Chem 16:2215-2221. https://doi.org/10.1897/1551-
5028(1997)016<2215:BO0OCSI>2.3.CO;2

S. Weis J (2019) Improving microplastic research. AIMS Environ Sci 6:326-340.
https://doi.org/10.3934/environsci.2019.5.326

Vollertsen J, Vianello A, Lorenz C (2019) Knowledge gaps in microplastics
research

Engler RE (2012) The complex interaction between marine debris and toxic
chemicals in the ocean. Environ Sci Technol 46:12302-12315.
https://doi.org/10.1021/es3027105

Zobkov MB, Esiukova EE (2018) Microplastics in a Marine Environment:
Review of Methods for Sampling, Processing, and Analyzing Microplastics in
Water, Bottom Sediments, and Coastal Deposits. Oceanology 58:137-143.
https://doi.org/10.1134/S0001437017060169

Lusher A, Hollman P, Mendoza-Hill J (2017) Microplastics in fisheries and
aquaculture Status of knowledge on their occurrence and implications for aquatic
organisms and food safety

Webb HK, Arnott J, Crawford RJ, Ivanova EP (2013) Plastic degradation and its

environmental implications with special reference to poly(ethylene terephthalate).

53



56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Polymers (Basel) 5:1-18. https://doi.org/10.3390/polym5010001

Browne MA, Galloway TS, Thompson RC (2007) Microplastic-An emerging
contaminants of potential cocern? Integr Environ Assess Manag 3:559-566
Ryan PG, Moore CJ, Van Franeker JA, Moloney CL (2009) Monitoring the
abundance of plastic debris in the marine environment. Philos Trans R Soc B
Biol Sci 364:1999-2012. https://doi.org/10.1098/rsth.2008.0207

Hidalgo-Ruz V, Gutow L, Thompson RC, Thiel M (2012) Microplastics in the
Marine Environment: A Review of the Methods Used for Identification and
Quantification. Environ Sci Technol 46:3060-3075.
https://doi.org/10.1021/es2031505

Bhattacharya P, Lin S, Turner JP, Ke PC (2010) Physical adsorption of charged
plastic nanoparticles affects algal photosynthesis. J Phys Chem C 114:16556—
16561. https://doi.org/10.1021/jp1054759

Santana MFM, Moreira FT, Turra A (2017) Trophic transference of microplastics
under a low exposure scenario: Insights on the likelihood of particle cascading
along marine food-webs. Mar Pollut Bull 121:154-159.
https://doi.org/10.1016/j.marpolbul.2017.05.061

Andrady AL (2011) Microplastics in the marine environment. Mar Pollut Bull
62:1596-1605. https://doi.org/10.1016/J.MARPOLBUL.2011.05.030
Weinstein JE, Crocker BK, Gray AD (2016) Plastic Debris in the Aquatic
Environment from Macroplastic to Microplastic: Degradation of High Density
Polyethylene, Polypropylene, and Polystyrene in a Salt Marsh Habitat. Env
Toxicol Chem 35:1632-1640. https://doi.org/10.1002/etc.3432

Izdebska J (2015) Aging and Degradation of Printed Materials. Elsevier Inc.

Li Y, Zhang H, Tang C (2020) A review of possible pathways of marine
microplastics transport in the ocean. Anthr Coasts 3:6-13.
https://doi.org/10.1139/anc-2018-0030

Zhang H (2017) Transport of microplastics in coastal seas. Estuar Coast Shelf Sci
199:74-86. https://doi.org/10.1016/j.ecss.2017.09.032

Chubarenko I, Esiukova E, Bagaev A, et al (2018) Behavior of Microplastics in
Coastal Zones. Elsevier Inc.

Obbard RW (2018) Microplastics in Polar Regions: The role of long range

54



68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

transport. Curr Opin Environ Sci Heal 1:24-29.
https://doi.org/10.1016/J.COESH.2017.10.004

Prata JC, da Costa JP, Duarte AC, Rocha-Santos T (2019) Methods for sampling
and detection of microplastics in water and sediment: A critical review. TrAC
Trends Anal Chem 110:150-159. https://doi.org/10.1016/J.TRAC.2018.10.029
Shim WJ, Hong SH, Eo S (2018) Marine Microplastics: Abundance,
Distribution, and Composition. Elsevier Inc.

