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ABSTRACT

Microplastic (MP) fragments are prevalent in rivers and lakes and cause considerable pollution in natural water
environments. Determining the settling velocity of microplastic fragments is crucial for predicting their migra-
tion and fate in aquatic systems. Predicting the settling velocity of MP fragments is challenging because of their
complex and variable geometries and the uncertainties associated with secondary motions. To better understand
the secondary motions of irregular MP fragments, a numerical model was developed to study the entire settling
process, and an experiment was conducted to validate the numerical model. The model results showed the
temporal changes in the settling velocity and orientation of MP fragments during the settling process. The MP
fragments were classified according to their shape factors into fragments undergoing stable, transitional, and
oscillating settling on the basis of velocity fluctuations caused by secondary motions. To describe the shape of
irregular MP fragments appropriately, a new irregular shape factor (ISF) was derived by performing a theoretical
analysis of forces and demonstrated to be more suitable than the Corey shape factor (CSF) for irregular MP
fragments exhibiting considerable secondary motions. The settling velocity data were fitted to obtain an explicit
settling velocity formula that includes the ISF for irregular MP fragments. Compared with machine learning
methods and existing formulas, the proposed formula provides more accurate predictions of the settling velocity
for irregular MP fragments.
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1. Introduction

With the widespread production and extensive use of plastic prod-
ucts, environmental pollution caused by microplastics has become
increasingly severe. In recent years, microplastics have been widely
studied both in industry and the academic community. Microplastics
account for a considerable portion of marine debris, where ocean litter
has been reported to consist of >60 % plastic products (Ryan, 2015).

It is critical to investigate the migration of MP fragments to charac-
terize their physical and biochemical hazards. During migration,
microplastics are subjected to various environmental loads, including
water flow, waves, surface tension, wind pressure, turbulence, and
biochemical interactions. These factors result in a range of movement
behaviors, such as convective translation and a turbulent random walk
(Shamskhany and Karimpour, 2022),floating (Isobe et al., 2014; Iwasaki
et al., 2017), wave-driven mass transport (DiBenedetto et al., 2019;
Larsen et al., 2023; Lenain et al., 2019), settling (Choi et al., 2022; Jalon-
Rojas et al., 2022; Qian et al., 2024; Van Melkebeke et al., 2020;
Waldschlager and Schuttrumpf, 2019), flocculation (Laursen et al.,
2022; Maliwan et al., 2021), stranding and resuspension (Moreira et al.,
2016; Xue et al., 2020), and biofouling (Fazey and Ryan, 2016; Koel-
mans et al., 2016; Kooi et al., 2017). Besides, it is important to consider
the accelerating effect of suspended sediment on the settling velocity of
MPs in estuaries with low energy and high suspended sediment con-
centration (Mancini et al., 2023). Among them, the settling process of
microplastics is one of the main factors affecting their migration (Jalon-
Rojas et al., 2019). The settling velocity determines the residence time of
microplastics in the water column, thereby influencing their migration
paths and fate.

The physical properties of particles, such as the particle size, density,
and shape, affect the settling velocity. The complex and various surface
morphologies of microplastic particles have made traditional settling
velocity models inadequate for predicting the settling velocity of
microplastics (Khatmullina and Isachenko, 2017; Kooi et al., 2017; Van
Melkebeke et al., 2020; Waldschlager and Schuttrumpf, 2019). There-
fore, constructing a settling velocity model for microplastics requires
accurately describing the particle shapes.

In addition to the properties of the microplastics, secondary motion
affects the settling velocity. Secondary motion has been demonstrated to
produce an additional lift force on MPs that affects their settling orien-
tation and velocity (Zastawny et al., 2012). The settling velocity of MP
fibers has been demonstrated to be influenced by secondary motion
(Choi et al., 2022). The secondary motion of the MP fragments was re-
ported to cause oscillations and horizontal movement (Waldschlager
and Schuttrumpf, 2019) but oscillations in the velocity induced by
secondary motion were not studied. Secondary motion transforms one-
dimensional (vertical) settling motion into complex three-dimensional
motion. Generally, secondary motion arises from shape-induced rota-
tion and turbulence associated with high Reynolds numbers. However,
owing to the small size and low density of microplastics, the settling
motions of microplastics mainly fall within the laminar and transitional
flow regimes (Yu et al.,, 2022), indicating that turbulence does not
dominate MP settling. Nevertheless, the irregular and complex geome-
tries of MP fragments introduce considerable secondary motion into the
settling process (Waldschlager and Schuttrumpf, 2019). The asymmetric
and irregular shapes of these fragments result in asymmetric forces,
leading to horizontal and vertical movements that are difficult to pre-
dict. Therefore, formulas for the settling velocity of microplastics
derived mainly from data on regular particles (e.g., fibers, cylinders,
films, cubes and pellets) may underestimate the impact of secondary
motion on the settling velocity. A key challenge in studying the sec-
ondary motion of irregular MP fragments experimentally is the difficulty
of capturing their dynamic and instantaneous movements. Imaging
equipment with a wide field of view must be used to capture the overall
settling path (Choi et al., 2022), whereas tracking the instantaneous
velocity requires the use of a technology with a high resolution and
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small field of view, such as PIV (particle image velocimetry)
(Waldschlager and Schuttrumpf, 2019). In Section 4.1 Secondary mo-
tion, the results of both numerical simulations and experiments are
presented to show the impact of secondary motion on the settling ve-
locity of irregular MP fragments.

