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Microplastic (MP) particles are commonly found in freshwater environments such as rivers
and lakes, negatively affecting aquatic organisms and potentially causing water quality
issues. Understanding the transport and fate of MP particles in these environments is a key
prerequisite to mitigate the problem. For standing water bodies (lakes, ponds) the terminal
settling velocity (TSV) is a key parameter, which determines particle residence times and
exposure times of organisms to MP in lakes. Here we systematically investigate the effects
of the physical parameters density, volume, shape and roundness, surface roughness and
hydrophobicity and lake water temperature on the TSV of a large number of particles with
regular and irregular shapes (equivalent diameters: 0.5-2.5mm) and different polymer
densities using computational fluid dynamics (CFD) simulations. Simulation results are
compared to laboratory settling experiments and used to evaluate existing, semi-empirical
relationships to estimate TSV. The semi-empirical relationships were generally found to be
in reasonable agreement with the CFD simulations (R® > 0.92). Deviations were attributed
to simpilifications in their descriptions of particle shapes. Overall the CFD simulations also
matched the TSVs from the experiments quite well, (R > 0.82), but experimental TSVs
were generally slower than model TSVs with the largest differences for the irregular
particles made from biodegradable polymers. The deviations of up to 58% were found
to be related to the attachment of air bubbles on irregularities in the particle surfaces
caused by the hydrophobicity of the MP particles. Overall, density was the most decisive
parameter for TSV with increases in TSV of up to 400% followed by volume (200%), water
temperature (47%) and particle roundness (45%). Our simulation results provide a frame of
reference for an improved evaluation of the relative effects of different particle
characteristics on their TSV in lakes. This will in turn allow a more robust estimation of
particle residence times and potential exposure times of organism to MP in the different
compartments of a lake.
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1 INTRODUCTION

Plastic products have a broad range of applications in all fields of
daily life due to their useful properties such as durability and
ductility (Derraik, 2002; North and Halden, 2013). Their
widespread use, in turn, has led to large amounts of plastic
waste, which, if mismanaged, may pose a threat to the
environment (Derraik, 2002; Barnes et al, 2009; Claessens
et al, 2011). Plastic debris, in a wide variety of sizes, can be
found in the oceans, as well as in terrestrial freshwater systems
and the atmosphere (Barnes et al., 2009; de Souza Machado et al.,
2018; Rochman, 2018; Frias and Nash, 2019; Liao and Chen,
2021). A significant share of the plastic found in the terrestrial
and marine environments belongs to the microplastic (MP)
fraction (<5mm -(Barnes et al., 2009)). These MP particles
may enter the environment as primary MP via the release
from cosmetic products and cleaners, via losses from
production plants and during transport (Gregory, 1983;
Gregory, 1996; Fendall and Sewell, 2009; Doyle et al., 2011) or
as secondary MP resulting from the break-down and erosion of
larger plastic debris in the environment (Williams and Simmons,
1996; Browne et al., 2011; Wright et al., 2020). Although different
size ranges have been used to define MP (Claessens et al., 2011;
Van Cauwenberghe et al., 2013), an upper size limit of 5,000 pm
has been introduced as the definition of MP by the National
Oceanic and Atmospheric Administration (Lambert and
Wagner, 2018; Sighicelli et al, 2018) and is commonly
accepted as the upper size limit in the literature. The lower
size limit is not as clearly defined and may vary between
different studies depending on their scope and questions
(Khatmullina and Isachenko, 2017; Kaiser et al, 2019;
Waldschlager and Schuttrumpf, 2019).

Freshwater lakes are amongst the main receptors of MP in the
terrestrial environment (Zbyszewski et al., 2014; Ballent et al.,
2016; Fischer et al., 2016; Anderson et al., 2017; Vaughan et al,,
2017; Hendrickson et al., 2018; Sighicelli et al, 2018). MP
particles can be taken up by organisms in different
compartments of a lake with detrimental effects on the
organisms as well as other organisms at higher trophic levels
(Cole et al., 2013; Wright et al., 2013; Cole et al., 2016; Coppock
et al, 2019). Transport vectors of MP particles determine their
horizontal and vertical distribution patterns in a lake
(Khatmullina and Isachenko, 2017; Kaiser et al, 2019;
Waldschldger and Schuttrumpf, 2019; Isachenko, 2020) and in
turn control residence times in the lake compartments as well as
exposure of organisms to MP particles. It is therefore of particular
importance to understand the physical controls of particle settling
in lakes (Elagami et al., 2022). Vertical transport vectors are
strongly controlled by physical parameters that define the force
balance between downward gravitational forces, drag forces and
upward buoyant forces acting on the body of an individual MP
particle. A terminal settling velocity (TSV) is reached at the point
where the summation of drag and buoyant forces is
approximately equal to the weight force (Chubarenko et al,
2016; Khatmullina and Isachenko, 2017; Zhang, 2017).

Several experimental studies have investigated the TSV of MP
particles primarily in marine systems (Arora et al., 2010; Wright
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et al., 2013; Chubarenko et al., 2016; Kooi et al., 2016; Kowalski
et al, 2016; Khatmullina and Isachenko, 2017; Zhang, 2017;
Chubarenko et al., 2018; Akdogan and Guven, 2019; Kaiser
et al, 2019), with studies explicitly addressing freshwater
systems being rare (Khatmullina and Isachenko, 2017; Kaiser
et al., 2019; Waldschlager and Schuttrumpf, 2019; Elagami et al,,
2022). In some of these studies specific semi-empirical
relationships have been developed to predict the TSV of MP
particles in water considering particle size, density, and
roundness as well as water density and kinematic viscosity
(Dietrich, 1982; Khatmullina and Isachenko, 2017; Kaiser
et al, 2019; Waldschlager and Schuttrumpf, 2019; Elagami
et al., 2022). Comparisons with earlier, well established
relationships developed for mineral particles (Dietrich, 1982)
suggest that for certain MP characteristics adjustments to the
known relationships are needed (Khatmullina and Isachenko,
2017; Waldschlager and Schuttrumpf, 2019). However,
adjustments or new formulations on the basis of experiments
only reflect the specific shapes of MP particles being used in the
experiment and a more general, systematic assessment of the
relative importance of different particle characteristics for TSV
estimates would be useful. We take a first step in this direction.

