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ARTICLE INFO ABSTRACT

Keywords: The settling of microplastics (MPs) is crucial for their removal from municipal wastewater treatment plants
Microplastics (WWTPs) and sedimentation in static waterbodies, where they can accumulate in bottom sediments. Biofilm
Séttl}ng velocity formation on MPs enhances their aggregation with other particles, thereby changing their density and size and
ig)gfilenglation altering their settling rates. However, only a few studies have investigated the settling of MPs of different sizes
Wastewater treatment plants and materials. Specifically, the settling of small-sized MPs (<150 pm) has been poorly documented. In this study,
Freshwater cylindrical and fragmented particles of four polymer types (high-density polyethylene (HDPE), polypropylene

(PP), polystyrene (PS), and poly(ethylene terephthalate) (PET)) were used to investigate the settling or floating
of reference MPs (20-130 pm) in a custom-made column that simulated a primary sedimentation tank in a typical
WWTP before and after incubation in wastewater influent. The settling velocity of the reference MP particles was
strongly influenced by the particle size and density. The settled fractions of all the cylindrical reference MPs
increased significantly (up to 5 times) due to biofilm formation at overflow velocities of 0.15, 0.26, and 0.40 mm
s~L. This was observed even for HDPE and PP (density <1 g cm™°) after biofilm formation. The fragmented
reference MPs showed complex and rather unpredictable behavior, possibly due to their irregular shape.
Generally, the settling of pristine PS and PET in the laboratory tests was consistent with the theoretical pre-
dictions obtained using Stokes’ law. The experimental findings of this study can be used to develop models that
predict the removal efficiencies of MPs in WWTPs and to estimate the sinking of MPs to bottom sediments of
static waterbodies.

Free et al., 2014; Lahens et al., 2018; McCormick et al., 2014; Rochman,
2018). In 2016, approximately 19-23 Mt, or 11%, of plastic waste was

1. Introduction

The extensive and widespread use of plastics has resulted in plastic
pollution. There has been a steady rise in the production of plastics
globally, with more than 367 million tons in 2020 (Plastics Europe &
EPRO, 2021). The COVID-19 pandemic has led to an increase in the
consumption of single-use plastic-based personal protective equipment,
further increasing plastic pollution (Adyel, 2020). Inappropriate
disposal of plastic products leads to their degradation and fragmentation
in the environment, thereby generating small debris.

Microplastics (MPs) are plastic particles that range between 0.1 pm
and 5 mm in size (ATC, 2021). They have been documented in oceans
(Andrady, 2005; Cozar et al., 2014; Thompson, 2004), terrestrial sys-
tems (Wong et al., 2020), and freshwater systems (Baldwin et al., 2016;

found in aquatic ecosystems, including rivers, lakes, and oceans. If this
trend continues, this number could reach 90 Mt/year by 2030 (Borrelle
et al., 2020). However, the amount of plastic debris on the ocean surface
accounts for only approximately 1% of the projected waste input from
land (Cozar et al., 2014; Law and Thompson, 2014; van Sebille et al.,
2015), indicating a large difference between the sources and sinks of
MPs. One possible hypothesis explaining the missing load of MPs in
oceans is the sedimentation or settling of MPs in freshwater systems and
oceans. This hypothesis is partly supported by the fact that the estimated
annual river emissions into oceans globally (0.8-2.7 Mt/year) (Meijer
et al., 2021) were found to be lower than plastic inputs into the entire
aquatic system studied (Borrelle et al., 2020). MPs generated on land can

Abbreviations: Cp, drag coefficient; FT-IR, Fourier-transform infrared spectroscope; HDPE, high-density polyethylene; MP, microplastic; PE, polyethylene; PET,
poly(ethylene terephthalate); PP, polypropylene; PS, polystyrene; Re, Reynolds number; SEM, scanning electron microscopy; WWTP, wastewater treatment plant.
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be retained in freshwater systems for long periods, until they reach
oceans (Alimi et al., 2018). Several studies have explored the distribu-
tion and fate of MPs in freshwater systems. They have revealed that
static waterbodies, such as lakes, ponds, and reservoirs, could be po-
tential regions of MP accumulation (Di and Wang, 2018; Hu et al., 2018;
Sruthy and Ramasamy, 2017; Welden and Lusher, 2020). High con-
centrations of MPs in river and lake sediments indicate the retention of
MPs in freshwater systems.