Existing formulas for the settling velocity of regular microplastics
with various shapes have been shown to have excellent predictive
ability. Formulas have been developed (Wang et al., 2021) for the
settling velocity of microplastics under both static and dynamic water
conditions but are not dimensionally consistent because the predicted
settling velocity does not have units of length per time [L/T]. The
settling velocity has been measured experimentally for only eight
irregular particles (Goral et al., 2023).

In addition to experiments, mathematical models are also a means of
studying the settling velocity of microplastics. A fully analytical three-
dimensional numerical model has been used to simulate the complete
settling process of microplastic particles (Zhang et al., 2023). In this
study, a fully analytical numerical model was used to simulate the
settling processes of MP fragments to obtain settling velocity data. The
temporal settling velocities were analyzed to determine the impact of
secondary motion on the settling of irregular MP fragments. A settling
velocity formula containing the ISF was developed for irregular MP
fragments.

Physical static water settling experiments were conducted on 3D
printed millimeter-scale irregular MP fragments. The experimentally
measured settling velocities were used to validate the developed
formula.

Section 2 provides a brief overview of the development of the settling
velocity problem of MPs. The properties of the irregular MP fragments
and the setup of the numerical model and experiment are detailed in
Section 3. In Section 4, the secondary motion was analyzed, and an
irregular shape factor and a settling velocity formula were presented.
Finally, in Section 5, conclusions were presented and the limitations of
the study and future work was discussed.

2. Theoretical background

The settling velocities of different types of microplastics have been
investigated in previous studies (Table 1). The formulas presented in the
table correspond to different shapes, such as pellets (Chubarenko et al.,
2016; Francalanci et al., 2021; Khatmullina and Isachenko, 2017;
Kowalski et al., 2016), cylinders (Khatmullina and Isachenko, 2017;
Kowalski et al., 2016; Waldschlager and Schuttrumpf, 2019; Zhang
et al., 2023), fibers (Chubarenko et al., 2016; Jalon-Rojas et al., 2022;
Khatmullina and Chubarenko, 2021; Khatmullina and Isachenko, 2017;
Nguyen et al., 2022; Van Melkebeke et al., 2020; Waldschlager and
Schuttrumpf, 2019; Zhang and Choi, 2022), films (Jalon-Rojas et al.,
2022; Jiet al., 2024), and granules (Francalanci et al., 2021; Goral et al.,
2023; Kowalski et al., 2016; Van Melkebeke et al., 2020; Waldschlager
and Schuttrumpf, 2019; Wang et al., 2021). According to whether the
specific morphology (volume, surface area, particle size, CSF, etc.) of the
particles can be determined by the axes a, b and ¢, MPs studied in the
existing research can be divided as regular (Chubarenko et al., 2016;
Francalanci et al., 2021; Goral et al., 2023; Jalon-Rojas et al., 2022; Ji
et al., 2024; Khatmullina and Isachenko, 2017; Kowalski et al., 2016;
Nguyen et al., 2022; Van Melkebeke et al., 2020; Waldschlager and
Schuttrumpf, 2019; Yu et al., 2022; Zhang and Choi, 2022) and irregular
(Francalanci et al., 2021; Goral et al., 2023; Kowalski et al., 2016;
Waldschlager and Schuttrumpf, 2019; Yu et al., 2022). Fragments have
been reported to account for 2.5 % ~ 48 % of microplastics in natural
water environments (Gray et al., 2018; Song et al., 2014; Yan et al.,
2019).

The settling velocity of microplastics is typically predicted using
formulas. Empirical formulas are often derived from settling experi-
mental data for one or more types of regular microplastic particles.
However, few studies have been performed on particles with 3D irreg-
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ular shapes, and the results of studies on regular particles may not be
suitable for predicting the settling behavior of irregular MP fragments
exhibiting secondary motion. Unlike determining the settling velocity
for regular particles, accurately determining the settling velocity of
irregular microplastic particles requires the selection of an appropriate
shape factor. The Corey shape factor CSF is commonly used in settling
velocity formulas for microplastics:

4
CSF =— 1
% 1)

where a, b and c represent the longest, intermediate and shortest ori-
ented particle axes of a bounding box, respectively. Other shape factors,
such as the sphericity ¥, flatness f, elongation e and Aschenbrenner
shape factor (ASF), are also used in settling velocity formulas to account
for the different shapes of microplastics:

w=8,/S @)
f=c/b 3
e=b/a 4
ASF = ac/b* (5)

where S and S are the surface areas of an equivalent-volume sphere and
the particle itself, respectively. The shape factors that have been used in
studies on the settling velocities of MPs are listed in Table 1. The CSF
equals the size of a bounding box of a particle, such that particles with
different shapes can have the same CSF. Therefore, characterizing the
shapes of irregular particles and predicting their settling velocities
remain challenging. Fig. 1 shows that two different particles with the
same diameter D, of the equivalent-volume sphere, particle density p,
and CSF have different drag areas, which implies that different drag
forces may be exerted on these particles. However, settling velocity
formulas containing the CSF are based on the assumption that the
settling velocity is a univocal function of Dy, pp and CSF, which may be
unphysical. In Section 4.2, we provide a theoretical explanation for why
the CSF is not an appropriate shape factor for irregular MP fragments
and propose a new irregular shape factor (ISF).

