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Abstract

Microplastics (MPs) have become an urgent environmental issue, driven by rapid industrial plastic use and
inadequate waste management. As rivers act both as major transport pathways and temporary sinks,
reducing MPs loads within them can effectively limit their transfer into the food chain. This study
investigates the effectiveness of groynes, structures originally designed for flow and erosion control, in
trapping non-buoyant MPs. Ten configurations formed from pairwise combinations of four common groyne
geometries were tested using MPs (of equivalent diameter d., = 2.29 mm) of two densities (ps = 1.08 and
1.11 g/cm?). Experiments were conducted in a recirculating flume using subcritical turbulent flow. A
particle tracking model was employed to track and record particle trajectories around groyne fields, from
which trapping efficiencies and retention zones were derived. It was observed that MPs entered the groyne
field from the downstream end, forming a clockwise gyre. All scenarios retained > 6% of particles during
the test period. When both groynes used in the experiments shared the same shape, upstream-facing inclined
groynes exhibited the greatest trapping potential, achieving a peak retention rate of 20.7 + 3.7% over
extended durations. Despite their lower entrainment, straight and T-shaped groynes retained particles more
effectively, with < 3% trapped particles leaving the field during the tested period. In cases where the
upstream groyne was straight and the downstream geometry was varied, particle escape was negligible,
with downstream repelling groynes consistently trapping more MPs than other configurations. Although
particle density had little effect on particle entrainment, lighter particles showed lower escape and smaller

retention zone, indicating MPs sensitivity to vertical flow dynamics within the groyne field.
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Chapter 1 Introduction

1.1 Background

The exponential growth in plastic production, coupled with improper disposal practices, has led to the
widespread introduction of microplastics (MPs, < 5 mm in diameter) into ecosystems through both direct
release and the degradation of larger plastic products [1]. MPs have emerged as a pervasive environmental
concern due to their troubling properties, including resistance to degradation, small and ingestible size, and

their capacity to act as vectors for pathogens [2].

Aquatic MPs have long been the focus of research, given their widespread occurrence and mobility in water
systems. As seen in Figure 1, hydrological forces play a central role in shaping MPs transportation pathways

(circled in light blue in Fig. 1), facilitating the transfer of MPs across aquatic environments [3], [4].
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Figure 1 Microplastics sources, pathways and fate conceptual diagram. Retrieved from [3].
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Mounting evidence has demonstrated that MP pollution in both marine and freshwater environments poses
potential risks to aquatic organisms, disrupts ecosystem functioning, and carries implications for human
health [5].The infiltration of MPs into aquatic systems has created a direct pathway to human exposure, as
recent studies detected MPs in nearly all seafood samples in the United States [6]. More alarmingly, MPs
had been detected in human tissues and organs such as the liver [7], lungs [8], and placenta [9], with recent
studies linking their presence in major arteries to heightened risks of heart disease, stroke, and mortality
within three years [10]. These findings raises growing concerns about exposure risks for both aquatic

organisms and human health.

Among the hydraulic pathways, rivers play a particularly important role in MPs dynamics, serving as the
primary route of transport before MPs ultimately reach long-term sinks such as the ocean [11]. At the same
time, rivers function both as sources and sinks of MPs depending on flow conditions. Recent studies
indicate that under low-flow conditions, fine MPs accumulate in riverbed sediments, creating localized
hotspots, while high-flow events can remobilize portions of this stored pollution back into the water column
[12]. River infrastructures further complicate these dynamics by unintentionally influencing MP retention.
For instance, reservoirs behind dams act as long-term sinks, with sediments trapping MPs and reducing the
downstream load compared to upstream inputs [13]. Similarly, low-head weirs have been shown to reduce
MP concentrations in downstream waters, primarily by slowing flow velocity in backwater zones and
promoting particle settling and retention [14]. Together, these findings highlight the dual role of rivers not
only as conduits but also as active regulators of MP fate through both natural hydrodynamic processes and

human-engineered structures.

Among various river structures, groynes are notable for their potential to trap MPs, due to their capacity to
retain particles. Groynes are dike-like hydraulic structures constructed transverse to river flow [15] and are

primarily employed to deflect currents away from erodible banks and regulate flow patterns [16], [17].