Models are a useful tool for a systematic evaluation of particle
transport in aquatic environments. Different types of models have
been used to simulate the settling and transport of plastic debris,
MP particles and individual MP particle in water bodies over a
wide range of spatial scales. At global and regional scales studies
have focused on MP transport in oceans using Eulerian circulation
models for flow in combination with Lagrangian (Berlemont et al,
1990; Maximenko et al., 2012; Jalon-Rojas et al., 2019; Nooteboom
etal.,, 2020; Guerrini et al., 2021) or Eulerian (advective dispersive)
(Mountford and Morales Maqueda, 2019) transport formulations.
These types of models rely on an adequate description of particle
settling, which is typically obtained from semi-empirical
relationships derived from experiments. At the smaller, process
scale the direct forces acting on particles or sets of particles have
been simulated using computational fluid dynamics (CFD)
(Zhang, 2017; Jérémy et al, 2020) or Lattice Boltzmann
methods (Trunk et al, 2021). While those approaches are
computationally expensive they can account for arbitrary
particle shapes and properties and provide valuable mechanistic
insights into the dominant factors controlling particle settling. In
turn they can also be used to validate and refine semi-empirical
relationships from experiments. Following this argument, the main
objective of this study is to systematically evaluate different factors,
such as particle density, size (or volume) and shape, water
temperature, and initial orientation of the particle, which
control the settling behavior and in turn the TSV of MP
particles. We further hypothesize that the hydrophobicity of the
surfaces of pristine MP particles will significantly affect their
settling behavior and TSV. Along those lines we quantify TSV
of MP particle using CFD simulations of a large set of individual
particles representing the following seven different polymers:
Polystyrene (PS), Polyamide 66 (PA66), Polycaprolacton (PCL),
Polylactic acid (PLA), Poly (L-lactic) acid (PLLA),
Polybutylenadipate terephthalate (PBAT), Polyvinyl chloride
(PVC), which are commonly found in the lake environment
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(Webb et al., 2013; Wright et al., 2013; Rocha-Santos and Duarte,
2015) over a range of shapes, densities and sizes. First we verify our
simulation approach against a set of laboratory experiments using
physical conditions and particle parameters in our simulations,
which are identical to those from the laboratory experiments of
(Elagami et al., 2022), We then compare our simulation results to
existing semi-empirical relationships developed for estimating the
TSV of mineral (Dietrich, 1982) and MP particles (Waldschlager
and Schuttrumpf, 2019) before conducting a systematic, model-
based evaluation of the key parameters controlling TSV and their
relative importance.

2 METHODS

Three methods were used to investigate the TSV of MP particles i)
numerical simulations, ii) laboratory settling experiments, iii)
semi-empirical settling relationships. For our analyses we used
two general classes of particles in terms of their shapes: a) regular
spherical particles and b) irregular particles with arbitrary shapes.
Additionally we generated a set of virtual, axis-symmetrical
(regular) particles derived from revolved polygons (see Section
2.4.1) for a systematic evaluation of the effects of particle
roundness, which were only evaluated with the CFD model.
The irregular MP particles were selected from larger sets of
particles made from seven abundant polymers (PS, PA66,
PCL, PLLA, PLA, PBAT, and PVC). These MP particles can
be categorized into biodegradable (PCL, PLA and PLLA) versus
non-biodegradable (PS, PA66, PBAT, PVC) polymers. Their size
and density ranged from 500 to 2,200 um and 1.03 to 1.38 kgm >,
respectively (cf. Supplementary Material S1, Supplementary
TableS1). All biodegradable and non-biodegradable particles
were provided by the Department of Macromolecular
Chemistry at the University of Bayreuth, Germany. MP
particles with sizes smaller than 500 um were intentionally not
considered as the simulation of their settling would require very
fine numerical meshes in the simulations and excessive numerical
costs, in particular if many particles are to be simulated.
Furthermore the settling of very small particles will
increasingly be affected by their electro-chemical surface
properties and less by their physical shapes and properties
(Zhang et al., 2017), so that other tools and methods would be
required for an assessment of their settling. The same holds true
for very specific shapes like fibers (Wei et al., 2021). Our study
specifically focuses on particle settling in standing freshwater
(e.g., freshwater lakes), which is in line with the experimental data
available for verification. However, it is generally possible to also
apply our methodology to other environments such as saltwater
lakes, simply by changing the properties of the water in the model.
Numerical simulations form the core of this work, while the
experiments and semi-empirical relationships are used to provide
areference for the simulations. In the following the three different
methods are described in more detail.

2.1 Model Setup and Boundary Conditions
To simulate the TSV of MP particles, we use the solver
overInterDyMFoam out of the open source C++ toolbox
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OpenFOAM v1812 (Weller et al., 1998). The used solver is for
two incompressible, immiscible fluids (water and air in this
application), which employs the volume-of-fluid method to
capture the water-air interface. It solves the Navier-Stokes
equations and supports moving meshes using the overset
method. In the present study, we employed the overset
method (also known as Chimera framework (Houzeaux et al.,
2014)), as it allows to simulate MP settling in a deep-water
column without the need for any mesh deformation.

The general simulation setup consists of two mesh domains
for i) the water column (background mesh) and ii) the particle
and its close surroundings (overset mesh) as shown in
Figure 1A. As the two mesh sets are disconnected, the
approach allows for a large freedom in movement (6 DOF)
of the simulated object, especially compared to traditional
approaches which employ mesh morphing/deformation.
While the background mesh remains stationary, the overset
mesh can move according to the calculated forces on the
enclosed object. During each time step, the cells covered by
the overset mesh are removed from the background mesh (cell
type “hole”). The results are exchanged/interpolated at the
boundary between the background and overset mesh using
specific patch types. As the overset mesh is moving, the holes
and interfacial patch cells are re-defined for each time step based
on the current position of the overset mesh.

Figure 1B illustrates the design steps taken to mesh the
arbitrarily shaped MP particle based on images taken from the
particles in the laboratory experiments and how the overset mesh
encloses the particle’s body. The SALOME 9.4 (Ribes and
Caremoli, 2007) software was used to generate the numerical
meshes for all simulation setups. The software ParaView (Ahrens
et al, 2005) was used for visualization of the conducted
simulations.

Figure 2A illustrates the general setup of the simulations
representing the water column dimensions and the boundary
conditions in the experiments (see Section 2.2 for more details).
To implement the same condition as in the experiments, in all of
the performed simulations 1 mm’s™ and 0.9982 gcm™> were
considered as water kinematic viscosity and density at 20°C
respectively. Moreover, the velocity boundary condition of
“pressurelnletOutletVelocity” was set to keep the upper side of
the column open and in contact with air. In turn an air/water
interfacial tension of “sigma: 0.007 kgs™>” was set for all
simulations. The outer surface of the MP particle which is
settling in the water (a viscous fluid), is surrounded by
stationary walls of the column. Hence, to represent the
velocity boundary conditions accordingly, the boundary types
“movingWallVelocity” and “fixedValue” in OpenFOAM were
used for the walls of the MP particle and water column,
respectively. More details concerning the applied initial and
boundary conditions for pressure, phase saturation and
velocity have been provided in Supplementary Table S2.
Quantities such as particle volume, mass, center of mass
(COM), location, and moment of inertia (MOI) (cf.
Supplementary Material S3), are important input parameters
for the OpenFOAM solver and had to be accurately calculated
beforehand.
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Water column

Overset mesh around the 3D MP particle.

FIGURE 1 | (A) Schematic of the used setup in all the simulations: I) Background mesh (water column-18 cm*18 cm*110 cm), Il) body of a designed MP particle, Ill)
Overset mesh around a MP particle, and (B) the steps in generating the particle and overset meshes: I) Image of a real MP particle Il) Extracting boundary coordinates of
the MP particle in a Cartesian coordinate system. lll) Building surface plane of the MP particle IV) Extruding the built plane in the third dimension as much as its thickness V)

Il
Microplastic particle

1]
Overset mesh

v Vv

A

Upper wall
(pressureinletOutletVelocity)

MP particle
(movingWallVelocity)

Stationary walls
(fixedValue)

Lower wall
(fixedValue)

FIGURE 2 | (A) Schematic of the whole simulation setup and the assigned velocity boundary conditions to each sub mesh set. (B) Water column used in the
laboratory experiments including glass water container, and thermometer to check the temperature of water in the column.