3. Materials and methods
3.1. Properties of the irregular MP fragments

Irregular particles can be generated by the Boolean operation (Wu
et al., 2022), Monte Carlo (Wang et al., 2020; Zou et al., 2007), and
fractal geometry methods (Zhou et al., 2023). In this study, the fractal
geometry method is used to generate irregular microplastics via artifi-
cial planar cutting for both experiments and simulations. A microplastic

Table 1
Studies on determining the settling velocity of microplastics.
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cube with a side length of 5 mm is cut into multiple random planes to
ensure that the particle size is <5 mm and meets the criteria for
microplastics, resulting in millimeter-scale irregular MP fragments.

The properties of the irregular MP fragments used in both the
physical experiments and numerical simulations are detailed in the
Supplementary Data. Both the experimental and simulated microplastics
are asymmetrical and irregular in shape. On the basis of two classifi-
cation methods (see (Qian et al., 2024) and (Choi et al., 2022)),
microplastic particles with an elongation e >0.2 and flatness f >0.1 are
considered MP fragments. A variety of shapes with a wide distribution
was needed to ensure that the selected irregular microplastics were
representative MP fragments. Fig. 2 shows the 20 shapes of MP frag-
ments that were systematically selected for this study on the basis of the
shape factors e and f.

Simulations were performed on MP fragments made of Polystyrene
(PS, 1.04 g/cm®), Polycaprolactone (PCL, 1.13 g/cm®) and Polyvinyl
chloride (PVC, 1.35 g/cm®) to cover the density range of most negatively
buoyant microplastics. The size of the MP fragments was varied to
generate a total of 120 irregular MP fragments, which distinguished by
their sizes, diameters, and densities. The overall distributions of the MP
characteristics are shown in Fig. 3.

Experiments were performed on ten MP fragments made of resin. The
properties of the MP parameters are given in Table 2 and the infrared
spectrogram of the resin is provided in the Supplementary material to
help characterize the material.

3.2. Numerical model

In this study, a numerical model for static water settling is con-
structed using the lattice Boltzmann and immersed boundary methods.
The coupled model can be used to precisely characterize particles with
complex shapes and realize bidirectional coupling of fluids and solids in
real time. The motion of the particles is solved according to Newton's
second law, and physical quantities related to translation and rotation
are calculated. The ability of an IB-LBM to simulate the sedimentation of
microplastics has previously been demonstrated (Ji et al., 2024; Zhang
et al., 2023).

The flow field is simulated by lattice Boltzmann method. The multi-
relaxation time (MRT) lattice Boltzmann equation (Lallemand et al.,
2021) can be expressed as:

fa(X+ e A t+Ay) —fo(x,t) = MilSM[fa(xv t) _f”eq(xf ]+ O(A[Z) 6)

where f, (x + e,6;. t + 6;) and f,(x, t) are the distribution functions before
and after the process of collision and stream, respectively; M~ *SM is the
multi-relaxation parameter matrix; A; is the lattice unit time; and
fal(x,t) is the equilibrium distribution function. As regard incompress-
ible flows, the Incompressible equilibrium distribution function can be
obtained:

Reference Pellet Cylinder Fiber Film Granular Regular Irregular Shape factor Presented formula for
various shaped MPs

(Chubarenko et al., 2016) v v v

(Kowalski et al., 2016) v v v v 3D Irregular

(Khatmullina and Isachenko, 2017) v v v v L/D

(Waldschlager and Schuttrumpf, 2019) v v v 3D Irregular CSF v

(Van Melkebeke et al., 2020) v v v 4

(Francalanci et al., 2021) v v v 2D Irregular CSF v

(Khatmullina and Chubarenko, 2021) v CSF

(Jalon-Rojas et al., 2022) v v v 4

(Nguyen et al., 2022) v v

(Zhang and Choi, 2022) v v ASF

(Yu et al., 2022) 3D Irregular CSF, ¥ v

(Goral et al., 2023) v v 3D Irregular b d v

(Ji et al., 2024) v v f
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Airregular / Aregular =14
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CS,:irregular = CSF, regular
Fig. 1. Regular and irregular MP fragments with the same D, and CSF. The drag areas are shown in the upper left portion of the figure.
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Fig. 2. Shape distribution of the selected irregular MP fragments.
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where t, is the streaming weight coefficient. In the D3Q27 model, t, =
8/27,ti¢ = 2/27, ty_13 = 1/54, and t19_36 = 1/216. Moreover, e, is
the discrete lattice velocity; and u(x, t) is the macroscopic Euler velocity.
Based on the Chapman-Enskog expansion, the incompressible lattice
Boltzmann equation can be transformed to the macroscopic incom-
pressible Navier — Stokes equation:

V-u(x,t) = O(Ma®) (8)

where u(x,t), p(x,t), and v are the flow velocity, pressure and viscosity,
respectively. Under the constraint of a small Mach number (Ma < 0.15),
the LBM achieves second-order temporal and spatial accuracy.

SR =30 < p 10
a=1 a=1
Sedix) =3 edfix0) = pou an

a=1 a=1
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Fig. 3. Distributions of the characteristics of the irregular MP fragments: (a) material, (b) shape factor, and (c) D,.
Table 2 - b b
Properties of MP Fragments Used for Experiments. g(x,t+Af) = Z (X5, t+ AW (x —Xp) AV, 1e
k=1
Number D, (cm) Density (g/cm®) e f
The distribution function of Euler points f(x,t+ At) is modified
1 0.08 1.20 0.98 0.55 . .
5 0.12 1.20 0.68 0.92 using the second-order discrete scheme of force proposed by (Guo et al.,
3 0.12 1.20 0.57 0.59 2002):
4 0.06 1.20 0.28 0.60 1 e a (e u)
5 0.10 1.20 0.76 0.22 AL = £ AE 1—— )t (2= e ).g(x.t 17
6 0.20 1.20 0.98 0.55 Flx, e+ At) = flx, t+At) + 27 c2 N ct e )gx.0) (7)
7 0.31 1.20 0.68 0.92
8 0.31 1.20 0.57 0.59 where 7 is the relaxation time. The Euler point modifies its temporary
9 0.15 1.20 0.28 0.60 leri loci * A foll .
10 0.26 1.20 0.76 0.22 Eulerian velocity u” (x,t + At) as follows:

where q is the total number of discrete directions in the lattice space.