Beyond river training, they have also been applied in ecological restoration, as groyne fields can enhance
habitat conditions and promote emergent vegetation growth [18]. Groynes are commonly classified by
construction material and shape, with the choice depending on local river conditions [15]. Impermeable
groynes, usually built emerged and made from rock, gravel, or gabions, are designed to redirect flow farther
from the bank while encouraging sediment deposition through eddy formation behind the structure [15],
[16], [19]. Particles from the main channel are advected into the groyne fields by primary circulation cells
and deposited as flow velocity decreases [20], [21]. This process creates scour near the groyne tips and

deposition within the fields (see Fig. 2), resulting in a net import of sediment under most flow conditions

Nl

[20], [21].

%,
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Figure 2 Typical sedimentation pattern within groyne fields of emerged impermeable upstream-facing

groynes. Retrieved from [19].

In contrast, permeable groynes, typically constructed from bamboo, timber, or piles, reduce flow velocities
and promote sedimentation, making them particularly effective in sediment-rich rivers; these are also better
suited for submerged conditions [15], [16]. In the present study, emerged impermeable groynes were
selected to reflect the low suspended sediment content of the experimental flow. Apart from materials,
groynes also vary in shape, influencing flow contraction, turbulence, and sediment deposition patterns [22].
Further discussion on groyne shapes and particle deposition mechanisms within the groyne field are
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provided in Section 3.1. In the present study, emerged impermeable groynes were selected to reflect the
low suspended sediment content of the experimental flow, and the shape of the groynes was varied to

examine its influence on MPs retention.

1.2 Objectives of the Study

This study investigates the potential of groynes to trap non-buoyant MPs, building on their well-
documented ability to generate low-velocity recirculation zones that promote sediment deposition and
retention. Given that the transport behavior of non-buoyant MPs closely parallels that of sediments, it is
hypothesized that groynes will similarly facilitate MP retention. To test the hypothesis, the study pursues
three objectives:
(1) to quantify overall MPs trapping rate of groynes under controlled hydraulic conditions using a
particle tracking model,
(2) to examine differences in trapping efficiency among groyne geometries and identify shapes that
maximize retention; and
(3) to assess the influence of minor differences in MPs densities on the capture of MPs of different
groyne shapes.
The findings are expected to inform the design or retrofitting of groyne systems to enhance MP retention

capacity and contribute to broader strategies for mitigating MP pollution in regulated river environments.

1.3 Novelty of the Study

Despite growing field evidence that river infrastructures can retain microplastics, empirical research
directly quantifying the trapping efficiency of groynes remains scarce. To date, only one study has
examined groynes in this context, focusing on floating macroplastics (>5 mm). Przyborowski et al. [23]

demonstrated that lengthening a groyne narrowed the main channel and intensified lateral mixing, thereby



diverting more buoyant macroplastics into downstream recirculation zones. These findings highlighted the
potential of groyne fields as strategic interception points for managing plastic debris in rivers.

Building on this foundation, the present study advances understanding by experimentally evaluating the
trapping efficiency of groynes for non-buoyant MPs and extending the scope to compare the effects of

different groyne geometries and particle densities.

1.4 Scope of the Study

This study focuses exclusively on the trapping efficiency of non-buoyant MPs particles within riverine
environments. Buoyant MPs, which exhibit different transport and settling behaviors, are excluded from
the scope. Although groynes are commonly found in both riverine and marine settings, this research is
confined to river groynes, and therefore marine hydraulic factors such as wave action and salinity effects
are not considered. The findings are thus applicable to freshwater fluvial systems where non-buoyant MPs

interact with river groyne structures.

1.5 Structure of the Thesis

This thesis is organized into four chapters: Chapter 1 provides a high-level introduction to the study,
outlining its background and study motivation. Chapter 2 presents a literature review of empirical research
on MPs transport in rivers, highlighting common approaches to MPs characterization, interesting
experimental designs, proposed empirical formulations, and directions for future investigation. Chapter 3
takes reference to the literature reviewed in Chapter 2 (e.g., experimental setup, MPs characterization) and
details the experimental work undertaken to test the study’s hypothesis. The chapter encompasses the
experimental methodology, results, and discussion. After that, Chapter 4 concludes the thesis by
synthesizing the main findings in relation to the stated objectives. Finally, Chapter 5 discusses the
methodological limitations of the flume experiments and highlights potential improvements for advancing

the environmental relevance of the research.