Hantoro I, Léhr AJ, Van Belleghem FGAJ, et al (2019) Microplastics in coastal
areas and seafood: implications for food safety. Food Addit Contam - Part A
Chem Anal Control Expo Risk Assess 36:674—711.
https://doi.org/10.1080/19440049.2019.1585581

Norwegian Geotechnical Institute (2018) Microplastics in sediments on the
Norwegian Continental Shelf

Reddy MS, Shaik Basha, Adimurthy S, Ramachandraiah G (2006) Description of
the small plastics fragments in marine sediments along the Alang-Sosiya ship-
breaking yard, India. Estuar Coast Shelf Sci 68:656—660.
https://doi.org/10.1016/j.ecss.2006.03.018

Claessens M, Meester S De, Landuyt L Van, et al (2011) Occurrence and
distribution of microplastics in marine sediments along the Belgian coast. Mar
Pollut Bull 62:2199-2204. https://doi.org/10.1016/j.marpolbul.2011.06.030
Phuong NN, Zalouk-Vergnoux A, Poirier L, et al (2016) Is there any consistency
between the microplastics found in the field and those used in laboratory
experiments? Environ. Pollut. 211:111-123

Yao P, Zhou B, Lu Y, et al (2019) A review of microplastics in sediments:
Spatial and temporal occurrences, biological effects, and analytic methods. Quat
Int 519:274-281. https://doi.org/10.1016/J.QUAINT.2019.03.028

Zhang K, Shi H, Peng J, et al (2018) Microplastic pollution in China’s inland
water systems: A review of findings, methods, characteristics, effects, and
management. Sci Total Environ 630:1641-1653.
https://doi.org/10.1016/J.SCITOTENV.2018.02.300

Wolska L, Mechlinska A, Rogowska J, Namie$nik J (2012) Sources and fate of

PAHSs and PCBs in the marine environment. Crit Rev Environ Sci Technol

55



78.

79.

80.

81.

82.

83.

84.

85.

86.

42:1172-1189. https://doi.org/10.1080/10643389.2011.556546

Mojiri A, Zhou JL, Ohashi A, et al (2019) Comprehensive review of polycyclic
aromatic hydrocarbons in water sources, their effects and treatments. Sci Total
Environ 696:133971. https://doi.org/10.1016/j.scitotenv.2019.133971

Cong L, Fang Y, He M, et al (2010) Ice phase as an important factor on the
seasonal variation of polycyclic aromatic hydrocarbons in the Tumen River,
Northeastern of China. Environ Sci Pollut Res 17:1379-1387.
https://doi.org/10.1007/s11356-010-0324-0

Wang JZ, Nie YF, Luo XL, Zeng EY (2008) Occurrence and phase distribution
of polycyclic aromatic hydrocarbons in riverine runoff of the Pearl River Delta,
China. Mar Pollut Bull 57:767-774.
https://doi.org/10.1016/j.marpolbul.2008.01.007

Manoli E, Samara C, Konstantinou I, Albanis T (2000) Polycyclic aromatic
hydrocarbons in the bulk precipitation and surface waters of Northern Greece.
Chemosphere 41:1845-1855. https://doi.org/10.1016/S0045-6535(00)00134-X
Qin N, He W, Kong XZ, et al (2013) Atmospheric partitioning and the air-water
exchange of polycyclic aromatic hydrocarbons in a large shallow Chinese lake
(Lake Chaohu). Chemosphere 93:1685-1693.
https://doi.org/10.1016/j.chemosphere.2013.05.038

Wortham H, Bon Nguyen E, Masclet P, Mouvier G (1993) Study of heterogenous
reactions of polycyclic aromatic hydrocarbons I: Weakening of PAH-support
bonds under photonic irradiation. Sci Total Environ 128:1-11.
https://doi.org/10.1016/0048-9697(93)90175-6

European Chemical Agency (2018) Support Document for Identification of
Phenanthrene as a Substance of Very High Concern

Guigue C, Tedetti M, Dang DH, et al (2017) Remobilization of polycyclic
aromatic hydrocarbons and organic matter in seawater during sediment
resuspension experiments from a polluted coastal environment: Insights from
Toulon Bay (France). Environ Pollut 229:627-638.
https://doi.org/10.1016/j.envpol.2017.06.090