I W Water column

Thermometer

2.2 Experiment Setup and Data
We used TSVs measured in the laboratory for a set of spherical

and irregularly shaped MP particles (Elagami et al., 2022) for
comparison with the CFD results. Besides that, we carried out an
additional set of experiments to test our hypothesis, that the

hydrophobicity of MP particles will affect their TSV. Settling
experiments were first run for pristine, untreated PLA and PS
particles in the size range from 1 to 2 mm and then repeated after
the particles had been treated by immersion in a surfactant
(Tween-20) for 2hours. All the experiments were conducted
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using the same experimental setup as in (Elagami et al., 2022)
consisting of a water column with the dimensions of
18 cm*18 cm*110 cm and a Particle Image Velocimetry (PIV)
system to measure the settling velocity (Figure 2B). The 2D-PIV
system (iLA 5,150) consists of a LED light sheet with 530 nm
wave length as light source, a 40 fps high speed camera to track
MP velocities during settlement, and also the hardware to
synchronize the image acquisition frequency with the light
The air conditioned laboratory and the water
temperature were kept constant at 20°C and two thermometers
were used to record the temperature of water during the
experiments.

source.

2.3 Comparison of Simulations to
Semi-Empirical Relationships and

Experimental Data

Comparison of the model with results from experiments and
semi-empirical relationships was carried out in two steps: First,
simulations of 120 irregular MP particles made of the polymers
PS, PA66, PCL, PLLA, PLA, and PBAT from the experiments in
(Elagami et al., 2022) were conducted to quantify their TSV and
the findings were compared to the TSVs measured in the
laboratory experiments. Images of some of these MP particles
and the associated “model designed” particles for the numerical
mesh in the simulations are illustrated in Supplementary Table
S3 (cf. Supplementary Material S4) as an example. In the second
step, simulated TSV's were compared to TSV's estimated based on
two existing semi-empirical relationships between TSV and
particle characteristics, namely i) the relationship originally
proposed by Dietrich (1982), Dietrich, (1982) for mineral
particles, which has been shown to return acceptable TSVs for
regular MP particles (Khatmullina and Isachenko, 2017; Kaiser
et al.,, 2019), and ii) the relationship formulated by Waldschldger
et al. (2019) (Waldschlager and Schuttrumpf, 2019) for a broad
size and shape range of MP particles. TSV of spherical particles
with ten different sizes (0.5, 0.6, 0.75, 1, 1.25, 1.5, 1.75, 2, 2.25, and
2.5 mm) were simulated for each polymer with densities of 1.03
(PS), 1.12 (PA66), 1.14(PCL), 1.20(PLLA), and 1.38 gcm™>(PVC),
and then the simulation results were compared to the TSV results
of the same particles returned by the two semi-empirical
relationships.

2.4 Evaluating the Influence of Physical

Parameters on TSV of MP Particles

After confirming adequate performance of the model in the
previous stage, the impact of particle roundness, size and
density as well as water temperature on TSV were
systematically evaluated to assess the sensitivity of the TSV of
MP particles to the variation of each of the these physical
parameters.

2.4.1 Effects of Shape Characteristics

To systematically investigate the effect of different levels of
roundness on TSV we used regular polygons (Figure 3B).
Increasing the number N of sides of a regular polygon, yields

CFD Evaluation of Microplastic Settling

polygons with a growing number of sides of shorter length and
more internal angles, which evolve towards a perfect circle when
N approaches infinity. Revolving such regular polygons with
identical areas around one of their symmetry axes, produces
3D shapes with equal volumes (Figure 3A). This procedure was
followed to produce five series of regular polygons with the same
areas of their 2D projections as circles with diameters of 0.5, 1,
1.5, 2, and 2.5mm (cf. Supplementary Material S5,
Supplementary Figure S2) to generate a set of “virtual
particles” with increasing levels of roundness but the same
volumes for a model-based assessment of the effects of
roundness on TSV. To reduce the computational costs,
simulations were only carried out for virtual particles with a
density of 1.38 gcm™ (PVC), to show the general trend of the
impact of roundness on the TSV of MP particles.

The level of roundness of the irregular MP particles used in
our study was classified based on the Powers scale of roundness
and the Corey Shape Factor (CSF), both of which are metrics
having commonly been used in other studies (Dietrich, 1982;
Khatmullina and Isachenko, 2017; Kaiser et al., 2019;
Waldschldager and Schuttrumpf, 2019). The Powers scale of
roundness is a measure, which defines particle roundness on a
scale from 1 (very angular) to 6 (well rounded) based on the
average of two assessments by independent observers using a
graphical chart for comparison (Powers, 1953). The CSF is a
measure of the flatness of a particle and is determined based on
the lengths of its shortest, intermediate and longest perpendicular
axes (Corey, 1949).

The surface area to volume ratio (SA:V) is also an important
physical characteristic of MP particles, derived from their shape.
It determines how drag forces are exerted on a MP particle and
how these forces are distributed across its surface. The larger the
SA:V, the more friction forces relative to gravitational forces will
be exerted on the particle and consequently the less TSV the
particle will have and vice versa. The SA:V was determined based
on calculations of the particle surface area and volume from the
numerical mesh for all regular and irregular MP particles.

2.4.2 Impact of Particle Density and Volume

First we selected a distinct set of polygon-shaped particles from
the analysis of roundness and systematically increased their
densities and sizes. These peculiar shapes of the particles were
intentionally chosen to be able to simultaneously evaluate the
relative influence of evolving particle roundness versus the effects
of increasing particles size and density. To this end, the polygons
with areas identical to a sphere with 1 mm diameter and the
density of ppyc = 1.1 gem™ were selected for the analysis. By
choosing this initial size, the new set of virtual particles with
increased sizes approximately stays within the size range of the
MP definition. To examine the size effects, generated particles
corresponding to the polygons with 5, 6, 7, 8, and 12 sides as well
as a sphere were chosen and their volume enlarged by 10, 20, 50,
and 100%. Similarly, the same percentages were used to increase
the density of the original particles, which means that the initial
density of ppyc = 1.1 gem ™ was increased by 10, 20, 50, and 100%
to yield particle densities of 1.21, 1.32, 1.65, and 2.2 gcm™>
respectively. The highest density obtained using this procedure
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particles (for side numbers ranging from 5 to 21).

'20000000000000000 -
©0000000000000000-~

10 11 12 13 14 15 16 17 18 19 20 21

FIGURE 3| (A) The steps of generating a 3D regular hexagon. In the first step one half of a regular polygon is defined based on the coordinates of its vertices. This
half-polygon is then rotated around one of its symmetry axes to form a 3D, regular, axis-symmetric particle; (B) 2D regular polygons and their corresponding 3D regular

is only found in very heavy polymers (e.g,
polytetrafluoroethylene (2.1-2.3 gem™) (Chubarenko et al,
2016)), which may be found less frequently in the
environment. However, for the purpose of a systematic
evaluation of density effects this was assumed to be acceptable.