Chapter 2 Literature Review

2.1 Introduction

Since the 1950s, the rapid growth of industrial plastic use has significantly contributed to environmental
pollution, largely due to inadequate waste management practices [24]. Plastics were detected in oceans [24],
freshwaters such as rivers and lakes [24], terrestrial soils [25], and the atmosphere [26]. Estimates of 2022
showed that 1.7 million tons of plastic waste ended up in the ocean annually [27], through different
pathways including rivers, urban runoff, wastewater discharge, and wind [27], [28]. Among them,
microplastics (MPs), generally defined as plastic particles smaller than 5 mm in size, either from direct
emission (i.e., primary release) or fragmentation of larger pieces (i.e., secondary release) have become a

major concern in recent years [26], [28].

Aquatic microplastics threaten ecosystems, food safety, and health. They act as vectors for pathogens and
pollutants, foster harmful microbes, and are easily ingested, leading to bioaccumulation across the food
chain [29]. In fact, recent findings have revealed MPs in 98.9% of U.S. seafood samples [6] and in over
80% of tap water samples worldwide [30]. As increasing number of studies had also detected MPs in human

organs [31], with emerging evidence linking their presence to various health issues [10], [32].

With oceans acting as the final sinks for MPs [33], it is vital to understand and intervene at earlier stages of
their transportation pathway. Notably, a majority of marine MPs originated from terrestrial sources [34],
and rivers are a dominant transport pathway [27], [35]. Besides, rivers are not only conduits but also
potential sinks for storing MPs temporarily in riverbanks, floodplains, aquatic vegetation, sediments, and
infrastructure [36]. Therefore, targeting rivers for monitoring and mitigation can significantly reduce the

flow of MPs to the ocean.



The transport processes of MPs in rivers remain poorly understood, with existing freshwater MPs research
primarily focusing on sources, distribution, and ecotoxicity, leaving significant gaps in understanding their
migration and behavior in riverine environments [37], [38]. Studying aquatic MPs is challenging because
they persist in water and constantly transform, with data showing >90% MPs undergo natural weathering
from UV light, mechanical abrasion, and biofouling, processes that alter their physical and chemical
properties [39], [40]. These dynamic changes complicate efforts to track their fate and environmental

impact over time.

Laboratory experiments are a critical tool for addressing these gaps by complementing field observations
and numerical models with physical processes insights under controlled conditions. They enable the
isolation and quantification of key transport processes while providing parameters for predictive modelling.
Laboratory studies are particularly valuable for testing sediment transport analogues in microplastic
research, validating theoretical formulations, and reconciling discrepancies between modelled and observed

particle behavior [38], [41], [42].

The main objective of this review is to synthesize recent laboratory research on MP transport pathways and
transformation effects, with emphasis on studies published between 2021 and 2025. It evaluates how
experiments disentangle the roles of physical properties of MPs, ambient flow properties, and how transport
processes were parameterized. Accordingly, the review is organized as follows: characterization approaches
for MPs are first introduced in Section 2, followed by a brief overview of transformation processes (i.e.,
biological and physical weathering) of MPs in Section 3, and highlights of various experimental setups are
provided in Section 4. Key findings on different transportation pathways (i.e., settlement, dispersion,
vertical distribution, near-bed transport, incipient motion, infiltration and retention) are then detailed in

Section 5. Finally, Section 6 discusses methodological advances, limitations, and future directions



necessary to ensure laboratory findings remain environmentally relevant and scalable to natural river

systems.

2.2 Microplastics Characterization

2.2.1 Polymer Type

Most previous studies selected MP types for experiments based on field sampling data, global plastic
production and waste statistics to ensure relevance to real-world conditions. For example, some relied on
the most detected MPs in aquatic and sewage environments and used polyethylene terephthalate (PET),
polyvinyl chloride (PVC), polystyrene (PS) and polyamide (PA) in their experiment [43]. Others tailored
their MP selection to specific ecosystems, in which PA, PVC, PET were selected based on riverbeds
samples [44]. Conversely, some studies intentionally selected less prevalent polymers such as polymethyl
methacrylate (PMMA), polyoxymethylene (POM), acrylonitrile butadiene styrene (ABS), and polylactic
acid (PLA) for their specific physical properties (e.g., density, rigidity, transparency) to isolate and study

the effect of a single variable, such as elasticity or surface properties [45], [46], [47].