Chen H-W (1993) Fluxes of Organic Pollutants from the Sediment in Boston

Harbor. Massachusetts Inst. Technol. 145

56



87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Lai Y, Xia X, Dong J, et al (2015) Equilibrium State of PAHs in Bottom
Sediment-Water-Suspended Sediment System of a Large River Considering
Freely Dissolved Concentrations. J Environ Qual 44:823-832.
https://doi.org/10.2134/jeq2014.09.0381

Wang DG, Alaee M, Byer J, et al (2011) Fugacity approach to evaluate the
sediment-water diffusion of polycyclic aromatic hydrocarbons. J Environ Monit
13:1589-1596. https://doi.org/10.1039/c0em00731e

Lick W (2009) Sediment and Contaminant Transport in Surface Waters. Taylor
& Francis Group, LLC

Onozato M, Nitta S, Sakurai Y, et al (2008) Determination of polycyclic aromatic
hydrocarbons (PAHS) in sediments and benthos collected on the coast of Chiba.
Polycycl Aromat Compd 28:462-471.
https://doi.org/10.1080/10406630802414600

Woodhead RJ, Law RJ, Matthiessen P (1999) Polycyclic aromatic hydrocarbons
in surface sediments around England and Wales, and their possible biological
significance. Mar Pollut Bull 38:773-790. https://doi.org/10.1016/S0025-
326X(99)00039-9

Budzinski H, Jones I, Bellocq J, et al (1997) Evaluation of sediment
contamination by polycyclic aromatic hydrocarbons in the Gironde estuary. Mar
Chem 58:85-97. https://doi.org/10.1016/S0304-4203(97)00028-5

Wakeham SG (1996) Aliphatic and polycyclic aromatic hydrocarbons in Black
Sea sediments. Mar Chem 53:187-205. https://doi.org/10.1016/0304-
4203(96)00003-5

Soclo HH, Garrigues P, Ewald M (2000) Origin of polycyclic aromatic
hydrocarbons (PAHS) in coastal marine sediments: Case studies in Cotonou
(Benin) and Aquitaine (France) Areas. Mar Pollut Bull 40:387-396.
https://doi.org/10.1016/S0025-326X(99)00200-3

Tong Y, Chen L, Liu Y, et al (2019) Distribution, sources and ecological risk
assessment of PAHSs in surface seawater from coastal Bohai Bay, China. Mar
Pollut Bull 142:520-524. https://doi.org/10.1016/j.marpolbul.2019.04.004
Pérez-Carrera E, Ledn VML, Parra AG, Gonzalez-Mazo E (2007) Simultaneous

determination of pesticides, polycyclic aromatic hydrocarbons and

57



97.

98.

99.

100.

101.

102.

103.

104.

polychlorinated biphenyls in seawater and interstitial marine water samples,
using stir bar sorptive extraction-thermal desorption-gas chromatography-mass
spectrometry. J Chromatogr A 1170:82-90.
https://doi.org/10.1016/j.chroma.2007.09.013

Li J, Luo C, Song M, et al (2017) Biodegradation of Phenanthrene in Polycyclic
Aromatic Hydrocarbon-Contaminated Wastewater Revealed by Coupling
Cultivation-Dependent and -Independent Approaches. Environ Sci Technol
51:3391-3401. https://doi.org/10.1021/acs.est.6b04366

Renner G, Schmidt TC, Schram J (2018) Analytical methodologies for
monitoring micro(nano)plastics: Which are fit for purpose? Curr Opin Environ
Sci Heal 1:55-61. https://doi.org/10.1016/J.COESH.2017.11.001

Loder MGJ, Gerdts G (2015) Methodology Used for the Detection and
Identification of Microplastics—A Critical Appraisal. In: Marine Anthropogenic
Litter. Springer International Publishing, Cham, pp 201-227

da Costa JP (2018) Micro- and nanoplastics in the environment: Research and
policymaking. Curr Opin Environ Sci Heal 1:12-16.
https://doi.org/10.1016/J.COESH.2017.11.002

Fisner M, Taniguchi S, Moreira F, et al (2013) Polycyclic aromatic hydrocarbons
(PAHS) in plastic pellets: Variability in the concentration and composition at
different sediment depths in a sandy beach. Mar Pollut Bull 70:219-226.
https://doi.org/10.1016/j.marpolbul.2013.03.008

Nabetani Y, Tanaka S, Suzuki Y, et al (2017) Adsorption characteristics of PFCs

PV SNELN

and PAHs on microplastics in Lake Biwa and Osaka Bay. - K- CEEG

(BikE) 73:1-8

Lee H, Shim WJ, Kwon JH (2014) Sorption capacity of plastic debris for
hydrophobic organic chemicals. Sci Total Environ 470-471:1545-1552.
https://doi.org/10.1016/j.scitotenv.2013.08.023