In addition 10 irregular MP particles (from the particles used
in Section 2.2) with an equivalent diameter range from 1 to
2 mm, a Powers scale of roundness (Powers, 1953) of 4 and a
Corey Shape Factor (CSF), (Corey, 1949), ranging from 0.7 to
0.85, were selected as model particles to investigate the impact of
an increase in size and density on TSVs. The initial density of the
particles was assumed to be 1.1 gem >, and similar scenarios with
respect to increasing volume and density as performed for regular
particles were repeated for the irregular ones as well.

2.4.3 Temperature

Vertical temperature gradients and the associated changes in
water density result in a thermal stratification of lakes during
summer with the formation of an epilimnion, metalimnion, and
hypolimnion (Herschy, 2012; Singh et al,, 2019). The vertical
temperature variations lead to changes in the kinematic viscosity
of the water and the resulting TSV of the particles as the move
from the relatively warm epilimnion, via the metalimnion to the
colder hypolimnion (Gorham and Boyce, 1989; Singh et al,
2019). These changes in TSV will affect the residence times of
MP particles in the different compartments of a stratified lake
system. To quantify the effects of temperature changes on TSV in
the different compartments, TSVs were simulated for the
different temperature regimes. In temperate climates water
temperatures in the three main compartments typically range
from 18 to 24°C, 18-7.5°C, and 7.5-4°C in the epilimnion,
metalimnion, and hypolimnion, respectively (Boehrer and
Schultze, 2008). TSVs for 30 randomly selected irregular PVC
particles (from the set of particles used in Section 2.3) were
simulated for temperatures of 20, 10 and 4°C as characteristic
temperatures for the epilimnion, metalimnion and hypolimnion
respectively. The densities and kinematic viscosities of water at 10
and 4°C are 09997 gcm™>, 1.3063 mm’™" and 1gcm >,
1.5674 mm?s’, respectively (Wagner and Kretzschmar, 2008).

T=0s

FIGURE 4 | (A) The fluid velocity field around one of the 120 irregular MP
particles at different point in time. Insets A to F show stages of the transient
phase of settling, while insets G and H depict the phase after the TSV has been
reached. Initial water velocity is zero and once the particle starts settling,

the fluid velocity field around the particle shows changes in water velocity,
while the velocity of the water in immediate contact with the particle reflects the
settling velocity of the particle itself. (B) Velocity and particle location.
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FIGURE 5 | (A) CFD-simulated TSVs for 120 irregular MP particles plotted against TSVs estimated based on the Dietrich relationship. (B) CFD-based TSVs and
TSVs estimated with the Dietrich relationship plotted against experimental results. (C) TSV changes due to particles’ surface treatment using Tween-20 for two sets of
MP particles (PS and PLA both in the range from 1 to 2 mm), the purple squares illustrate the TSVs before treatment with Tween-20 and the green circles represent their
TSVs from the re-run experiments after the treatmeant with Tween-20.

3 RESULTS

3.1 CFD Results for Irregular MP Particles
Compared to Experimental Results and the
Dietrich Relationship
The settling process for one of the 120 simulated irregular MP
particles is illustrated in Figure 4A. In the initial phase of the
settling the particle velocity dynamically changes as the particle
shows secondary movements such as rotations and tumbling
(Figure 4B at t = 1.2 s and Figure 4A, in-set A-F) before the
particle reaches a stable orientation in the fluid with a constant
settling velocity at t = 1.2s. This initial, dynamic phase lasted
around one second for all simulated particles. The second phase
was characterized by a stable particle orientation (Figure 4A, G
and H) and constant settling velocities for most particles. Some
particles, however, showed small harmonic oscillations in their
continuing downward movement, but with a constant
average TSV.

Simulated TSVs of 120 individual MP particles are plotted
against the TSVs estimated by the Dietrich relationship in

Figure 5A. CFD results are scattered along the 1:1 line with a
slope of 0.95 and a coefficient of determination (R*) of 0.91. In
Figure 5B TSVs simulated with CFD as well as TSVs from the
Dietrich semi-empirical relationship are plotted against TSVs
from the settling experiments. TSVs from CFD simulations as
well as estimates based on the Dietrich relationship overestimate
TSVs compared to the settling experiments. The coefficients of
determination still showed relatively high values at 0.82 for both
correlations and both trend lines have roughly the same slope of
about 1.059. The strongest deviations were found for the
biodegradable polymers (i.e., PCL, PLA and PLLA). However,
a deviation was observed for PS, as a non-biodegradable polymer,
as well. For PLA and PS particles an additional set of settling
experiments were performed, initially with pristine untreated
particles and subsequently with particles being treated with a
surfactant to assess the effects of hydrophobicity on the TSV.
Results of these additional experiments are plotted in Figure 5C.
While the wuntreated particles show significantly slower
experimental TSVs compared to the TSVs obtained from the
CFD model, this deviation between simulated and experimental
TSVs is practically removed for the treated particles. The R
improved from R* = 0.88 to R* = 0.96 and from R* = 0.086 to R* =
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0.82 between the untreated and treated particles for the PS- and
PLA-particles respectively (Figure 5C).

3.2 Evaluation of CFD Results for Spherical
MP Particles Against the Semi-Empirical

Relationships

In Figure 6 the CFD-simulated TSV are plotted against particle
size and density for a set of spherical particles. For comparision
the TSVs estimated based on the (Waldschldager and Schuttrumpf,
2019) and (Dietrich, 1982) relationships are plotted for the same
particles. For all polymers TSVs increased quasi-linearly with
particle diameter. However, the slope of the quasi-linear
relationship decreased with declining polymer density (densitiy
declines from left to right in Figure 6).

Overall the TSV simulated with CFD are quite well matched
by the values estimated from the Dietrich equation (R* > 0.98).
This is especially the case for the smallest diameters (0.5 and
0.75 mm), for which the simulated and estimated TSVs match
very closely for all polymer types and densities. For larger
diameters the match slightly deteriorates. In contrast, the
TSVs predicted by the Walsdschldger relationship are
systematically biased towards higher TSV values for all particle
sizes and diameters. This bias gets slightly smaller with increasing
particle size and density.

3.3 Systematic Investigation of the Relative

Importance of Different Parameters on TSV
3.3.1 Roundness

Increasing the degree of roundness of the virtual particles from N
=5 to 9 causes a linear increase in TSVs for all the examined
particle sizes (Figure 7A). Linear regressions between the degree
of roundness (N) and the TSV yield coefficients of determination
(R?) larger than 0.97 for all particles. The slope of the linear
regressions steadily grows from the smallest (0.5 mm) to the
largest (2.5 mm) particle diameter.
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FIGURE 7 | (A) Effects of increasing roundness on TSV of MP particles

for five different particle sizes. The different symbols depict the different
diameters of the equivalent perfect spheres, which have the same volumes as
the respective virtual particles derived from the polygons. Particles in all
simulations have a density of 1.38 gcm’s. (B) calculated SA:V for particles
corresponding to the particles of panel A.