The force exerted on the particles is calculated by IBM (immersed
boundary method) by measuring the difference between the velocity of
control points at the particle boundary and the fluid velocity
u(XP.t + At), which is obtained by interpolating the velocity of sur-
rounding Euler points:

Zu X, t+ AW

b t+At) (x —X2) (Ax)* 12)

where ", describes the sum of all Eulerian points and d is the dimen-
sion. W is the weight coefficient for interpolation and extrapolation,
determined by the relative position of the i-th Euler point and the j-th
Lagrangian point:

BT BT LeE0) o

where § is the regular trigonometric function.

The interaction between MP fragments and water is achieved by
coupling IBM and LBM. IBM corrects the velocity of the fluid at the
particle boundary position to be equal to the velocity of the object
boundary, and the difference in velocity before and after correction is
proportional to the magnitude of the immersed boundary force density:

Wy(t) =

Ub —u(X,t + At)

b —
Ag(Xp, t+AL) =p AL

14

The fluid forces acting on the Lagrange points can be expressed as

follows:
g(Xb.t+At) = g(Xb, e+ At) +Ag(XE, t+ At) (15)

The force acting on the Euler point can be extrapolated from the IBM
force layer:

u(x, t+ At) = u' (x, t+ At) + Atg(x, t + At) (18)

The dimensions of the numerical model were 500c¢ (height) x 10a x
10a. The MP fragments were initially placed at the horizontal center of
the model, and the distance between the center of the fragments and the
upper wall was set at 50c to reduce the numerical instability caused by
oscillations near the boundary. For particles with different sizes (a/b/c),
the actual size of the computational domain varies according to the
particle size. The practice of dynamically changing the size of the
computational domain is to avoid unnecessary computational con-
sumption. The lattice size of the uniform grid dx was D,/15, and the
corresponding number of lattices was O (10%). Periodic vertical
boundaries were used for the numerical model of the settling cylinder
and the IBM algorithm to meet the lattice requirement for the horizontal
translation of MP fragments. Multiple processors were run in parallel at
the National Supercomputing Center in Tianjin, China to conduct the
simulation.

A lattice sensitivity analysis was performed to ensure that the lattice
size dx was sufficiently fine and that the calculation of the terminal
settling velocity was not affected by the grid size. The simulation was
performed on an irregular MP fragment made of PVC with D, = 0.41 cm
because of its large D, and high Reynolds number, which usually require
a finer grid. A comparative analysis was conducted on four different grid
sizes, Dp/9, Dp/12, Dy/15, and D,/18, and the resulting settling veloc-
ities are shown in Table 3. Similar results were obtained using dx = D,/
15 and dx = D,,/18, with a relative error of 2.2 %, basically meeting the
grid size requirements (Fig. 4).

3.3. Experiment setup

A settling experiment was conducted at the State Key Laboratory of
Hydraulic Engineering Intelligent Construction and Operation of Tianjin
University. The settling column had dimensions of 70 cm (height) x 15
cm X 15 cm. Under the laboratory conditions, the water had a tem-
perature of 20 °C, p = 0.998 g/cm® and v = 1072 cm?/s. To ensure that
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Table 3

Lattice sensitivity analysis.
Lattice size dx D,/9 D,/12 D,/15 D,/18
Settling velocity (cm/s) 9.98 10.40 10.68 10.91
Relative error (%) 8.5 4.7 2.2 /

500c

I
I
I
I
I
I
I
I
I
I
I
I
I
I
:

450c :
I
I
I
I
I
I
I
I
I
I
I
I
I
I

P 10a

— 10a —

Fig. 4. The simulation domain for an irregular MP fragment settling in quies-
cent water.

the settling process was not affected by surface tension, the MP frag-
ments were initially placed approximately 2 cm below the water surface.
A light source lamp, with a maximum luminous flux of 25,000 Im and an
average illuminance of 572,000 1x, is placed on the side of the settling
column at an angle of approximately 90° to the direction of the camera
to ensure that the fragments were visible during the settling process. A
black curtain is placed behind the settling column to enhance the
contrast between the particles and the background. The settling process
was observed using a camera that could automatically record the
displacement and calculate the velocity. The frequency was set to 25
frames per second, and the exposure time was 10,000 us. Refer to the
operation of (Choi et al., 2022), who studied the secondary motion of
MP fibers on the settling velocity, the measurements are started when
the fragment is 70 mm beneath the water surface. Only one MP fragment
was tested in each experiment to avoid the influence of the mutual flow
field and unwanted collisions caused by multi-particle settling on the
settling velocity. For each particle, take the average value of three
repeated experiments as the settling velocity. The experimental setup is
shown in Fig. 5.