O’Connor IA, Golsteijn L, Hendriks AJ (2016) Review of the partitioning of
chemicals into different plastics: Consequences for the risk assessment of marine
plastic debris. Mar Pollut Bull 113:17-24.
https://doi.org/10.1016/j.marpolbul.2016.07.021

58



105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Wang W, Wang J (2018) Different partition of polycyclic aromatic hydrocarbon
on environmental particulates in freshwater: Microplastics in comparison to
natural sediment. Ecotoxicol Environ Saf 147:648-655.
https://doi.org/10.1016/J.ECOENV.2017.09.029

Wang J, Liu X, Liu G (2019) Sorption behaviors of phenanthrene, nitrobenzene,
and naphthalene on mesoplastics and microplastics. Environ Sci Pollut Res.
https://doi.org/10.1007/s11356-019-04735-9

Zhang X, Cresswell M (2016) Materials Fundamentals of Drug Controlled
Release. In: Inorganic Controlled Release Technology. pp 17-55

Hadjittofis E, Das SC, Zhang GGZ, Heng JY'Y (2017) Interfacial phenomena. In:
Developing Solid Oral Dosage Forms: Pharmaceutical Theory and Practice:
Second Edition, 2nd ed. Elsevier Inc., pp 225-252

Guo X, Wang X, Zhou X, et al (2012) Sorption of four hydrophobic organic
compounds by three chemically distinct polymers: Role of chemical and physical
composition. Environ Sci Technol 46:7252-7259.
https://doi.org/10.1021/es301386z

Berg JM, Tymoczko JL, Stryer L (2012) Biochemistry, 7th ed. Kate Ahr Parker
Amézqueta S, Subirats X, Fuguet E, et al (2020) Octanol-water partition
constant. In: Liquid-Phase Extraction. Elsevier, pp 183-208

Wang W, Wang J (2018) Comparative evaluation of sorption kinetics and
isotherms of pyrene onto microplastics. Chemosphere 193:567-573.
https://doi.org/10.1016/j.chemosphere.2017.11.078

Huffer T, Hofmann T (2016) Sorption of non-polar organic compounds by
micro-sized plastic particles in aqueous solution. Environ Pollut 214:194-201.
https://doi.org/10.1016/j.envpol.2016.04.018

Endo S, Koelmans AA (2016) Sorption of Hydrophobic Organic Compounds to
Plastics in the Marine Environment: Equilibrium. In: Hazardous Chemicals
Associated with Plastics in the Marine Environment

Tourinho PS, Ko¢i V, Loureiro S, van Gestel CAM (2019) Partitioning of
chemical contaminants to microplastics: Sorption mechanisms, environmental
distribution and effects on toxicity and bioaccumulation. Environ Pollut
252:1246-1256. https://doi.org/10.1016/j.envpol.2019.06.030

59



116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Rodrigues JP, Duarte AC, Santos-Echeandia J, Rocha-Santos T (2019)
Significance of interactions between microplastics and POPs in the marine
environment: A critical overview. TrAC - Trends Anal Chem 111:252-260.
https://doi.org/10.1016/j.trac.2018.11.038

Wang F, Wang F, Zeng EY (2018) Sorption of Toxic Chemicals on
Microplastics. Elsevier Inc.

Sahu O, Singh N (2019) Significance of bioadsorption process on textile industry
wastewater. In: The Impact and Prospects of Green Chemistry for Textile
Technology. Elsevier Ltd., pp 367416

Heinonen J, Sainio T (2013) Chromatographic Fractionation of Lignocellulosic
Hydrolysates. In: Advances in Chemical Engineering, 1st ed. Elsevier Inc., pp
261-349

Wang F, Wong CS, Chen D, et al (2018) Interaction of toxic chemicals with
microplastics: A critical review. Water Res 139:208-219.
https://doi.org/10.1016/j.watres.2018.04.003

Guo X, Wang J (2019) The chemical behaviors of microplastics in marine
environment: A review. Mar Pollut Bull 142:1-14.
https://doi.org/10.1016/j.marpolbul.2019.03.019