Although typical municipal wastewater treatment plants (WWTPs)
remove MPs with an overall efficiency of >90% (Iyare et al., 2020; Park
et al.,, 2020; Sol et al., 2020; Tang and Hadibarata, 2021), WWTPs
continue to be the major point sources of MPs (Hu et al., 2022). The most
important removal mechanism of MPs in WWTPs is particle settling in
clarifiers after coagulation with other particles, with removal effi-
ciencies of 53-92% (Carr et al., 2016; Dris et al., 2015; Gies et al., 2018;
Long et al., 2022; Talvitie et al., 2015; Yang et al., 2019). However, the
removal of MP particles from individual polymers by settling has been
poorly documented, and only large MPs (598-1618 pm) have been
studied (Murphy et al., 2016). Size of MPs in WWTP effluents were
smaller than those in the influents, suggesting a more efficient removal
of larger MPs in WWTPs (Dris et al., 2015; Simon et al., 2018; Talvitie
etal., 2017). Due to the experimental difficulties associated with smaller
particles, it is still unclear how relatively smaller MPs (<~150 pm) are
removed (Iyare et al., 2020; Sol et al., 2020). As smaller MPs are sus-
pected to exert more severe effects on aquatic organisms (An et al., 2021;
Bhagat et al., 2021; Ge et al., 2021; Kokalj et al., 2018; Ma et al., 2020;
Ziajahromi et al., 2018), understanding their settling in typical WWTPs
is important for assessing the loading of MPs into freshwater and their
potential adverse effects on aquatic environments.

The settling behavior of MPs is not only influenced by the hydraulic
conditions of waterbodies but also by the characteristics of the MPs. In
static water with a small Reynolds number, the settling rate is deter-
mined by the density, size, and shape of an MP particle (Stokes, 1851).
High-density MPs are readily deposited into lakes and reservoirs in the
form of bottom sediment (Di and Wang, 2018; Xiong et al., 2018). It was
found that polyethylene (PE), polypropylene (PP), and poly(ethylene
terephthalate) (PET) were the most prevalent MPs in water and sedi-
ments because they are produced and used in large quantities. However,
a relatively high proportion of MPs with densities higher than that of
water, such as polystyrene (PS), polycarbonate, polyvinylchloride, and
nylon, was also detected in sediment samples. These results were sup-
ported by laboratory studies that investigated the terminal velocities of
pristine MPs with regular or irregular shapes, which demonstrated that
the settling of MPs is well described by the Stokes equation (Khatmullina
and Isachenko, 2017; Waldschlager and Schiittrumpf, 2019). Generally,
the size of reference MPs used in settling experiments is larger than 0.5
mm, although MPs isolated from water and sediment samples are
generally much smaller (Di and Wang, 2018; Fischer et al., 2016; Free
et al., 2014; Su et al., 2016; Xiong et al., 2018). As particulate behavior
in water depends mainly on the particulate size, it is necessary to un-
derstand the settling behavior of MPs with small size ranges.

Biofouling allows the aggregation of MPs with suspended particles,
which increases their density and allows MPs with lower densities to
settle in waterbodies (Horton et al., 2017). Higher proportions of PE and
PP, which have densities lower than that of water, have been detected in
the sediment of lakes, reservoirs, and rivers (Di and Wang, 2018; Eo
et al., 2019; Koutnik et al., 2021; Xiong et al., 2018). MPs provide sur-
faces for the colonization of microbial communities and formation of
biofilms (Miao et al., 2019), which alter their properties and play an
important role in the heterogeneous aggregation of MPs. For example,
Michels et al. (2018) observed accelerated aggregation of PS beads
(700-900 pm) with other biogenic particles in seawater after biofilm
formation. In addition, Semcesen and Wells (2021) demonstrated that
the increasing velocities for irregularly shaped PP granules (approxi-
mately 125-2,000 pm) decreased in ex situ column experiments as the
formation of biofilm progressed. Moreover, some PP particles covered
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with biofilm were observed to settle. Similar to settling experiments
with pristine MPs, this study used relatively larger PP particles. Further
research on diverse MP materials with small sizes (<150 pm) is required
because biofilm formation, aggregation, and the settling of MPs depend
on their physical and chemical characteristics.

The aims of this study were to (1) quantitatively investigate the
settling or floating of small MPs (<150 pm) in WWTP influents in a
vertical flow system that simulates the primary sedimentation tank in
WWTPs and (2) evaluate the effects of biofilm formation on the settling
of MPs. For the settling experiment, four types of polymers (high-density
polyethylene (HDPE), PP, PET, and PS) were selected because of their
abundance in freshwater systems (Koutnik et al., 2021) and effluents of
WWTPs (Simon et al., 2018; Talvitie et al., 2017; Yang et al., 2019).
Small MPs (<150 pm), which are dominant in the environment,
including in WWTP influent, but have rarely been investigated for their
settling behavior, were the target MPs in this study. Cylindrical refer-
ence MPs (diameter: 80-130 pm, length: approximately 100 pm) of the
four plastic materials and fragmented reference PS and PET sieved
through a 20-100-pm mesh were used. These reference MPs were
incubated in the WWTP influent to allow biofilm formation, after which
settling experiments were conducted at three overflow velocities. The
settled fraction was evaluated for all reference MPs before and after
incubation, and the results were compared with theoretical predictions.