2.2.2 Source of Microplastics

Most MPs used in the experiment were mostly sourced from suppliers or in-house made, with some being
collected from the field. Regularly shaped MPs, such as pellets, cylinders, and spheres, were typically
purchased, though some were produced from thermoplastics [48] or via 3D printing [45]. Fibers were
usually handmade by cutting common household materials like fishing line [48], broom hair [49], dish
brushes [45], dental floss [45], and yarn [50], [51], [52], while some reported obtaining them from sources
available online [53]. Fragments were commonly made by grinding or cutting larger plastic items such as

food containers [54], disposable cups [50], [55], floor leather [56] and plastic files [57], while some sourced



them from plastic processing facility [53]. To obtain submillimeter MPs, some extracted PE (polyethylene)
microbeads from exfoliating cosmetic products using vacuum filtration [58].

Irregularly shaped MPs were generally prepared using a liquid nitrogen grinders [43], [59], centrifugal mills
[60] or granulators [61] on larger plastic pieces. On the other hand, some collected MPs from natural water
bodies, where the MPs were typically separated by a sieve, rinsed with deionized water followed by air-

drying, in order to remove most biofilm, then stored in glass vials in the dark [61], [62], [63].

2.2.3 Quantification of Microplastics

In experimental studies, researchers typically use microplastics with densities between 0.9 and 1.4 g/cm?,
reflecting the most commonly found plastic types in aquatic environments or tailored to the specific
objectives of the research. For instance, Born et al. [64] selected MPs with densities between 0.91 and 1.13
g/cm? to ensure they were as close as possible to water density, aiming to examine how small differences
in density influence the transport behavior of MPs in flowing water. Among studies which reported their
method in density measurement, most reported the use or referencing of standardized procedures, namely
ISO 1183-1:2019 or DIN 53 479. These two standards are highly similar as both were based on the
Archimedes’ principle. In addition to these standard protocols, some determined density using gravimetric
methods with known-volume samples [23], [65]. Others used devices like powder density meters [66],
pycnometers [60] and density kits [61]. For samples which direct measurements were impractical, the

density specifications from the supplier were used.

The size range of MPs used in experiments is broad. Although global and local river data indicate that a
notable proportion of MPs in surface waters and sediments have an apparent diameter of less than 0.3 mm
[34], [67], larger MPs were selected for experimental practicality reasons, such as the capability of imaging
systems [68], [69], the availability of sieves [70] and limitations of cutting method [71]. This size disparity
represents a significant challenge in extrapolating laboratory results to predict the behavior of the most
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abundant MPs in the environment. Researchers commonly measured the dimensions of MPs by using a
digital caliper, or other tools including microscopes [60], [72], laser particle size analyzers [73], [74],
micrometers [43] and sieve [46]. For more precise or automated measurements, some studies coupled
optical tools with image-based software such as Imagel [66], [75]. The size of non-spherical MPs was

typically expressed in nominal diameter (d,,), diameter of a sphere of the same volume as the given particle,

3[3ac?
2

which could be computed or approximated differently depending on geometry (e.g., dy fiper = [51],

dn,fiber,plate,disk = W 4ab/m [52], [76], [77], and dn,irregularly shaped = Vabc [43], [53], [78]).

To account for the combined effects of particle size and density on microplastic motion, the dimensionless
particle diameter (d,) was sometimes used. For example, Yu et al. [79] studied the streamwise transport

behavior of MPs varying in size and shape by normalizing experimental results using d, enabling consistent

3 g’
d, =d, \E 1)

in which vis the kinematic viscosity of the fluid; g’is the reduced gravity acceleration, calculated by g’ =

comparison. The latter is given by

@ [80], where py is the particle density and p is the fluid density.

Apart from particle density and size, some studies also quantified MPs by concentration. Born et al.
developed a MATLAB software which divides the flume into equal sections and normalizes concentration
profiles by dividing particle counts by that of a reference section [64]. Some measured particle volume
concentration by using a laser particle size analyzer for MPs within the device’s detection range [73], [81].
Some acquired number and mass concentrations by dividing the total particle count (counted manually or

by software like ImagJ) and mass by the liquid volume [62], [73], [82], [83].
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2.2.4 Shape of Microplastics