Science of the Total Environment 955 (2024) 176857

4. Results and discussion
4.1. Secondary motion

The orientation and velocity of MP fragments change during settling.
Fig. 6 shows the temporal variation in the settling velocity. The one-
dimensional MP fragments shown in Fig. 6(a)-(c), whose longest axes
are significantly longer than the intermediate and shortest axes, exhibit
stable settling, which is not sensitive to the particle density. The stable
particle orientation results in the fragments maintaining a stable ter-
minal settling velocity. The MP fragments shown in Fig. 6(f)-(i), whose
longest, intermediate and shortest axes are close, exhibit oscillating
settling. The settling velocity oscillates harmonically, maintaining the
same period and amplitude with fluctuations around the terminal value.
The MP fragments undergo secondary motion at a constant frequency
and amplitude, but the oscillation trend does not converge. The transi-
tional MP fragments shown in Fig. 6(d) and (e) have similar shapes to
films whose longest and intermediate axes are significantly longer than
the shortest axes. The velocity of the transitional MP fragments is sen-
sitive to the density, converging at low densities and oscillating at high
densities.

The relationship between the secondary motions of settling motion
and the shape properties of MP fragments was used to classify the sec-
ondary motion of MP fragments into stable, transitional or oscillating
settling, as shown in Fig. 7.

The following results were obtained from the numerical model for
the particle orientation during settling: unlike regular shapes, such as
fibers (Zhang et al., 2023), some irregular particles do not converge to
the maximum settling surface during the settling process but instead
undergo oscillating rotation around the maximum projection. Fig. 8
shows the changes in particle orientation between the stably settling
particle and the oscillating settling particle. The orientation of the
fragments undergoing stable settling changes slowly, resulting in mini-
mal secondary motion and rotational amplitude, such that the maximum
projection area generally remains perpendicular to the settling direc-
tion. By contrast, the fragments undergoing oscillating settling change
position dramatically, accompanied by large rotational amplitudes and
horizontal displacements. The fragments undergoing oscillating settling
typically have higher Reynolds (4.04-398.7) numbers than non-
oscillating fragments (0.99-206.74), increasing the susceptibility of
their settling velocities to turbulence (see the vorticity map shown in
Fig. 8). The vorticity is calculated as the reciprocal of velocity:

o=Vxu 19)

Increasing turbulence could potentially intensify secondary motion.
By comparison, less turbulence is generated during stable settling.

The asymmetry of the irregular MP fragments results in imbalances
in the bending moments and forces exerted on the fragments, resulting
in rotation of the fragments that induces secondary motion in both the
horizontal and vertical directions. The fragments exhibit oscillating
motion, and secondary motion leads to horizontal displacement, as
shown in Fig. 9. Fig. 9(a) shows MP fragments undergoing stable settling
that exhibit regular circular motion, whereas the fragments undergoing
oscillating settling shown in Fig. 9(c) have an irregular and wavy cir-
cular trajectory.

The trajectory of the irregular MP particle undergoing settling is
shown in Fig. 10. The orientation of irregular MP fragments is similar to
a previously defined spiral state (Zhong et al., 2011). The irregular
shapes and asymmetric forces exerted on the MP fragments result in
horizontal motion. The MP fragments oscillate horizontally and peri-
odically around a certain vertical axis, while the angle between the
fragments and the vertical axis changes continuously. Although the
settling velocity of the MP fragments undergoing stable settling is almost
unaffected by secondary motion, the horizontal displacement of these
fragments is larger than those undergoing transitional or oscillating
settling. This finding aligns with the experimental results showing that
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Fig. 5. Setup for the settling experiment.
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Fig. 6. Duration curve of the settling velocity of irregular MP fragments.

the most elongated fragments (the particles with the smallest elongation
e) scatter farthest (Choi et al., 2022).

Analysis of the secondary motion of the irregular MP fragments
revealed that although the fragment orientation changes during the
settling process, the fragment velocity fluctuates regularly around the
terminal value once settling stabilizes. The MP fragments undergoing

stable settling have a constant terminal velocity. For the fragments un-
dergoing oscillating and transitional settling, the terminal settling ve-
locity is taken as the average settling velocity during a period of “stable
oscillation.” The terminal settling velocities are presented in Section 4.3.

Fig. 11 shows the trajectory of the MP fragments during the settling
experiment. Consistent with the results of the numerical model, the
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undergoes stable settling, whereas the red MP fragment on the right, with e = 0.57 and f = 0.59, undergoes oscillating settling.
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Fig. 9. Top view of horizontal displacement during the settling process. (a) a fragment with e = 0.35 and f = 0.39 undergoing stable settling; (b) a fragment with e =
0.76 and f = 0.22 undergoing transitional settling; and (c) a fragment with e = 0.98 and f = 0.55 undergoing oscillating settling. The uppercase letters X and Z
represent the Cartesian axis in the horizontal plane. The X-axis is parallel to the long axis a of the particle, and the Z-axis is parallel to the intermediate axis b of
the particle.
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Fig. 10. Trajectories and orientations of three types of MP fragments: (a) a fragment with e = 0.35 and f = 0.39 undergoing stable settling; (b) a fragment with e =
0.76 and f = 0.22 undergoing transitional settling; and (c) a fragment with e = 0.57 and f = 0.59 undergoing oscillating settling.

transitional MP fragment (Fig. 11a) has larger horizontal displacement, Bernoulli’s equation,
whereas the settling velocity of the MP fragment undergoing oscillating

— 2
settling (Fig. 11b) has larger oscillation amplitude. Fop = 0.50ACo Ws (20)

where F¢p is the drag force, p is the fluid density, W; is the terminal
settling velocity, Cp is the drag force coefficient, and A is the maximum
projection area. When the settling velocity stabilizes around the termi-
nal value, the drag force and the net gravity of the object are dynami-
cally balanced as follows:

4.2. A new shape factor for irregular shaped MP fragments

As previously discussed, it is difficult to use the CSF based on a
bounding box to fully represent the shape of irregular MP fragments. On
the basis of the analysis presented in Section 4.1, the settling orienta-
tions of irregular MP fragments converge to or oscillate around the
maximum projection area, indicating that the maximum projection area
is closely related to the settling velocity. In this section, we derive a new
shape factor on the basis of the maximum projection area. According to

Irregular : / h(A)dA (p, — p)g = 0.5pAproject Co Ws? @21

Aproject
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Fig. 11. The trajectory and velocity curve captured in the settling experiment on an MP fragment with (a) e = 0.76 and f = 0.22 and (b) e = 0.57 and f = 0.59.