2. Materials and methods
2.1. Materials

HDPE, PP, and PS pellets were purchased from LG Chem Ltd. (Seoul,
Republic of Korea), and PET pellets were purchased from Lotte Chemical
(Seoul, Republic of Korea). Custom-made reference MPs of PS and PET
(size: 20-100 pm) were generously supplied by the Korea Testing &
Research Institute (KTR) (Gwacheon, Gyeonggi-do, Korea). Sodium io-
dide (Nal, 99.5% purity) was purchased from FUJIFILM Wako Pure
Chemical Corporation (Osaka, Japan).

2.2. Preparation and characterization of reference MP particles

To prepare the reference cylindrical MP particles, pellets of the four
polymers were molded into fibers with 80-130 pm diameters using a
plastic extruder (LME-230, Dynisco, Franklin, MA). The fibers were cut
to a length of approximately 100 pm using a microtome (Microm
HM200; Microm International, Walldorf, Germany). The cross-sectional
diameter and length of the cylindrical reference MP particles were
measured from images captured using a BX51 microscope coupled with
a DP20 camera (Olympus, Tokyo, Japan). Image analysis was performed
using the IMAGEJ software 1.53a (National Institutes of Health,
Bethesda, MD, USA). The density of the reference MP particles for each
polymer material was measured using a modified titration method
(Beuth, 2013) with 99% ethanol, distilled water, and an Nal solution
(density: 1.58-1.60 g mL™1). The densities of the HDPE and PP were
determined by gradually adding distilled water into 99% ethanol con-
taining standard MPs until the MPs floated to the surface of the solution
and measuring the volume and mass of the added solution. The densities
of the HDPE and PP were 0.956 g cm > and 0.889 g cm ™3, respectively.
For PS and PET, the Nal solution and ethanol were used. The measured
densities of the cylindrical PS and PET were 1.053 and 1.327 g cm >,
respectively. The reference MP particles provided by the KTR were
fragmented particles with irregular shapes, and their sizes and densities
were measured using the same methods before the tests. The measured
densities of the fragmented PS and PET were 1.049 g cm > and 1.358 g

em 3, respectively.

2.3. Biofilm development on MPs in WWTP influent solution

For this experiment, influent wastewater was collected from the
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Jungnang Sewage Treatment Plant (Seoul, Republic of Korea) on
September 4, 2021, using grab sampling. A stainless-steel bucket was
submerged into the WWTP influent reservoir at a depth of 0.4-0.5 m,
and the collected sample was poured into two 20 L PE square bottles.
The samples were transferred to a laboratory and stored at 4 °C until
further use.

For the formation of biofilms at the surface of the MPs, reference MPs
were incubated in the collected influent solution. Approximately
100-150 reference MP particles were counted under an optical micro-
scope and added to a 50 mL conical tube containing 20 mL of wastewater
influent. The tubes were incubated at 25 °C, illuminated by light-
emitting diode (LED) lamps (approximately 3,000 lx), and shaken
using a digital rotary shaker (60 rpm) for two weeks. Although the hy-
draulic retention time of sewage water in WWTPs is generally less than
two days (Deowan et al., 2015; Karabelas et al., 2018), aged MPs
covered by fully developed biofilms are likely to enter WWTPs. There-
fore, two weeks was chosen as the incubation duration to allow suffi-
cient formation of biofilms on the pristine reference MPs. The LED lamps
and light/dark periods (12:12 h) adopted in this study were chosen as
the typical culturing conditions for microalgae in the freshwater (Kang
et al., 2016; OECD, 2011).