Characterizing MP shape is especially important given their wide variety of shapes which significantly
influences their behavior. Although the most frequently observed MP shapes in rivers are fibers, fragments,
film then pellets [34], pellets remained the most commonly used shape in experimental studies. Regularly
shaped MPs (e.g., cylinders, cuboids, sheets), irregularly shaped particles (e.g., fragments, crushed
particles) and fibers were also used in some studies. Researchers typically described MPs shapes using
quantitative shape descriptors summarized in Table 1, with the Corey Shape Factor (CSF), which assesses
particle sphericity from the ratio of its three principal dimensions, being the most common metric. However,
CSF was less used for films, fibers and fragments, as studies showed it was incapable of effectively
differentiating between the three [52]. As a result, sphericity, elongation, and flatness (see Table 1 for
definitions) were typically employed alongside CSF to provide a more detailed characterization. Yet, there
is still no universally accepted method for shape characterization for these particles. Some researchers
developed shape factors tailored to irregular MPs based on both experimental and numerical results but
acknowledged the difficulty in accurate implementation [84].

Table 1 Common shape factors selected for reference, where a = length of longest side; b = length of
intermediate side; ¢ = length of shortest side; Aspn = surface area of the volume equivalent sphere; and A

= surface area of particle [45], [52], [61], [85]. Multiple shape factors exist, and many have alternative

formulations. The choice depends on the studied MPs and research objectives.

Shape factor Formula Implication
Corey shape factor (CSF) CSF = ¢ CSF = 1: equidimensional; CSF < 1:
Vab elongated/flattened [22, 23, 27, 31-33,
40, 45, 46, 52, 58, 59, 64, 66-69]
Sphericity (®) ® = Aspn @ = 1: spherical; @ # 1: deviate from
= 2
As perfect sphere; Ag,p, = 4T (%) [66],
[75], [84], [86], [89]. Sphericity can
1
, 1
also be approximated by @ = (%)3
[78].
Elongation (e) o= b e > 1: elongated [52], [54], [61], [66],
Ta [84]




Flatness (f) f= < f <1:flat [54], [72], [77], [84]
b
Aschenbrenner shape factor ASF = ac ASF = 1: spherical, ASF > 1:
b? elongated; ASF < 1: flat [52], [69]
(ASF)

Some researchers also characterized microplastics using parameters that go beyond spatial dimensions.
Settling velocity (ws) is a key parameter to reflect how MPs respond to fluid flow. For example, it was used
to characterize MPs in studies on horizontal transport of MPs [66] and sediment-MP interactions [73]. The

w; of a spherical particle shape is given by the Stokes’ formula:

4dg ps—p>
2 _ 2
Ws 3Cd( P (2)

while that of non-spherical particles can be calculated by

w2 = 2Vg (ps —p>
° ApCq p

(3)
in which g is the gravitational acceleration; d is the particle diameter, replaced by d, for non-spherical
particles; Cyis the drag coefficient, a function of pressure drag, friction drag and flow properties; V/is the
volume of particle; A4, is the projected area of particle; pis the density of fluid; and psrepresents the density
of particle [90]. The dimensionless form of settling velocity (w=) [72] is given by

wy

= g,v

(4)

W,

For non-spherical MPs, wswas determined experimentally or calculated based on other microplastic studies
[47], [64], [66], [73]. Various studies have proposed modifications to C, to account for the diverse physical

properties and irregular shapes of MPs (see Section 5.1).

Other properties of MPs were characterized depending on the study objective. For instance, Wang et al.
[43] investigated the influence of surface roughness on settling velocity by visually classifying MP samples

as rough or smooth. Lofty et al. [47] examined the role of particle elasticity in bedload transport by
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measuring Young’s modulus and Poisson’s ratio. Goral et al. [45] assessed the absorption capability of MPs
by soaking them in water for one week, finding no significant change in density or dimensions, and thus

concluding that absorption was negligible.

2.3 Transformation of Microplastics

Upon entering aquatic systems, MPs undergo physical, chemical, and biological changes. The extent and
rate of these transformations are influenced by the polymer’s chemical and physical properties, as well as
environmental conditions such as light exposure, ambient hydrodynamics and biological activity. Common
transformation processes could be divided into biotic (e.g. biofouling) and abiotic (e.g., photo-oxidation,
mechanical abrasion) pathways. In the context of this review, discussion was focused on biofouling and
abiotic weathering, as these processes are more extensively studied and have clearer links to changes in

MPs physical properties, which, in turn, affect transport behavior.