Verla AW, Enyoh CE, Verla EN, Nwarnorh KO (2019) Microplastic—toxic
chemical interaction: a review study on quantified levels, mechanism and
implication. SN Appl Sci 1:1-36. https://doi.org/10.1007/s42452-019-1352-0
Liu L, Fokkink R, Koelmans AA (2016) Sorption of polycyclic aromatic
hydrocarbons to polystyrene nanoplastic. Environ Toxicol Chem 35:1650-1655.
https://doi.org/10.1002/etc.3311

Mu T-H, Sun H-N (2019) Sweet Potato Leaf Polyphenols: Preparation,
Individual Phenolic Compound Composition and Antioxidant Activity. In:
Polyphenols in Plants, 2nd ed. Elsevier Inc., pp 365-380

Proctor A, Toro-Vazquez JF (2009) The Freundlich Isotherm in Studying
Adsorption in Oil Processing. In: Bleaching and Purifying Fats and Oils: Theory
and Practice, Second Edi. American Oil Chemists’ Society., pp 209-219
Al-Ghouti MA, Da’ana DA (2020) Guidelines for the use and interpretation of
adsorption isotherm models: A review. J Hazard Mater 393:122383.

60



127.

128.

129.

130.

131.

132.

133.

134.

135.

136.
137.

138.

https://doi.org/10.1016/j.jhazmat.2020.122383

Wang J, Guo X (2020) Adsorption isotherm models: Classification, physical
meaning, application and solving method. Chemosphere.
https://doi.org/10.1016/j.chemosphere.2020.127279

Bakir A, Rowland SJ, Thompson RC (2012) Competitive sorption of persistent
organic pollutants onto microplastics in the marine environment. Mar Pollut Bull
64:2782-2789. https://doi.org/10.1016/J.MARPOLBUL.2012.09.010

Hamzaoui M, Bestani B, Benderdouche N (2018) The use of linear and nonlinear
methods for adsorption isotherm optimization of basic green 4-dye onto sawdust-
based activated carbon. J Mater Environ Sci 9:1110-1118

Ayawei N, Ebelegi AN, Wankasi D (2017) Modelling and Interpretation of
Adsorption Isotherms. J Chem 2017:. https://doi.org/10.1155/2017/3039817
Wang B, Zhang W, Li H, et al (2017) Micropore clogging by leachable
pyrogenic organic carbon: A new perspective on sorption irreversibility and
kinetics of hydrophobic organic contaminants to black carbon. Environ Pollut
220:1349-1358. https://doi.org/10.1016/j.envpol.2016.10.100

Chen X (2015) Modeling of experimental adsorption isotherm data. Information
6:14-22. https://doi.org/10.3390/info6010014

Zhao L, Rong L, Xu J, et al (2020) Sorption of five organic compounds by polar
and nonpolar microplastics. Chemosphere 257:127206.
https://doi.org/10.1016/j.chemosphere.2020.127206

Rocha-Santos TAP, Duarte AC (2017) Characterization and Analysis of
Microplastics. Zoe Kruze

Zuo LZ, Li HX, Lin L, et al (2019) Sorption and desorption of phenanthrene on
biodegradable poly(butylene adipate co-terephtalate) microplastics. Chemosphere
215:25-32. https://doi.org/10.1016/j.chemosphere.2018.09.173

Crawford CB, Quinn B (2016) Microplastic Pollutants

Rochman CM (2015) The Complex Mixture, Fate and Toxicity of Chemicals
Associated with Plastic Debris in the Marine Environment. In: Marine
Anthropogenic Litter. Springer International Publishing, Cham, pp 117-140
Havens K (2015) Climate Change : Effects on Salinity in Florida’s Estuaries and

Responses of Oysters, Seagrass, and Other Animal and Plant Life

61



139.

140.

141.

142.

143.

144,

145.

146.

147.

148.

149.

Desai AM, Andreae M, Mullen DG, et al (2011) Acetonitrile shortage: Use of
isopropanol as an alternative elution system for ultra/high performance liquid
chromatography. Anal Methods 3:56-58. https://doi.org/10.1039/c0ay00493f
Lopez Garcia A, Blanco Gonzalez E, Garcia Alonso JI, Sanz-Medel A (1992)
Potential of micelle-mediate procedures in the sample preparation steps for the
determination of polynuclear aromatic hydrocarbons in waters. Anal Chim Acta
264:241-248. https://doi.org/10.1016/0003-2670(92)87011-9