2.4. Vertical transport of MPs in WWTP influent solution

Column studies were conducted in series to evaluate the settling
velocity of the reference MP particles before and after incubation in the
WWTP influent solution. The collected WWTP influent was filtered
through a stainless-steel filter (dimeter: 25 mm, pore size: and 20 pm) to
prevent clogging of the test system by other suspended particles in the
influent. A schematic diagram of the custom-made vertical-transport test
apparatus is shown in Fig. 1. The influent solution was placed at the
bottom of a settling glass column (height: 45 c¢m, inner diameter: 52
mm) using a peristaltic pump (BT100-1F, Baoding Longer Precision
Pump Co., Ltd, Hebei, China) with Tygon® crystal clear laboratory
tubing (id/od 4.8/7.9 mm). The overflow from the settling column was
collected in an aluminum duct and directed to the influent reservoir for
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recirculation before injecting the reference MPs. After setting the flow
rate by measuring the overflow rate, the three-bed volumes of the
influent were recirculated to stabilize the test apparatus. After stabili-
zation, the reference pristine or incubated MP particles were injected at
the bottom of the settling cylinder using a 30 mL glass syringe equipped
with a 50 cm-long stainless-steel pipe (internal diameter: 4.2 mm). After
injecting the MP particles, the aluminum duct was disconnected from
the influent reservoir, and approximately 800-1000 mL of the column
overflow was filtered through a 25-mm stainless-steel filter (pore size:
20 pm for the cylindrical MP particles and 5 pm for the smaller frag-
mented MP particles) to collect sufficient MP particles. Furthermore, the
settling column was disconnected from the peristaltic pump, and the
remaining WWTP influent in the column was drained. MP particles in
the first 200 mL of drainage were considered settled particles, whereas
the remaining MP particles were considered suspended particles. The
drainage was also filtered through a 25-mm stainless-steel filter (pore
size: 20 pm). The tested flow rates were set to approximately 10, 25, and
35 mL min . Moreover, the actual flow rates were calculated based on
the measured volume of the overflow. All settling experiments were
conducted twice.

2.5. Pretreatment of samples

MP particles collected on stainless-steel filters were retrieved and
pretreated before spectroscopic identification using a Fourier-transform
infrared spectroscope (FT-IR) with a dissection microscope (Nicolet
iN10 MX, Thermo Fisher Scientific, Waltham, MA). A stainless-steel
filter was submerged in a 20 mL glass vial containing 5 mL of distilled
water. The vial was sonicated for 30 min to detach the particles from the
filters. After sonication, the filter was picked up and rinsed with 4 mL
distilled water and 9 mL of 30% hydrogen peroxide to remove any
remaining particles. Thereafter, the rinsate was added to the pretreat-
ment vial. The vial was placed in a dry oven at 60 °C for 3 h, allowing
wet peroxidation with hydrogen peroxide. The oven temperature was
then increased to 85 °C to evaporate the solution. After the solution had
completely evaporated, the vial was removed from the oven. For density
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Fig. 1. Schematic diagram of the vertical-transport test system for measuring the settling of MPs in WWTP (a) during stabilization before injecting reference MPs and

(b) during the settling experiment after injecting reference MPs.
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separation of the MP particles, 20 mL of an Nal solution (1.6 g mL™};
filtered through a Whatman grade GF/C glass microfiber filter with a
pore size of 1.2 pm) was added to the glass vial, which was placed in a
glass cup. The MPs were allowed to float near the surface for 3 h, after
which the Nal solution was carefully added to the vial to allow the
floating MPs to overflow. The surface of the vial was rinsed in a glass cup
using the Nal solution and then the solution in the cup was filtered
through a 25-mm Whatman Anodisc inorganic filter membrane with a
pore size of 0.2 pm. The Anodisc filters were secured in a clean glass
Petri dish and dried in a vacuum desiccator.

2.6. Spectroscopic determination of reference MPs

The particles collected on the Anodisc filter were analyzed using the
FT-IR instrument. The spectrum of each pure reference MP material was
obtained at a collection time of 0.314 s and resolution of 4 cm™!; this
was the reference spectrum (Fig. S1). The spectra of the entire area of the
filters were obtained by scanning at a collection time of 0.314 s, reso-
lution of 16 cm™!, and wavelength range of 4000-1400 cm*. The
OMNIC Picta expert software (Thermo Fisher Scientific) was used to
identify potential MPs using correlation maps, which were obtained by
comparing the spectrum map of the filter with the reference spectra. To
confirm the presence of MP particles, potential MP particles were
observed under an optical microscope, and their IR spectra were
compared with those in the library. Particles with the expected shapes
and having a spectrum similarity greater than 70% were confirmed as
MP particles. All of the microscopic images of the identified MPs were
saved, and their size parameters (e.g., diameter and length of the cy-
lindrical MPs, length of long and short perpendiculars at the midpoint
for fragmented MPs) were recorded.

2.7. Observation of biofilm development at MP surfaces

Changes at the surfaces of the cylindrical reference MPs before and
after incubation in the WWTP influent were observed using an optical
microscope. Approximately 20 cylindrical reference HDPE, PP, PS, and
PET particles were counted, and their images were obtained using an
optical microscope. After counting, all MPs of each material were added
to a 20 mL conical tube containing 5 mL of the influent. The tubes were
incubated for two weeks under the same conditions specified in section
2.3. After incubation, the influent was directly filtered through a 25-mm
Anodisc filter membrane with a pore size of 0.2 ym, and the MPs on the
filters were observed using an optical microscope. For better observation
of the MP surfaces, scanning electron microscopy (SEM) images were
obtained. After the optical analysis of the Anodisc filter, it was
completely dried in a desiccator. The position of reference MPs was
inspected on the dried filter, after which a carbon conductive adhesive
double-sided tape (width: 5 mm, thickness: 0.16 mm; Woo Yang Korea
Chemical, Seoul, Republic of Korea) was lightly attached to the filter and
then removed. The carbon tape with adhered MPs was fixed to the SEM
mount, and the surfaces of the MPs were observed using FE-SEM with a
Quanta™ 250 FEG (ThermoFisher Scientific).