Regular : V(p, —p)g = 0.5pACp Ws? (22)
where dA is the area element on the maximum projection plane, [dA =
A, h(A) is the height of the fragment in the settling direction corre-
sponding to dA expressed as a function of the projected area A and
changes with dA for irregular MP fragments, and g (= 981 cm/s?) is the
acceleration due to gravity. According to Egs. (21) and (22), Cp can be
calculated as:

Irregular : Cp = / h(A (23)
pro]ecl WS
Aproject
2 —
Regular : Cp = (ppip)gz \% 24
pAprojectWS

The only difference between the drag force coefficients of regular
and irregular fragments is the shape factor; that is, the other charac-
teristics (the density, particle size, etc.) can all be the same, corre-
sponding to [ h(A)dA in Eq. (23) and Vin Eq. (24). To better describe the
influence of the fragment shape on Cp, a dimensionless transformation is

applied to [ h(A)dA to make the shape factor independent of the frag-
ment size. We have already explained why the size of a bounding box is
an unsuitable shape factor; thus, we select the projection area Aproject,
which is directly related to the resistance to settling, to facilitate the
dimensionless transformation. Thus Egs. (23) and (24) are transformed
into:

h(A)dA

( )g V/ {1project Aprojecl

Irregular : Cp = (25)
p WS (lalz.rcgeu)g/2
- VvV A roject
Regular : Cp = ro—0)8 v prored (26)
pWs \/(E

So far, the latter term on the right side of Eqgs. (25) and (26) are
dimensionless. The second term for an irregular fragment reduces to
¢/+/ab for regular fragments and is commonly used as CSF. For irregular
fragments, this term can be simplified to the ratio of the equivalent
short-axis height h (= V/Aproject) to the characteristic projection length

\/Aproject. A new irregular shape factor, ISF = h/ /Aprgject is thus derived.
The ISF and CSF are equivalent for regular microplastics.

-
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, I i pro;ect
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K |
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Fig. 12. The characteristic height and area of a tetrahedra defined by CSF and ISF respectively.

10



C. Jietal

Fig. 12 uses a tetrahedron as an example to illustrate the difference
between ISF and CSF, where the blue area represents the bounding box
and the red area represents the projected control volume. The bounding
box has a larger height ¢ and area A. The maximum projection area
Aproject can be determined by using the Principal Component Analysis
(PCA) algorithm provided in the Supplementary file.

In previous studies, the actual projected area of irregular particles
was not reported; this area is required to calculate the proposed ISF,
making it is difficult to demonstrate the effectiveness of the ISF. To
demonstrate the effectiveness of the ISF and develop a suitable formula
for the settling velocity, more data are needed on the settling velocities
of irregular MP fragments. To demonstrate the advantage of using the
ISF to predict the settling velocity for irregular MP fragments, a uni-
versal formula for the settling velocity of microplastics of various
shapes, considering the largest number of microplastic particles, is used
as a reference (Yu et al., 2022). Table 4 shows the results of the settling
velocities from numerical simulation of irregular particles and equiva-
lent regular rectangular particles (with the same size D, density pp, and
CSF as the irregular fragments), as well as the values predicted using the
CSF and ISF. The MP fragment A with e = 0.35 and f = 0.39 undergoing
stable settling, MP fragment B with e = 0.52 and f = 0.43 undergoing
transitional settling and MP fragment C with e = 0.87 and f = 0.31
undergoing oscillating settling were selected to perform a comparative
analysis. First, for the equivalent regular MP fragments, both the nu-
merical models and formulas accurately predict the settling velocity
with errors ranging from 5.5 % to 8.3 %, which indirectly confirms the
model’s ability to predict the settling velocity of MP fragments. Second,
the irregular fragments and equivalent regular fragments have different
settling velocities. That is, even two fragments with identical charac-
teristics, can have different settling velocities, which contradicts the
results obtained using the CSF-based formula that irregular fragments
and regular cuboids have the same settling velocities, indirectly indi-
cating that CSF cannot accurately describe the shape of irregular frag-
ments. By comparison, the settling velocity of the fragment A
undergoing stable settling is relatively close to that of the equivalent
regular rectangular prism (a 17.3 % difference), whereas the fragment B
undergoing transitional settling and the fragment C undergoing oscil-
lating settling have considerably different velocities from the equivalent
regular rectangular cuboids (differences of 38.2 % and 32.4 %, respec-
tively). This result also reflects the influence of secondary motion on the
settling velocity and that using the CSF may result in an overestimate of
the settling velocity.

More generally, we presented a comparison of the settling velocities
and the predicted settling velocities of formulas (Table 5) which are
presented for microplastics with various shapes (Francalanci et al.,
2021; Waldschlager and Schuttrumpf, 2019; Yu et al., 2022) when using
CSF and ISF as shape factors, respectively. Here, the dimensionless
particle size D}, is calculated as:

D — ((pp fpw)g)

Pul?