Comparing the changes in SA:V for increasing side numbers
(Figure 7B) with the corresponding changes in TSVs
(Figure 7A), shows that for a given particle diameter a

Frontiers in Environmental Science | www.frontiersin.org

April 2022 | Volume 10 | Article 875220


https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Ahmadi et al.

CFD Evaluation of Microplastic Settling

10

Increasing density

of the trend in SA:V over an increasing TSV.

A | a
60 { “aa a i [ a * b a - =
. : x ! N = il
1 A 1
0 1 . & . s il P
! ! A
= sV 2 : ab! al " A - o : . 6155
t 1 - A I -
g£140 7 a & = . am i 2 . £
§ 30 . ; i h " Z
{ L L
2 N ad ! a :l Ada a® » &
a A 1 L]
ad ~ i Aa 2 a S Aa
20 ." - ..:1 A A, .' A » an®" A £ s
am® g —— L A, au®t ] B
10 = i' 'Ll [ ] ! - -
-
0 0
PS_M PS_L PAG6_M PAG6_L PCL_M PCL_L PLLA_M PLLA L
(1.03gem™)|  (1.03 gem™®) (1.12 gem™®) (1.12gem?)  [(1.14gem®)| (1.14 gem) (1.20 gem™®) (1.20 gem™®)

polymer type :Medium [0.5-0.9]mm & Large [1-2]mm

FIGURE 8| Simulated TSVs (left axis) and calculated SA:V (right axis) for the 75 irregular MP particles. The different polymers are arranged in the order of increasing
density along the x-axis with their equivalent diameters being grouped into intervals of 0.5-0.9 mm (Medium, e.g., PS-M) and 1-2 mm (Large, PS-L). The TSVs in each
subset of particles of a particular polymer (e.g., PS_M or PS_L) were arranged in increasing order from left to right. The blue dashed arrows indicate the general direction

=TSV aSAV

decreasing SA:V is associated with an increase in TSV. However,
for all the investigated particle diameters a threshold in N
emerges at the value of 8, beyond which a further increase in
N does not yield further increases in TSV. Beyond this threshold
changes in SA:V with increasing N become minimal and in turn
show little to no effect on the simulated TSVs. In this range TSV
stays quasi-constant only showing minimal, non-systematic
variations (Figure 7A, N > 8). Since the magnitudes of TSV
and SA:V for N > 8 were very similar, we removed the data for
13 < N < 19 to improve the readability of the figure.

3.3.2 Surface Area to Volume Ratio—Particles With
Irregular Shapes

The general relationship between SA:V and TSV, was also
evaluated for all the 75 irregular MP particles used in the
simulations in Section 3.1 (Figure 8). Sorting the TSVs in
ascending order for each type of polymer depicted descending
trends for SA:V ratios (dashed blue arrows in Figure 8). This
inverse relationship indicates that lower SA:V generally facilitate
faster TSVs. However, this trend shows significant scatter, in
particular for the lighter polymers such as PS. Spearman rank
correlations between the SA:V and TSV for each of the polymer
classes yielded values ranging from 0.31 to 0.9, indicating only
mild correlations between the two variables. In contrast spearman
rank correlations between the particle volumes and TSV showed
generally higher values ranging from 0.58 to 0.99, indicating that
variability in TSV for the irregular particles investigated here is
predominantly driven by variability in particle volume
(i.e, weight), while the effect of variability in the SA:V is
secondary.

3.3.3 Effects of Increasing Particle Size and Density
on TSV

3.3.3.1 MP Particles With Regular Shapes

Effects of density and size (volume) on the TSV of the MP
particles are depicted in Figure 9. For a 10% increase in density

the TSV increases from 48% for the least rounded particle (N = 5)
to 78% for a perfect sphere with a gradual increase with the degree
of roundness. For density increases of 20, 50 and 100% the
associated increases in TSV range between 107 and 139%, 206
and 275% and 401 and 483% respectively. The largest effects on
TSV by increasing density can generally be seen for a perfect
sphere, which has the smallest SA:V. Doubling the density of a
sphere increases the associated TSV by approximately 50%
compared to a respective particle derived from a polygon with
five sides.

Plotting the increases in TSV for the same particles used in
Figure 9A over the same percent increases in volume (Figure 9B)
reveals similar patterns as for the increases in density, but at
significantly lower magnitude. Increases in TSV for the least
rounded particles (N = 5) ranged from 13 to 112% when and from
32 to 223% for a perfect sphere (N = o). Similar to the effects of
increasing density the largest effect on TSV can be seen for
particles approaching the shape of a sphere (N > 8).

3.3.3.2 MP Particles With Irregular Shapes

The effect of increasing the density of the irregular MP particles
on their TSVs was generally quite similar to that observed for the
regular particles (Figure 9C). For example, doubling the density
of these particles led to an increase in TSV of up to five times, only
slightly less than the maximum increase for the regular particles.
However, the effect of increasing volume on TSV for the irregular
MP particles deviated in magnitude from that of particles with
regular shapes. While doubling the volume of the regular particles
with a high level of roundness (e.g. N > 8) led to TSV increases of
200% (Figure 9B), the irregular particles only reached maximum
TSV increases around 90% (Figure 9C). However, the regular
particles with the least degree of roundness (N = 5) generally
showed significantly smaller TSV increases (<120%), which are
more in the range observed for the irregular particles.
Interestingly, the clear sorting of the volume related TSV-
increases for the irregular particles by their equivalent
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same 10 irregular MP particles as in (C).

diameter (Figure 9D) was not seen for the effects of density-
increases (Figure 9C). This indicates that changes in surface drag
due to the increase in surface area resulting from the volume-
increase is directly related to the particle’s equivalent diameter,
while the equivalent diameter does not directly affect TSV
changes due to an increase in density.

Calculating the coefficients of determination for the
correlation between simulated TSVs, and the corresponding
particles volumes and densities yielded values of R* > 0.90,
and R®> > 0.94, respectively. This implies that variations in
particle TSV can be largely explained by variations in particle
density and volume and that shape characteristics of the
investigated particles play less of a role in determining the
settling velocity.

3.3.4 Effects of Water Temperature on TSV

The TSVs in the epilimnion with an assumed reference
temperature of 20°C are plotted against the TSVs in the
metalimnion, with an assumed temperature of 10°C (light blue
circles), and the hypolimnion with an assumed temperature of
4°C (dark blue triangles) for 30 MP particles (Figure 10). The
average decrease in TSVs resulting from the temperature drop
between the epilimnion and the hypolimnion is 32%. The largest
temperature effects on TSV's can be seen for the smallest particles

density of 1.38 gcm™.
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FIGURE 10 | Effects of water temperature changes in a stratified lake
assuming a temperature of 20°C in the epilimnion, 10°C in the metalimnion and
4°Cin the hypolimnion on the settling velocity of 30 irregular MP particles with a
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[equivalent diameter (cf. Supplementary Material S4, Eq. 5)
from 0.57 to ~1 mm], with a drop in TSVs from 32 to 46%
compared to the reference temperature of 20°C.