2.8. Predicting and comparing the settling of MPs

The observed settling behavior of pristine MP particles can be
explained by the theoretical terminal velocity of a spherical particle (u,)
in a creeping flow with a very low Reynolds number (Re). When the Re
around the MP particles (Rep) is extremely small (Re, <«1), the settling
velocity of an MP particle is estimated by Stokes’ law (Eq. (1)), assuming
that the acceleration in the Navier-Stokes equation is negligible, as
follows:

. (4dﬂ, (P = py) g>2 D

3Copy
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where d, is the equivalent spherical diameter with the same volume as
that of the particle [m], pr and py, are the densities of the fluid and
particle [kg m~3], respectively; Cp is the drag coefficient; and g is the
gravitational acceleration [m s2].

In the Stokes regime where Re, < 0.1, Cp is calculated as Cp =
24/Re,. Moreover, dq was calculated using the measured size of the MP
particles, assuming a spherical shape. As the MPs used in the experiment
were cylindrical or fragmented, the equivalent diameter d.; was calcu-
lated using the measured lengths. In the case of cylindrical MPs with
diameters d and heights h, d.; was calculated using Eq. (2):

When the h of an MP was not measurable; it was assumed to be the
same as d. In the case of fragmented MPs, d.; was calculated using Eq.
(3), assuming that the shape of fragmented MPs was ellipsoid.

doy =2(a*b)! ®3)

where, a is the short semi-axis length and b is the long semi-axis length.
Given that only 2-D images of the MPs were obtained from the experi-
ment, the other semi-axis length of the MPs was assumed to be the same
as the short semi-axis length measured in the experiment.

To compare the experimental results and predictions obtained using
Stokes’ law, the settling probabilities of the MPs were calculated. The u,
of the pristine MPs, calculated using de; and obtained from Eq. (1), was
compared with the upward flow velocity at a radial distance r from the
center of the flow cross-section (i) in the test apparatus. When u; was
greater than u,, the MP was considered to be sedimented. The Re of the
flow in the test column (Re = Udc/y, where d, is the diameter of the glass
cylinder for the experiment and U is the average stream velocity) ranged
between 3.25 and 9.75 and corresponds to laminar flow. This allowed
the prediction of u,, assuming a parabolic velocity profile, as follows
(White, 2016):

ty = Up {1 - (11?)2} @

where, R is the radius of the cylinder and U is the maximum flow ve-
locity at the centerline r = 0. Moreover, a no-slip boundary condition (u,
= 0 at the wall (r = R)) was assumed.

The test system was run at a steady flow, and u, was assumed to be
constant at every height. The cross-sectional area of the cylinder where
u; > ur was calculated for particles with d.q. This allowed the probability
of sedimentation of the MPs (Psedimented) t0 be calculated as follows:

crossectional area where u, > u,

(5)

Pscdimcnlcd = -
total cross — sectional area

3. Results and discussion
3.1. Characterization of standard MPs

Before the settling experiments, the size and shape of the reference
MP particles were determined. Table S1 summarizes the average
diameter and length of the cylindrical reference MPs, including the
standard deviation and measured number of MPs. The average diameter
and length of the cylindrical MPs were 79.44-130.98 pm and
97.91-128.35 pm, respectively. Given that the shapes of the fragmented
reference MPs were irregular, they were assumed to be ellipsoid. The
equivalent diameter (d.q) of a sphere with the same volume was calcu-
lated from the long and short axes of an ellipsoid. The average d., was
31.85 + 10.51 pm (n = 223) for PS and 58.21 + 24.52 pm (n = 166) for
PET, which were smaller than those of the cylindrical reference MPs.
The size distribution of each reference MP is described in Figs. S2 and S3.

SEM images of the reference MPs are presented in Figs. S4 and S5.
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The shape of the cylindrical reference MPs was regular, but the frag-
mented reference MPs showed considerable differences in their size and
shape as well as had greater surface roughness. These surface properties
not only influenced the behavior of the MPs during vertical transport in
the water, but also affected biofilm formation at the surface of the MPs
and altered their sedimentation properties.

3.2. Vertical transport of MPs

3.2.1. Comparison of pristine and cultured MPs

Vertical transport of the identified MPs was divided into three
groups, namely overflowed, suspended, and settled. Although the MP
particles suspended in the middle region of the column did not overflow
during the experiment, they were considered to overflow because their
steady settling velocity was lower than the overflow velocities.