1/3
D, (27)
Finally, the settling velocity W; is calculated using the same formula
used in the previous study explicitly (Waldschlager and Schuttrumpf,
2019; Yu et al., 2022):

Table 4
Predicting settling velocity of irregular fragments A, B, C and equivalent regular
cuboids Acyboids Beuboids Ceuboid Using CSF and ISF as shape factors respectively.
The Values of prediction are calculated by the formula presented by Yu et al.
(2022).

Fragment Acuboid  Beuboid  Ceuboid A B C

Settling velocity (cm/s) 3.16 5.21 5.16 263 323 3.50

CSF-based prediction (cm/ 2.96 4.82 4.73 296 4.63 4.56
s)

ISF-based prediction (cm/s) 2.96 4.82 4.73 2.49 3.59 3.38
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Fig. 13 shows that replacing the CSF in the formulas from the liter-
ature by the ISF improves the predicted settling velocity. This result is
unexpected yet reasonable because using the ISF transforms the original
three-dimensional irregular fragments into three-dimensional regular
particles with a uniform short-axis height (h). This transformation can
be applied to most formulas for the MP settling velocity. The large error
obtained using the formula of (Francalanci et al., 2021) probably results
from the irregular MP particles used to obtain their dataset actually
being two-dimensional and approximately thin sheet-like particles.

4.3. Formula for the settling velocity of irregularly shaped MP fragments

Although the ISF can improve the predictive ability of existing for-
mulas for the settling velocity of irregular MP fragments, these formulas
were not developed for irregular MP fragments. Therefore, a new for-
mula was developed in this study for the settling velocity of irregular MP
fragments by using settling velocity data. The terminal settling velocity
of irregular microplastics is shown in Fig. 14. The Reynolds number of
most of the MP fragments are in the transitional range (1 < Re < 103)‘
The maximum and minimum Reynolds numbers of the MP fragments are
approximately 400, and 0.99 (close to the laminar regime), respectively.

The settling velocity data was used to derive a relationship between
the drag coefficient Cp and the Reynolds number Re of the MP frag-
ments. Fig. 15 shows that Cp decreases as Re increases, but the rate of
decrease gradually becomes smaller. The relationship between Cp and
Re can be represented by the following exponential function:

In(Cp) = 3.5 xRe 3% 10.24 (29)

As Re approaches infinity, In(Cp) converges to a value of 0.24, which
means Cp converges to 1.27, close to the experimental results (the
average value of Cp is 1.24) of (Goral et al., 2023) for various MPs with
regular shapes like rectangle prism and tetrahedron which have sharp
edges. This phenomenon aligns with classical fluid theory: when the
Reynolds number is very large, the fluid flow exhibits turbulent char-
acteristics. In this scenario, the drag coefficient becomes relatively sta-
ble, approaching a constant value. This indicates that, in the high
Reynolds number regime, the drag on the particle is no longer signifi-
cantly dependent on the fluid’s viscous properties but is instead domi-
nated more by the inertial forces of the fluid. In simpler terms, when the
fluid velocity is sufficiently high, the drag on the particle tends toward a
stable value, and further increases in velocity do not significantly affect
the drag coefficient.

So far, an implicit Eq.(29) for calculating the settling velocity of
irregular fragments has been presented. In Eq. (29), only the effects of
the density p,, and size D, on the settling velocity of irregular fragments
are considered. To improve the usability of the formula and consider the
influence of the irregular shape factor ISF, an explicit form of this for-
mula is derived from the original relationship between Cp ~ f (Re) and
Cp ~ f (D}, ISF). Considering that Cp is mainly determined by D}, the
relationship between Re ~ f (D,) and Cp ~ f (D;,) is derived first, and the
influence of the ISF is then incorporated as a correction to Cp ~ f (D;).
Fig. 16 shows the relationship between Re and D;, where In(Re) exhibits
a strong exponential dependence on D,:
In(Re) = 5.6 — 5.8 x e %7 (30)

Substituting Eq. (30) into Eq. (29) yields the relationship between Cp
and D;:

In(Co withoutsr) = 3.5 x e 1947201 *7% 1 g 94 (€20)]

To demonstrate how using the ISF produces an improved prediction
(Eq. (31)), the relationship between the ISF and the difference in Cp is
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Table 5
Formulas for the terminal velocity for MPs with various shapes from the literatures.
Source Particle D, (cm) Pp (g/cm®) Ren Settling velocity formula
(Yu et al., 2022) MP (0.0256, (1.05, 1.56) (1, 285) N . £\ \ 025
0.3555) w. 4gD, (p, — P)((Dn) 025,,003(p;) ogp0 33(nn))
s = 0.54
432(1 +0.22(D;)" ) ous
3p o7 +0.47[1 - exp( —015(0;)** ) |
(Francalanci et al., 2021) MP (0.1678, (1.03, 1.37) (76,746) W =
0.5441) (D;)z
2 2 2\ ~1/2 038
" 0.4942*CSF 0059
18 [a(%) } + (02781 CsF 1902 (D})* )
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Fig. 13. Predicted settling velocity of irregular MP fragments using the (a) CSF and (b) ISF.
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shown in Fig. 17. The predicted Cp is overestimated for MP fragments Cp of irregular MP fragments:

with a large ISF and underestimated for MP fragments with a small ISF.