2.3.1 Biofouling

Microplastics develop biofilms (i.e., layers of microorganisms and organic matter) once they enter natural
waters, which eventually alter their density and polarity [61], [91]. While the effect of biofouling on particle
density was detailed in Section 5.1.2, some studies suggested that biofouling changes MPs’ polarity from
nearly hydrophobic to strongly hydrophilic, which increases their cohesion with sediments [61]. However,
this phenomenon was not observed in some studies [91], a discrepancy that may be due to differences in

biofilm community composition or sediment type.

The extent of biofouling on MPs is shaped by multiple factors, including particle shape, polymer type, and
environmental conditions such as light availability that supports the growth of photosynthetic organisms.
The shape of the plastic was found to influence the maximum amount of fouling accumulated per surface

unit, with films accumulating more than pellets [86], [92]. Biofouling was also polymer-specific and
13



Mendrik et al. [91] attributed this variability to differences in chemical composition and surface texture,
which likely affect microbial adhesion and biofilm development. These differences extended beyond
microbial biofilms to macro-community attachment, as visibly distinct fouling was observed across
polymer types under uniform environmental conditions, suggesting the polymer substrate itself influences
colonization [92]. For instance, after 63 days of freshwater incubation, biofilm mass varied significantly
despite equal surface roughness, with PS exhibiting the lowest biofilm mass and PVC (polyvinyl chloride)
the highest [93]. Findings also suggested that increased surface roughness facilitates microbial attachment

and enhances biofilm development [56], [93].

2.3.1.1 Biofilm Cultivation Methods

Biofilms on MPs were typically cultivated using either field-based or laboratory-based approaches. Field
approaches typically involved submerging fixed microplastic samples in natural waters for more than a
month [56], [86], [92], [94]. In laboratory settings, some researchers placed plastic samples in tanks
containing natural freshwater, concentrated algal batches collected from the site or unialgal cultures,
followed by continuous shaking [58], [59], [61], [94]. Time-controlled fluorescent lamps were used to
simulate natural illumination cycle under controlled temperature [59], [61], [94]. Hoellein et al. [50] on the
other hand, mixed benthic sediments and overlying water with microplastics in flasks, the mixture was then
placed in a shaking incubator for 7 days and stored frozen. The time required for biofouling varies by site,
influenced by physicochemical conditions and seasonal fluctuations that determine the colonization of
fouling organisms [41], [42]. For example, the required exposure time for biofouling to affect sinking

velocities ranged from as short as 1 week to over 3 months [61], [91].

Various methods were employed to quantify biofilm on microplastics. Quantifying biofilm growth on MPs
is methodologically diverse and challenging. Gravimetric methods were the most common approach,

involving weight comparisons of MPs with and without biofilm. These methods varied in how the biofilm
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was removed or isolated, including drying [56], [93], Fenton oxidation [58], or direct comparison of fouled
and clean samples [92]. Some studies first used stereoscopic observations to confirm the presence of biofilm
layers and attached macro-organisms, followed by optical density (O.D.) measurement using the Crystal
Violet staining approach [92]. The resulting O.D. values were measured spectrophotometrically and
normalized by MP surface area (O.D./cm?). Some studies quantified biofilm abundance using qPCR
targeting 16S rRNA genes, involving DNA extraction, specific primers, and standard curve quantification
[50]. Additionally, some studies introduced a Biofilm Distribution Index (BDI), ranging from 1 (uniform

coverage) to 5 (irregular distribution), based on average scores assigned by independent observers [86].

Biofilm presence, architecture, and distribution on microplastics was usually visualized through a
combination of visual and microscopic techniques to correlate physical structure with its impact on MP
properties. Visual observation and Scanning Electron Microscopy (SEM) were frequently used to analyze
surface morphology and examine fouling organisms [91], [93], [94], [95]. To further explore biofilm
architecture, confocal laser scanning microscopy (CLSM) with multi-color staining was employed to

visualize the 3D structure of biofilms [56].

2.3.2 Abiotic Weathering

Weathering mechanisms change the MP properties through various processes such as UV irradiation,
hydrodynamic forces, and the wet—dry alternation, which often lead to changes in MP density and
buoyancy. For example, experimental results showed the density of virgin PP (polypropylene) dropped
from 0.90 g/cm? to 0.66 g/cm? after 6 weeks exposure in freshwater environments [56]. Although biofilm

was formed, the decrease in density was attributed to the loss of mass from additive leaching [56].