In Fig. 2, the distribution of the reference MPs in the settling column
at three flow velocities is presented by comparing the pristine and
incubated MPs. For HDPE and PP (Fig. 2a and b), it was expected that all
pristine reference MPs would overflow because their material densities
were lower than that of the wastewater influent (1.008 g cm’g). How-
ever, approximately 10% of the HDPE and PP were isolated in the settled
region at the slowest overflow velocity (0.15 mm s’l), and they did not
settle at higher overflow velocities. As the MPs were injected in the
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direction opposite to the flow of the test system using a syringe with a
long stainless tube (Fig. 1), the initial sticking to the bottom surfaces of
the column at the lowest overflow velocity could have prohibited
buoyant transport. Interestingly, culturing HDPE and PP particles in the
wastewater influent consistently resulted in an increased settled fraction
at all three overflow velocities. This could be due to the growth of
particles via aggregation and/or an increase in the particle density.

The settled fraction of the cylindrical reference PS and PET particles
was significantly greater than those of the HDPE and PP particles at all
three overflow velocities (Fig. 2c and d). This was because particle
densities of PS and PET were much greater than those of the wastewater
influent. Similarly, incubation with PS and PET enhanced particle
settling under all the experimental conditions. The proportion of settled
MPs decreased with an increasing overflow velocity. This tendency was
more apparent for cylindrical PS than for cylindrical PET. Moreover,
incubation increased the fractions of settled PS and PET by factors of
2.4-5.15 and 1.4-3.0, respectively. The greater effects of incubation on
PS might be explained by the difference in the densities of PS (1.04 g
em~3) and PET (1.37 g cm™3).

Contrary to the general theory that settling velocity increases with an
increase in the hydrodynamic diameter of a particle (Khatmullina and
Isachenko, 2017; Stokes, 1851; Waldschlager and Schiittrumpf, 2019),
the proportion of settled pristine fragmented PS particles was almost
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Fig. 2. Percentage of reference MPs sedimented, suspended, and overflowed in the test apparatus for (a) cylindrical HDPE, (b) cylindrical PP, (c) cylindrical PS, (d)
cylindrical PET, (e) fragmented PS, and (f) fragmented PET at three flow velocities. Pristine and cultured reference MPs in the wastewater influent are compared.
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twice that of the cylindrical PS particles (Fig. 2c and e). The faster
settling could be explained by the fact that pristine fragmented PS
particles aggregated easily after they were added to the settling appa-
ratus, owing to their irregular shape and larger specific surface area that
favored entanglement. Although the wastewater influent was filtered
through a stainless filter with a 20 pm pore size, suspended organic and
inorganic particles of smaller sizes remained. As fragmented PS particles
are much smaller than cylindrical PS particles, the aggregation of frag-
mented PS with suspended particles may significantly alter their particle
size and density. As opposed to the cylindrical PS particles, incubation of
the fragmented PS did not increase the settling behavior (Fig. 2¢c and e),
possibly because the fragmented PS sufficiently aggregated in the test
apparatus without incubation, whereas the cylindrical PS did not.

The smaller particle size of the fragmented PET partly explains the
smaller sediment fraction (Fig. 2f). However, an increase in the sediment
fraction of the fragmented PET with an increase in the overflow velocity
was not consistent with other studies. It was found that large negative
charges on MP surfaces increase the diversity of MPs during their in-
cubation in freshwater (Ramsperger et al., 2020), which might be
related to the complex settling behavior of fragment PET particles after
biofilm formation, as the surface charge of PET is known to be very
negative. Further investigation is required to understand if the interac-
tion between fragmented PET particles and the glass wall affected the
results of the experiment.

Murphy et al. (2016) investigated the effects of polymer composition
in liquid (influent and effluent) and solid (grit, grease, and sludge cake
(SQ)) fractions on the number of MPs during four stages of the treatment
processes in a large secondary WWTP in River Clyde, Glasgow, using
FT-IR imaging. They isolated HDPE and PP particles in the SC of a pri-
mary clarifier and concluded that the settling fractions of HDPE and PP
were low. However, in their study, most of the HDPE and PP overflowed,
which is consistent with the low settling of HDPE and PP. After the
primary treatment, the percentages of PS and PET in the liquid fraction
decreased from 17.2% to 5.9% and 12.6%-2.9%, respectively. This was
consistent with the experimental results of this study that concluded that
20-45% of PS and 30-90% of PET incubated in the WWTP influent had
settled. The size range of the MPs used in Murphy et al. (2016) was
598-1618 pm, which is larger than the size range used in our study
(31.85-130.98 pm). In our study, the removal efficiency of MP particles
was estimated by calculating the settled mass fraction of MPs. The
measured density and size of the MP particles recorded from the image
analysis during the FT-IR analysis was used for estimating the mass of
the MP particles (examples of spectra and microscope images are in
Fig. S6). The fragmented reference MPs were assumed to be ellipsoids.
The removal rates of HDPE, PP, PS, and PET with sizes of approximately
150 pm were estimated as 6.3 + 1.9%, 15.0 + 0.9%, 60.8 + 18.0%, and
86.2 + 9.1%, respectively, in a typical primary clarifier with a retention
time of 2 h in the WWTPs. Additionally, the smaller (20-100 pm) and
irregularly shaped MP particles were predicted to be more difficult to
remove by settling than the cylindrical particles of similar sizes, with
removal rates of 19.1 £ 0.3% and 48.5 + 3.6% for PS and PET,
respectively.