4 DISCUSSION

4.1 CFD-Based Assessment of the Initial

Settling Process

Although the main purpose of our simulations was to quantify
the TSVs of MP particles, which defines their overall settling
times in lentic water bodies such as lakes (Lambert and Wagner,
2018), the transient CFD simulations also allow to evaluate the
dynamic initial behavior during settling. The settling of all
particles, with regular or irregular shape, showed two distinct
phases during the initial settling period. The first phase represents
the time period before the particle reaches the TSV. In this phase
the irregular particles often show dynamic movements including
rotations and tumbling with dynamical changes in settling
velocities before they finally reach a stable settling position at
the TSV. This marks the beginning of the second phase, in which
the particles settle with a quasi-steady TSV. However, even after a
steady TSV is reached, gentle secondary particle movements are
possible depending on the particle’s shape. The specific time to
reach the TSV needs to be considered in experimental setups
(Khatmullina Isachenko, 2017; Waldschlager
Schuttrumpf, 2019) to ensure that velocity measurements are
done at a point where the forces exerted on the particle are
balanced and the TSV has truly been reached. In our simulations,
the initial phase of settling with transient velocities only lasted for
a fraction of a second (usually t < 0.5s) for symmetric particles
such as spheres. In contrast for asymmetric particles with
different roundness levels and stronger secondary movements,
this phase could last up to one second (more details on the
behavior of MP particles before reaching TSV, cf. Supplementary
Material $6). The beginning of phase two is marked by the point
when the particles reach their stable settling position at a steady
TSV. However, some particles showed small oscillating secondary
movements with very small harmonic velocity fluctuations
around a steady average TSV during this phase. These
oscillating, rotating, and tumbling secondary movements have
also been reported from experimental work in the laboratory
(Khatmullina and Isachenko, 2017; Waldschlager and
Schuttrumpf, 2019). Given that the TSVs of the particles are
reached very fast, the initial phase with transient velocities is
negligible in terms of an assessment of the settling of particles in
larger stagnant water bodies such as lakes.

and and

4.2 Comparison of TSVs From
CFD-Simulations, Semi-Empirical

Relationships and Settling Experiments

The CFD model accounts for the exact particle shape and density
and all the hydrodynamic forces that are exerted on the particle
body. Therefore CFD simulations can be considered to reflect the
true movement of a particle in water. As such CFD results can be
used on the one hand to evaluate the accuracy of commonly used

CFD Evaluation of Microplastic Settling

semi-empirical relationships, which make simplifications in the
description of particles shapes, and on the other hand reveal
additional non-hydrodynamic effects on particle TSVs by
comparison with the results from settling experiments with the
real MP particles of the same shapes and densities. In the
following we will first briefly discuss the results from the
spherical particles (Section 3.2) and then move to a more
detailed discussion of the results from the irregular particles
(Section 3.1).

4.2.1 Regular, Spherical Particles

For the spherical particles the CFD-simulated TSVs were
generally better matched by estimates from the Dietrich
relationship than by estimates obtained from the
Waldschldger relationship (Waldschlager and Schuttrumpf,
2019) (Figure 6). The Dietrich relationship (Dietrich, 1982)
had originally been developed for mineral particles of
significantly higher densities (>2.2 gcm™) than the polymers
investigated in this study (<1.4 gcm ™). Surprisingly, however,
it also yielded very reasonable TSV estimates for the much
lower-density MP particles. This good agreement is likely due
to the strong shape similarities between the mineral particles
used to develop the Dietrich relationship (including smooth
spheres, prolate ellipsoids, natural and crushed sediments
(Dietrich, 1982)) and the MP particles we used in this
study. In contrast the study by Waldschliger et al. (2019)
(Waldschlager and Schuttrumpf, 2019) also included particles
with significantly different shapes and also with lower densities
and is in turn adapted to accommodate a broader range of
particle characteristics. While we used very detailed
descriptions of 3D particles shapes in our simulations,
Waldschldger et al. (2019) only used the relatively coarse
measures of the Powers scale of roundness and the CSF to
describe particle shapes in their empirical relationships. These
measures may not fully define all shape characteristics that
affect the hydrodynamic forces acting on the particles during
settling. This presumably explains the larger offset between the
CFD-simulated TSVs and the TSV estimates based on the
Waldschlédger relationship.

4.2.2 Irregular Particles

Comparing the CFD-based TSVs with the TSVs obtained from
the Dietrich semi-empirical relationship for the corresponding
irregular MP particles yielded a strong correlation with an R* of
0.91 and a deviation of the slope of the regression line to the 1:1
line of only 5% (Figure 5A). This indicates that the Dietrich
relationship generally provides a good estimate of the TSV of the
particles with their respective shapes and densities. The scatter of
the data points along the 1:1 line we attribute to the fact that the
Dietrich relationship uses only three principal dimensions of a
particle (i.e., longest, intermediate, shortest perpendicular axes)
to calculate the particle equivalent diameter and its relative
flatness (CSF) (Dietrich, 1982), which does not allow to
account for individual details in differences in particle shapes.
Furthermore, the Powers scale of roundness, a measure used in
the Dietrich relationship to define the roundness of a particle is an
observational measure, which for well-rounded elliptical and
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FIGURE 11 | Influence of polymer surface roughness on the TSV for PS polymer. (A) - Irregular PS MP, the image was taken by microscope, I- the particle settling
in water with an air bubble attached on it. This image was obtained from the PIV system, llI- Particle roughness, image was taken by a Scanning Electron Microscope
(SEM). (B) I- Regular PS MP (spherical shape - image by microscope, II- SEM image of the surface of the sphere.
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spherical particles with only small differences in their shapes will
yield the same values.

Although the comparison between the CFD-simulated
TSVs and the TSV estimates from the Dietrich semi-
empirical relationship with the TSVs from the settling
experiments overall showed a good agreement (R* = 0.82),
simulated (CFD) and estimated (Dietrich relationship) TSVs
were generally biased towards faster TSVs compared to the
experimentally determined values (Figure 5B). The strongest
deviations we observed for the biodegradable polymers
(PLLA, PCL, PLA), however, also MP particles of PS, a
non-biodegradable light polymer, showed a noticeable
deviation. We suspect that the hydrophobicity of the
particle surfaces may have been the reason for this
deviation between simulated and observed TSVs
(Figure 5C). Hydrophobicity is a common characteristic of
the surfaces of most polymers typically found in waste (Al
Harraq and Bharti, 2021) and can enhance the sorption of
hydrophobic contaminants to MP particles (Kwon et al,
2017) leading to bioaccumulation of these contaminants
(Ziccardi et al., 2016). It can also potentially lead to the
adhesive attachment of air (Al Harraq and Bharti, 2021).
The latter process will change the net density of the particles
by adding an additional upward force, which will affect their
movement in water. This phenomenon is in fact a commonly
used method to separate MP particles from water filled
sediments (Renner et al., 2020).