_ —1.943+2.01 xe~0-07D*
The following logarithmic relationship can be derived: In(Cp) =35xe " —0.62 x In(ISF) — 0.8 (33)

(32) Take Eq. (33) into Eq.(28), an explicit formula for settling velocity of

In(Cp) = In(Cp witho —0.62 x In(ISF) — 1.04
(Co) (Cositouse) (ISF) irregular shaped MP fragments can be derived finally:

Substituting Eq. (32) into Eq. (31) yields the final explicit formula for

13



C. Jietal

4gD, (p, — p)

W = 007D (34)
3pexp(3.5 x e 1.943+201xe 07" _ (0 62 x In(ISF) — 0.8)

where exp. presents the exponential function based on the natural
number e.

In Section 4.2, the improvement in accuracy when using existing
microplastic formulas with ISF has been discussed. Furthermore, this
section compared the formula proposed with existing formulas in
Table 5. The selected formulas include those applicable to microplastics
of various shapes (Francalanci et al., 2021; Waldschlager and Schut-
trumpf, 2019; Yu et al., 2022). Although few machine learning algo-
rithms can provide formulas, considering the excellent predicting
performance of machine learning in recent years, the proposed formula
is also compared with several machine learning algorithms known for
strong regression and prediction capabilities, including support vector
regression (SVR) (Cortes and Vapnik, 1995), the random forest (RF)
model (Breiman, 2001), and the convolutional neural network (CNN)
model (Gu et al., 2018). The parameter settings and results for the
machine learning algorithms are provided in the Supplementary File and
Supplementary Data.

Fig. 18 compares the settling velocity predicted using the proposed
formula for irregular MP fragments with those predicted by existing
formulas for various shapes of microplastics and machine learning al-
gorithms. Using the ISF as the shape factor in formulas specifically
designed for microplastics (Waldschlager and Schuttrumpf, 2019; Yu
et al., 2022) results in higher accuracy than using sediment formulas for
predicting the settling velocity of MP fragments. A possible reason for
the larger particle sizes predicted by the formula of (Francalanci et al.,
2021) compared to those studied in this paper could be that the particles
conforming to the fragment shapes in their study have smoother surfaces
and higher sphericities, whereas the particles investigated in this study
all exhibit distinct angular boundaries. Furthermore, a total of 216
particles in the dataset of (Yu et al., 2022) were classified as having
“angular” characteristics, which could potentially explain why the re-
sults of his formula are close to those of the present study. The proposed
formula exhibits good predictive performance (MAPE = 8.1 %, RMSE =

Science of the Total Environment 955 (2024) 176857

0.47 and R? = 0.98), outperforming existing formulas and achieving the
same level of accuracy and fit as the SVR algorithm (MAPE = 10.1 %,
RMSE = 0.27 and R? = 0.98).

In addition, considering that ISF can be difficult to calculate in many
situations, we validated the performance of the proposed formula using
only CSF across other datasets. Fig. 19 shows the performance of various
formulas in predicting the settling velocities of MP fragments, with
experimental data sourced from the study of (Kowalski et al., 2016). As
shown, the presented formula demonstrates good universality, most of
the data points fall within the 30 % error margin. The RMSE of the
formula presented in this paper is 1.35, which is lower than that of
formula of (Yu et al., 2022), which incorporates the dataset of (Kowalski
et al.,, 2016), and its performance is comparable to the formula of
(Waldschlager and Schuttrumpf, 2019) (RMSE = 1.62).

The object of this study is MP particles with irregular shapes, which
are classified as fragments based on their shape, especially those with
distinct edge angles and polyhedral shapes. Compared to the irregular
MP fragments discussed in this paper, regular microplastic particles are
less prone to secondary motion. Furthermore, particles with high de-
grees of roundness and smooth surfaces experience less resistance from
water, potentially resulting in a lower drag coefficient than irregular
fragments. In addition, there is a certain proportion of micron-sized
microplastics in natural water environments such as the ocean, which
are more difficult to collect and measure, have a lower settling velocity,
and persist in the water column for a longer period of time. Finally, the
influence of turbulence in real water bodies on sedimentation cannot be
ignored, as turbulence intensity affects the settling velocity and resus-
pension of particles and decide whether resuspension will occur
(Mancini et al., 2024).

5. Conclusions

In this study, a comprehensive investigation of the settling behavior
of various irregularly shaped MP fragments in still water was conducted
using numerical simulations and physical experiments. The irregular MP
fragments were categorized as undergoing three types of settling on the
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Fig. 18. Comparison between the settling velocities of irregular MP fragments calculated using the proposed formula, existing formulas for various microplastics, and
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machine learning algorithms. The ratio of the number of training and testing sets used for the machine learning algorithms is 75 %:25 %.
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Fig. 19. When applied to other experimental dataset, the performance of each formula.

basis of their secondary motion: stable, transitional, and oscillating. The
MP fragments with three-dimensional geometric features tended to
undergo oscillating settling, where the settling velocity fluctuated
intermittently around the terminal value. By contrast, MP fragments
whose longest axes are significantly longer than the intermediate and
shortest axes tended to undergo stable settling, where the settling ve-
locity converged to the terminal value.

Although computer programs can be designed to generate MP frag-
ments with specific shapes, one challenge in applying the proposed ISF
to experimental data is accurately determining the maximum projected
area (Aproject) and the equivalent height (h). More precise and complex
techniques, such as image analysis and computer vision, may be needed
to model highly irregular and small MP fragments in natural
environments.

The research in this paper aims to help better predict the sources,
sinks, and migration pathways of microplastics in natural water bodies
such as estuaries and oceans. Future improvements in large-scale ocean
migration models may help reduce the abundance and hazards of
microplastics.
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