As previously discussed, the settling velocity of the reference MP
particles significantly increased with increasing particle size and den-
sity. This general tendency was more apparent for the cylindrical
reference MPs than for the fragmented reference MPs and coincides with
previous studies that used larger MP particles (diameter: 0.4-5 mm).
The tested settling velocities in this study (0.15-0.40 mm s 1) were
considerably smaller than those in previous studies using larger particles
(0.3-11 cm s’l) (Waldschlager and Schiittrumpf, 2019; Semcesen and
Wells, 2021). This indicates that it is more difficult to remove smaller
MPs by gravitational settling in a typical WWTP, and partly supports
previous investigations in which MPs in WWTP effluents were generally
smaller than those in influents (Dris et al., 2015; Simon et al., 2018;
Talvitie et al., 2017). Because sedimentation is the most important
removal mechanism for MPs, further research on how the aggregation of
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MPs can be enhanced to improve the removal efficiency and, thus,
reduce the load of MPs in public waterways should be conducted. The
increase in the settling velocity of the MPs after incubation in the
wastewater influent supports the observation of light-density MPs in
wastewater sludge (Mahon et al., 2017; Mintenig et al., 2017; Murphy
et al., 2016) and sediments of freshwater systems (Koutnik et al., 2021).
Given that MPs in water are largely fragmented (Di and Wang, 2018;
Free et al., 2014; Park et al., 2020; Sol et al., 2020), further studies on
the effects of shape on aggregation and entanglement in the presence of
naturally occurring suspended particles under various environmental
conditions are required.

3.2.2. Comparing the settling of MPs with theoretical predictions

To compare the experimental results and predictions obtained using
Stokes’ law, the settling probabilities of the MPs were calculated using
Eq. (5). The theoretical probability of sedimentation was compared with
the experimental data for the reference PS and PET particles that had
densities greater than that of wastewater (Fig. 3 and S7). The settled
fraction predicted by the Stokes equation was significantly greater than
that observed under most experimental conditions. However, in the case
of the fragmented reference PS, the measured settled fractions were
marginally higher than the predicted fraction. Although there was a
significant difference between the predicted and measured settled
fractions, the measured settled fraction increased as the size of the
particles of all the reference MPs increased; this was demonstrated in the
modeling results (Fig. 3). The comparisons between the predicted and
measured settled fractions of the reference PS and PET at other flow
velocities (0.12 and 0.40 mm s~ ) were similar to those at a flow velocity
of 0.27 mm s~ L.

The difference between the experimental results and theoretical
predictions could be due to (1) the introduction of reference MP parti-
cles closer to the center of the flow cross-section (the model assumed a
homogeneous distribution in the flow cross-section) and (2) larger drag
coefficients of the reference MP particles. If all the particles were
introduced at the center of the flow cross-section, the calculated critical
d.q for the cylindrical and fragmented reference PET with settling ve-
locities equal to Uy were 91 and 87 pm, respectively. This explains the
lower percentage of settled PET particles in the experiment. The calcu-
lated dey was 176 and 250 pm for the cylindrical and fragmented PS,
respectively. This was outside the size range chosen for the experiment,
thereby supporting the observation of a lower settling probability.

As the equation used for calculating the settling velocities based on
Stokes’ law was obtained under limited conditions, it was necessary to
consider the inertia terms in the Navier-Stokes equation and particle
shape factors. When correcting the drag coefficients in our data using an
equation that partly considers inertia terms (Dey et al.,, 2019), Cp
increased by a factor of up to 1.12, resulting in minor changes. When the
drag coefficients were corrected using an equation for non-spherical
particles (Bagheri and Bonadonna, 2016), the correction factors for Cp
ranged from 1.0070 to 1.0104 for the reference PS and PET, respec-
tively. It was concluded that the surface roughness of a particle in-
fluences Cp, although small-scale irregularities and surface vesicularities
do not significantly alter the drag coefficient for irregular particles in the
Stokes regime (Bagheri and Bonadonna, 2016; Hill and Power, 1956).
Therefore, a higher Cp that considers inertia and shape factors would
have minimal effects on the observed settling.