The fact that the treatment with the surfactant Tween-20
shifted the experimental TSVs of PLA and PS particles to the
CFDs-simulated TSV values (Figure 5C), strongly suggests that
the observed TSVs deviations are related to effects of surface
hydrophobicity. This general interpretation 1is further
corroborated by the observation of discrete, large air bubbles
at surface irregularities on some of the particles during settling
in PIV images (Figure 11A-II). We attribute the generally
stronger deviation of the experimentally determined TSVs
from the respective CFD-simulated TSVs for the bio-
degradable polymers to the fact that the surfaces of
biodegradable polymers tend to have higher surface
roughness to facilitate better degradation (Szewczyk et al.,
2019; Moghadam and Tafreshi, 2020). Very small surface
heterogeneities associated with those rougher surfaces (Al
Harraq and Bharti, 2021) probably facilitate enhanced
adhesive attachment of air at surface irregularities. Air-
attachment, with potential effects on TSV, will also occur on
the rough surface of non-biodegradable particles, but
presumably to a lesser degree (Figure 11A-III). This could
explain why we also observed a noticeable deviation of the
experimental TSV from the respective CFD-estimate for the
irregular particles made of PS (Figure 5C), a non-biodegradable
polymer with a density (1.03 gcm ™) very close to that of water.
The low density of the PS particles makes them more susceptible
to changes in TSV due to attached air than the non-
biodegradable particles made of denser polymers, for which

Frontiers in Environmental Science | www.frontiersin.org

12

April 2022 | Volume 10 | Article 875220


https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Ahmadi et al.

no significant deviations between experiment and CFD had been
observed.

The images of particles (taken by a light microscope, Zeiss
Axioplan) and a high definition digital single lens reflex (DSLR)
camera Cannon EOS 5D)) and their surfaces in Figure 11
generally illustrate the differences in the surface roughness of
an irregular, non-biodegradable particle (Figure 11A-I) and a
spherical non-biodegradable particle (Figure 11B-I) made from
the same type of polymer (PS). The surface of the irregular
particle shows larger irregularities and a generally rougher
surface structure (Figure 11A-III) compared to the spherical
particle with a relatively smooth surface (Figure 5B-II). The
surface irregularities and the rougher surface of an irregular PS
particle will better facilitate the attachment of larger air bubbles
than the smoother surface of a respective spherical PS particle.
This interpretation is further supported by earlier settling
experiments using spherical particles with and without
treatment with Tween-20, which had been conducted at the
Limnological Research Station at Bayreuth University
(personal communication, Hassan Elagami), which had
practically shown no difference in the TSVs before and after
treatment with Tween-20.

4.3 Roundness and SA:V Relationship and
its Influence on TSVs of MP Particles

In previous studies the degree of roundness of a particle has
commonly been considered as an important parameter for
estimating the TSV of particles and it has usually been
described by using the CSF and the Powers scale of roundness
(Dietrich, 1982; Khatmullina and Isachenko, 2017; Waldschlager
and Schuttrumpf, 2019). We examined the effect of roundness
more systematically using exact 3D particle shapes obtained from
revolving polygons with an increasing number of sides (see
Section 2.4.1 for more details). Increasing the level of
roundness leads to a decrease in SA:V (Figure 7B) and thus
less drag forces being exerted on the particles body resulting in a
faster TSV. This general inverse relationship between SA:V and
TSV can be observed for the regular, spherical particles
(Figure 7A) as well as the irregular particles (Figure 8).
However, it is more evident for the virtual, regular particles
investigated here as they all have the same volumes and
densities, isolating roundness and the associated SA:V as the
only variable parameters (Figure 7). However, even for the
irregular MP particles shown in Figure 8, which have variable
volumes, the general descending trend in SA:V for increasing
TSVs is clearly discernable.

The gradual increase of the slopes of the regression lines for
increasing particle diameters (Figure 7A) suggests that the
magnitude of the effect of increasing roundness on a particle’s
TSV increases with particle diameter. While the larger particles
show significant increases in TSV over the initial increases in
roundness, the smallest particles with a diameter of 0.5 mm
practically do not show any significant change in TSV over
the same increase in roundness. We attribute this to the
drastic increase in SA:V when moving from particles with
1 mm diameter to the smallest particles with a diameter of
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0.5 mm (Figure 7B). For these very small particles the SA:V is
very high and in turn their TSV is driven more by the drag forces
resulting from their large surface area relative to their volume
than by additional hydrodynamic forces resulting from changes
in their roundness.

4.4 Particle Density and Volume Effects
on TSV

A comparison of the magnitudes of TSV increases associated with
a density increase versus a volume increase for regular and
irregular particles, respectively, showed a clear dominance of
density over volume effects on TSV for the same percent increases
in either parameter (Figure 9). By increasing the density of a MP
particle, the only force that is amplified is weight, which will
accelerate the downward movement of the particle. For the same
percentage increase in volume in turn, the respective increase in
weight and downward gravitational force is counteracted by
additional upward forces resulting from an increase in drag
due to the enlarged surface area and in the buoyancy of the
particle, both attenuating the increase in TSV.

The relative increases in TSV in percent for the same
percentage increases in density were very similar between the
regular (Figure 9A) and irregular particles (Figure 9C) with
values exceeding 400% for a doubling of the density. This was not
the case for the same percentage increases in volume. While we
observed TSV increases of up to 200% for the regular particles
(Figure 9B) the irregular particles only showed TSV increases of
less than 100% (Figure 9D). This illustrates the crucial role of
shape irregularities in affecting the hydrodynamic forces (e.g.,
drag) acting on the irregular particles during settling and the
resulting slow-down of their TSVs. Volume increases seem to
amplify the effect of such irregularities causing a non-linear
increase of the drag forces on the particles for increasing
volumes. Interestingly for the irregular particles the ranking of
their TSV increases relative to their equivalent particle diameter
changed over the different increments in density gain
(Figure 9C), while it stayed the same for volume increases.
Likely the simultaneous increase in weight, drag and buoyancy
associated with a volume increase maintains a certain balance in
downward and upward forces acting on a particle of a specific
shape. In contrast the more dramatic gains in weight due to the
density increases seem to result in significant differences in the
hydrodynamics forces (drag) that act on particles of different
shapes and in turn counteract the gain in gravitational force.

4.5 Impact of Water Temperature on TSV

Our simulations on the effects of temperature on the TSV of MP
particles (Figure 10) indicate that typical temperature differences
between the compartments of a stratified lake in a temperate
climate, will lead to significant differences in TSV (up to 46%).
Differences in temperature and in turn density and kinematic
viscosity of water in the different lake compartments have an
influence on the drag forces exerted on the particles altering their
TSVs. This temperature dependency of TSV can significantly
affect the residence times of particles in the different lake
compartments (Cole et al., 2016) and with that the exposure
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time of organisms to the MP particles (Elagami et al., 2022). This
implies that the seasonal temperature evolution in the different
lake compartments needs to be considered when evaluating
exposure. In addition to the temparture effect, however, other
parameters such as water oxygen content, salinity, water pH and
changes in food quality and availability have to be taken into
account to assess the complex patterns of interactions between
organisms and MP particles in the different lake compartments
(Migwi et al., 2020; Hiltunen et al., 2021; Hoffschroeer et al.,
2021).