Other common effects include change in surface morphology (e.g., increased roughness or cracks), zeta
potential, adsorption capacity, hydrophilicity, formation of new functional groups, or fragmentation. For
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example, weathered LDPE pellets showed a 25.6% decrease in diameter compared to 17.3% for virgin
LDPE [92]. In particular, UV weathering was found to increase crystallinity and brittleness [54], [55]. It is
worth noting that the effects of weathering or aging on MPs are shaped by a range of factors, including the
physical properties of MPs and the surrounding environment. For instance, UV radiation and hydrodynamic
weathering demonstrated polymer-specific behaviors, such as PMMA becoming more hydrophobic while
PE became less [81]. These alterations have direct implications for transport: increased roughness and
cracks can enhance drag and aggregation potential; changed crystallinity and density directly alter settling

velocities; and increased hydrophilicity can affect interfacial behavior and sediment cohesion.

2.3.2.1 Experimental Procedures for Simulating Abiotic Weathering

Laboratory-induced weathering of MPs has been achieved through a variety of methods to simulate
environmental aging under controlled conditions. Photo-oxidative aging was most studied, with most cases
having MPs exposed to artificial UV radiation for at least 1 month, usually coupled with gentle shaking
[54], [55], [81], [92]. Some further applied a daylight filter to simulate natural sunlight [54]. Chemical and
mechanical weathering methods were also employed. Wang et al. [S] used Fenton’s reagent to simulate
accelerated oxidative aging of MPs over 15 days. Yang et al. [81] simulated mechanical abrasion by
agitating MPs with glass beads in deionized water at 100 — 250 rpm, and also mimicked wet-dry cycling by

repeating at least 8 cycles of soaking, shaking, and oven-drying.

2.4 Experimental Setups

This section covers common experimental setups such as column tests for vertical motion, and flume
experiments that recreate river-like flows to investigate near-bed transport and incipient motion. It also

highlights special approaches on MPs injection strategies and tracking techniques.
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2.4.1 Column Test

Column tests were commonly used to study the vertical velocity of MPs but have also been adapted to study

processes such as vertical mixing and resuspension, as illustrated in the following examples.

Early research on MP settling primarily investigated the influence of their physical properties, with most
experiments conducted in quiescent water conditions. In most cases, the tests were conducted with wall
effects neglected, though some studies applied wall factors for adjustments [43]. While dealing with small
MPs (10 — 388 um) with very low settling velocities thus highly sensitive to convective flows, Dittmar et
al. [96] proposed a setup using a cooling incubator and tennis balls to reduce temperature fluctuations and

vibration, thereby limiting the impact of convection.

Meanwhile, some studies employed column-based systems to study vertical mixing of MPs. [62], [97]. Li
et al. developed a custom settlement and observation system to study microplastic behavior in sediment-
laden turbulence [97]. The device featured a 200 cm-tall settling column with seven motor-driven
vibrational grids to generate isotropic turbulence. A 40-cm thick layer of sediment was placed at the bottom
of the device to simulate riverbed environments, allowing for the simultaneous observation of MPs

aggregation, settling, and resuspension under controlled turbulence.

To investigate the retention of MPs in coarse riverbed sediments, Munz et al. [98] conducted experiments
using columns (50 cm long, 8 cm diameter) saturated with medium gravel and coarse sand, simulating
coarse riverbed sediments. Flow was induced from top to bottom, mimicking surface water infiltration
under a free gradient. Once the flow stabilized, it was briefly paused to allow MPs to be put on sediment

surface, after which the column was resealed and flow resumed.

Sediment—water column setup was usually adopted in MP resuspension studies. In one test, resuspension

was simulated by inverting the column six times, with 10-minute settling periods between inversions. A
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final 2-hour sedimentation period allowed for full particle redistribution [99]. Other researchers collected
sediment columns from the field and overlying water was mixed by a vertically oscillating porous plexiglass

perforated plate such that resuspension could be facilitated [63].

2.4.2 Flumes

Straight laboratory flume setups were commonly used in studies investigating the longitudinal, near-bed or
vertical movement of MPs under controlled conditions. These setups often feature different flow rates,
adjustable slopes, varied bed materials, or shallow zones to simulate different hydraulic environments [47],

[64], [73], [100].