Kriger O, Kalbe U, Meif3ner K, Sobottka S (2014) Sorption effects interfering
with the analysis of polycyclic aromatic hydrocarbons (PAH) in aqueous
samples. Talanta 122:151-156. https://doi.org/10.1016/j.talanta.2014.01.038
Mansouri E, Yousefi V, Ebrahimi V, et al (2020) Overview of ultraviolet-based
methods used in polycyclic aromatic hydrocarbons analysis and measurement.
Sep Sci Plus 1-9. https://doi.org/10.1002/sscp.201900077

Boone C, Adamec J (2016) Top-Down Proteomics. In: Proteomic Profiling and
Analytical Chemistry: The Crossroads, Second. Elsevier, pp 175-191

Brame JA, Griggs C (2016) Surface Area Analysis Using the Brunauer- Emmett-
Teller (BET) Method

Fotopoulou KN, Karapanagioti HK (2015) Surface properties of beached plastics.
Environ Sci Pollut Res 22:11022—-11032. https://doi.org/10.1007/s11356-015-
4332-y

Allan TD (1992) The marine environment. Int J Remote Sens 13:1261-1276.
https://doi.org/10.1080/01431169208904190

Teuchies J, Vandenbruwaene W, Carpentier R, et al (2013) Estuaries as Filters:
The Role of Tidal Marshes in Trace Metal Removal. PLoS One 8:1-11.
https://doi.org/10.1371/journal.pone.0070381

Arias AH, Pereyra MT, Marcovecchio JE (2011) Multi-year monitoring of
estuarine sediments as ultimate sink for DDT, HCH, and other organochlorinated
pesticides in Argentina. Environ Monit Assess 172:17-32.
https://doi.org/10.1007/s10661-010-1315-9

Zhang ZW, Xu XR, Sun YX, et al (2014) Heavy metal and organic contaminants
in mangrove ecosystems of China: a review. Environ Sci Pollut Res 21:11938—
11950. https://doi.org/10.1007/s11356-014-3100-8

62



150.

151.

152.

153.

154.

155.

156.

157.

Olsen CR, Larsen IL, Mulholland PJ, et al (1993) The concept of a equilibrium
surface applied to particle sources and contaminant distributions in estuarine
sediments. Estuaries 16:683-696. https://doi.org/10.2307/1352805

Bell FG, Lindsay P, Hytiris N (1997) Contaminated ground and contaminated
estuary sediment illustrated by two case histories. Environ Geol 32:191-202.
https://doi.org/10.1007/s002540050207

Boonyatumanond R, Wattayakorn G, Togo A, Takada H (2006) Distribution and
origins of polycyclic aromatic hydrocarbons (PAHS) in riverine, estuarine, and
marine sediments in Thailand. Mar Pollut Bull 52:942—-956.
https://doi.org/10.1016/j.marpolbul.2005.12.015

Zakaria MP, Takada H, Tsutsumi S, et al (2002) Distribution of polycyclic
aromatic hydrocarbons (PAHS) in rivers and estuaries in Malaysia: A widespread
input of petrogenic PAHSs. Environ Sci Technol 36:1907-1918.
https://doi.org/10.1021/es011278+

Willis KA, Eriksen R, Wilcox C, Hardesty BD (2017) Microplastic distribution
at different sediment depths in an urban estuary. Front Mar Sci 4.
https://doi.org/10.3389/fmars.2017.00419

Browne MA, Galloway TS, Thompson RC (2010) Spatial patterns of plastic
debris along estuarine shorelines. Environ Sci Technol 44:3404-3409.
https://doi.org/10.1021/es903784e

Acha EM, Mianzan HW, Iribarne O, et al (2003) The role of the Rio de la Plata
bottom salinity front in accumulating debris. Mar Pollut Bull 46:197-202.
https://doi.org/10.1016/S0025-326X(02)00356-9

Karasek P, Planeta J, Roth M (2006) Solubility of solid polycyclic aromatic
hydrocarbons in pressurized hot water at temperatures from 313 K to the melting
point. J Chem Eng Data 51:616-622. https://doi.org/10.1021/je050427r

63



12000000

10000000

8000000

6000000

Peak Area

4000000

2000000

0 e

0

ANNEX

Calibration curve for Phenanthrene

¥=1,452,694.9475%x+11,818.65032
R?* =0.99998

1 2 3 4 5 6

Concentration (ppm)

Figure A1. Calibration curve obtained for phenanthrene using HPLC.
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