3.3. Changes at MP surfaces after incubation in wastewater influent

The growth of biofilm at the surface of the cylindrical reference MPs
after incubation in the wastewater influent was observed using optical
microscopy and SEM (Fig. 4). The surfaces of all types of the MPs were
partially covered by a green layer, indicating the formation of biofilm.
As the biofilm was not sufficiently developed to quantitatively estimate
the growth of particle size, changes in the density of individual MPs
were not predictable. In the SEM images, it was apparent that the MP
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Fig. 3. Percentage of sedimented and suspended/overflowed pristine reference MPs in wastewater influent with theoretically predicted sedimentation probability at
a flow velocity of 0.27 mm s~ for (a) cylindrical PS, (b) cylindrical PET, (c) fragmented PS, and (d) fragmented PET.

surfaces were colonized by various species. Compared with the surface
of pristine MPs (Fig. S4), the surfaces of MPs incubated in the waste-
water influent were rougher and more heterogeneous. Such surface
changes may affect sedimentation properties by altering the affinity
between MPs or other particles in the wastewater influent. In addition,
biofilm makes the surface of a particle stickier, thereby allowing further
aggregation and settling of MP particles (Fazey and Ryan, 2016; Long
et al., 2015). This hypothesis is strongly supported by the observation
that a significant percentage of cultured HDPE and PP particles were
sedimented, whereas the pristine reference MPs were not. This notable
increase in the settling velocity of light-density MPs is consistent with
previous studies, which demonstrated that the surfaces of MPs become
more hydrophilic (Lobelle and Cunliffe, 2011) and denser with biofilm
formation (Kaiser et al., 2017; Semcesen and Wells, 2021; Wu et al.,
2020).

3.4. Implications of the study

The vertical settling properties of MPs with different densities pro-
vide insights into the fate and transport of MPs in WWTPs and fresh-
water systems, where turbulence has a limited impact. It has been
concluded that WWTPs are a major source of MPs in aquatic and
terrestrial environments as they discharge effluents and sludge (Hu
et al.,, 2022). The removal of MPs is generally achieved by particle
settling in primary and secondary clarifiers (Carr et al., 2016; Dris et al.,
2015; Gies et al., 2018; Long et al., 2022; Talvitie et al., 2015; Yang
et al., 2019). In static freshwater bodies, such as lakes, ponds, and res-
ervoirs, MPs can settle in bottom sediments and can be stored for long
periods (Di and Wang, 2018; Hu et al., 2018; Sruthy and Ramasamy,
2017; Welden and Lusher, 2020). The settling of reference MPs before
and after biofilm development in a laboratory setting revealed that the
sedimentation of MPs was greatly enhanced by aggregation with other
suspended particles in water, supporting previous results that
low-density MPs are widely detected in freshwater sediment samples (Di
and Wang, 2018; Xiong et al., 2018). The range of the estimated settling
velocity (0.1-0.4 mm s~ 1) of MP materials of different sizes and their
sedimentation efficiencies in a wastewater clarifier (6.33-86.20% by

mass) could be used to predict the removal of MPs entering a WWTP
based on operational parameters, such as the overflow velocity and
mixed liquor suspended solid concentration. This could reduce the effort
required for isolating and identifying MPs in WWTPs.

The settling behavior of fragmented MP particles is more complex
than that of regularly shaped particles. Most of the secondary MPs
detected in environmental samples are fragments or fibers. Thus, further
studies are required to understand their aggregation and/or entangle-
ment in the presence of other naturally occurring particles. It is also
necessary to extend the particle dynamics of MPs to 3-D to evaluate the
transport of MPs in non-static waterbodies.

4. Conclusions

Sedimentation of reference MPs under the low Re regime was
significantly affected by aggregation of MPs with other suspended par-
ticles in wastewater influent. Biofilm formation at MP surfaces favored
the growth of particles and increased the sedimented fraction by 0-16%
for light MP particles (HDPE and PP) and by a factor of 1.03-5.15 for
denser MP particles (PS and PET). The shape of the MPs was also an
important factor affecting the floating or sinking behavior, and more
complex behavior is expected for irregularly shaped MPs. In general, the
settling of MPs observed during the laboratory tests coincided with the
theoretical predictions obtained using Stokes’ law, although the
observed settling of pristine PS was different from that of PET. As ver-
tical transport of MPs is important for evaluating their removal from
wastewater clarifiers and sedimentation in waterbodies, the experi-
mental findings of this study can be used to develop models that predict
removal efficiencies in WWTPs and to estimate the sinking of MPs to
bottom sediments.
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