4.6 The Relative Importance of the Different

Parameters Affecting Particle TSV

As highlighted by our analyses the TSV of MP particles in lakes
and stagnant water bodies is affected by a range of different
physical parameters such as density, volume, shape, surface
roughness and hydrophobicity of the particles as well as the
temperature and in turn density and viscosity of water.
Evaluating the relative impact of these parameters on the
TSV of MP particles quantitatively is challenging, as some
of the parameters are coupled and their effects on TSV will
overlap (Al Harraq and Bharti, 2021). Furthermore the settling
of particles in the investigated size range (0.5-2.2 mm) is
largely outside the true Stokes range of a laminar regime
and hydrodynamic forces induced by turbulence will affect
particle settling specifically for the larger particles. However,
our rigorous, model-based evaluation of the hydrodynamic
effects of the parameters listed above on particle TSVs,
combined with respective laboratory settling experiments,
including modifications to the particles’ hydrophobicity,
allowed a more systematic, qualitative assessment of the
relative importance of the different parameters. In the
following we will compare the relative change of TSV in
percent over the parameter ranges evaluated in our analyses,
which reflect the ranges typically observed for MP particles
found in the environment.

Our analyses demonstrate the importance of particle density
for controlling TSV. While an increase in particle density directly
affects the gravitational force driving settling, it has no impact on
the particle’s volume and surface area, which would in turn
change buoyancy and drag. A doubling of particle density led
to TSV increases of up to 483 and 388% for regular and irregular
particles respectively. In contrast, TSV increases of only 224% for
the regular and 93% for the irregular particles could be realized
for a doubling of particle volume. We attribute the significantly
smaller TSV increase for the irregular particles to effects of the
enlarged surface irregularities on drag and turbulence at the
particle-water interface slowing down the settling velocity. The
attachment of air on the surfaces of some of the biodegradable
MP particles led to a reduction of the TSV by up to 58%, followed
by relatively similar maximum changes in TSV of 47 and 45% due
changes in water temperature and particle roundness
respectively. Changes in particle roundness only significantly
affected the TSVs of particles larger than 1 mm in diameter,
while the smallest particles (0.5 mm diameter) were unaffected
and their TSVs seemed to be controlled by their large SA:V. While
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the effects of water temperature and particle roundness similarly
affected particles of all shapes and polymer types, effects of air
attachment were most pronounced for particles with significant
shape irregularities and rough surfaces (mainly the bio-
degradable particles in our study), but also evident for
irregular particles made of the lightest polymer PS with a
density close to that of water (= 1.03 gcm"3). In contrast,
regular, spherical particles with smooth surfaces did not show
any significant effects of air attachment on TSV in our
experiments.

5 SUMMARY AND CONCLUSION

In this study we systematically investigated the effects of different
physical parameters on the TSV of MP particles in stagnant water
bodies such as lakes. Parameters, which were varied over ranges
typical for MP particles found in the environment, included
particle density, volume, shape and roundness, surface
hydrophobicity and water temperature. In total we conducted
683 individual CFD simulations of the settling behavior of MP
particles of regular and irregular shapes and compared the
simulation results to two semi-empirical equations to estimate
particle TSVs as well as to laboratory settling experiments with
the respective particles.

Our CFD simulations illustrated the peculiar, shape-
dependent movement of irregular particles in the initial,
transient phase of settling before reaching a quasi-steady TSV.
This transient phase was found to be short, usually not exceeding
one second, and is therefore negligible for estimating the time-
scales of particle settling in larger stagnant water bodies such as
lakes. The CFD-based calculations of TSV for MP particles of
regular and irregular shapes were found to be in good agreement
(R% = 0.91) with TSV estimates obtained from the semi-empirical
Dietrich equation (Dietrich, 1982), which is based on simple
shape metrics and was originally developed for mineral
(sediment) particles. Deviations from the CFD results can be
attributed to the simplicity of the shape metrics used, which
presumably play out more significantly for the lighter MP
particles than for the heavier mineral particles, for which the
relationship was originally developed. Surprisingly the
comparison of our CFD-based TSVs with values obtained
from another semi-empirical relationship, which was
specifically developed for MP fragments, pellets and spheres
(Waldschlager and Schuttrumpf, 2019) vyielded a poorer
agreement. We suspect that this deviation is related to
differences between the shapes of the particles used to derive
this relationship and the particle shapes in our study.

A comparison between the CFD-based TSV values and the
experimentally determined values for the irregular particles also
showed a good general agreement (R* = 0.82), but with some
more significant deviations for the particles made of
biodegradable polymers and the very light non-biodegradable
polymer PS (=1.03 gcm™>). Separating the data from the
biodegradable particles form the other data revealed a
significantly weaker correlation (R*> = 0.09), which we
hypothesized to be related to the attachment of air on the
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particle surface due to its hydrophobicity. Our hypothesis was
corroborated by the results of additional settling experiments, in
which the MP particles were treated with a surfactant to reduce
their surface hydrophobicity, which brought the experimental
results into good agreement with the CFD results (R* = 0.82).
Maximum changes in TSV related to effects of hydrophobicity
were on the order of 58%. Our results further indicated that the
magnitude of air attachment on the hydrophobic particle surfaces
seems to be related to the presence of larger surface irregularities
as well as to the generally rougher surfaces of the bio-degradable
polymers. The effects observed for the irregular, non-
biodegradable PS particles are presumably related to their low
density, which makes them more susceptible to TSV changes even
at smaller magnitudes of air attachment. Regular, spherical
particles with relatively smooth surfaces in contrast,
did not show any measurable effects of air attachment on
their TSVs.

For an evaluation of the relative importance of the different
physical parameters investigated we conclude that density is the
most decisive parameter for the TSV as it predominantly affects
particle weight and in turn the gravitational force controlling
TSV. Increases in TSV in excess of 400% could result from a
doubling of density. In contrast, gains in weight due to a doubling
of particle volume are counteracted by increases in buoyancy of
the larger particle and drag on the enlarged particle surface
leading to comparably smaller TSV increases on the order of
100-200%. Effects of air attachment follow with TSV changes of
up to 58%, but they are restricted to particles with specific shape
and surface characteristics. Effects of water temperature and
particle roundness were responsible for maximum TSV
changes of 47 and 45% respectively. Our systematic evaluation
of the effects of key physical parameters on TSV provides a
framework to evaluate their relative importance in future studies
on the behavior of MP particles in lakes and can help to design
future experiments on MP particle settling. It is clear, however,
that the settling of MP particles in real lakes will also be affected
by processes such as the formation of biofilms and/or mineral
crusts on particle surfaces (Kaiser et al., 2017; Chen et al., 2019;
Leiser et al., 2020; Elagami et al., 2022), the sorption of metals on
particle surfaces (Leiser et al., 2021), particle interactions and
aggregation (Leiser et al., 2021; Elagami et al., 2022; Wu et al,,
2022), particle aging (Brandon et al., 2016) or the uptake and
excretion by organisms (Koelmans et al., 2022), and turbulent
flows (Kumar et al., 2021). How these processes interact with the
basic physical processes investigated in this study and how that
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