Flow conditions varied across studies but were consistently monitored and adjusted to simulate realistic
hydraulic environments. For example, flow was recirculated in both closed- and open-circuit systems using
submersible pumps [83], [101], and hydraulic load (HL) was maintained using piezometers or inlet—outlet
elevation control [73], [98]. In particular, to study MP incipient motion, flow was gradually increased until
MP particle displacement occurred, with thresholds defined as the point of visible deviation or the departure

of 50% of the particles from a test area [5], [45], [102].

Flumes with rough beds composed of fine to coarse sand, gravel, or glass beads were employed to simulate
sediment conditions, in which the roughness Reynolds number was used to represent bed roughness [5],
[45], [47], [66], [102]. Sediment compaction and saturation were carefully controlled, using techniques
such as bottom-up water saturation [98] or sediment support grids with uniform flow distribution [101].
Some tracked bedform dynamics using a side-view camera [82], while others used time-lapse photography
[88], Particle Image Velocimetry (PIV) [83], and laser profiling [83] to capture flow velocities, bedform

amplitude, and migration.
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On the other hand, annular (circular) flumes provide a tightly controlled flow that approximates the Couette
flow, making them ideal for observing incipient motion. For instance, some suppressed pump-induced
turbulence and minimized secondary circulations by counter-rotating the lid and channel [102]. A custom
control program allowed bed shear to be increased at a fixed rate (0.0001 N/m?s), allowing the first motion

of settled MPs to be observed.

Also studying the incipient motion of MPs, the circular flume used by Goral et al. [45] generated flow by
lid rotation and thus required a conversion from rotation speed to shear, as well as a small correction for
secondary currents. They first calibrated lid velocity to shear velocity by fitting the near-bed velocity
profiles (measured by a Laser Doppler Velocimetry device) to smooth wall theory; they then accounted for
circular-channel secondary flow via an Engelund-based angle correction. With hydraulically smooth
conditions verified, the lid velocity of the fully developed flow was increased by 0.02 m/s, with 3-minute

wait after each increment.

To study the infiltration of MPs in migrating bedforms, Alhusban [82] used a paddle-driven annular flume
for producing and quantifying ripples. The flow was driven by 8 perforated paddles on the lid, while the
flume was filled with quartz sand (0.4 — 0.8 mm), fluorescent MPs (0.2 — 5 mm) and water; three flow
velocities were interchanged to create migrating bedforms through sediment motion. Bedform dynamics
were monitored by a side-looking, calibrated camera, with flow velocity estimated via particle-tracking
velocimetry. After each run, the bed was cored to 10 cm and sliced to map and quantify MPs infiltration.
The study concluded that MPs infiltration is controlled mainly by size, with density and flow conditions

playing less important roles.
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2.4.3 Microplastics Injection

For column tests, MPs were released at least 1 cm below the water surface to minimize the influence of
surface tension [43], [53], [72]. For flumes, MPs were introduced in varying ways: water surface placement
[73], [98], pulse injection into the flow [83], homogeneous mixing throughout the sediment bed [88], or
near-bed placements [5], [45], [47], [66]. In most cases, MPs were soaked in water for at least 4 hours

before the test to reduce static surface charge.

In some situations, extra effort was required to avoid issues like clogging the feeding devices or unevenly
mixed samples. For example, Dittmar et al. [60] injected small MPs (size = 0.01 — 0.4 mm) from stock
suspensions which were pre-mixed with surfactants and degassed. Born et al. used a vibrating feeder
provided a steady MP supply, while using different air-free setups for sinking and buoyant MPs [64].
Sinking particles were introduced through a 35° inclined, water-fed pipe into a calm flume zone, while
buoyant particles were released just above the water surface to minimize air bubble attachment [64]. Yu et
al. introduced MPs into the flow using a plexiglass ramp installed at the top of the flume inlet. The ramp
was angled at 45 degrees from the horizontal and divided into 25 evenly spaced slots, with its lower end
extending below the water surface [79]. Microplastics were then placed in each of the 25 channels on the

ramp, and all were released simultaneously into the flow by removing a barrier plate [79].

2.4.4 Microplastics Tracking

2.4.4.1 Individual Particle

To monitor the trajectory and velocities of individual MP particles, particle movement was captured and
analyzed by optical devices frame-by-frame, an approach commonly known as Particle Tracking
Velocimetry (PTV) [69], [74], [82], [103]. When needed, multiple synchronized high-speed cameras were
used to capture spatial details [64], [66], [74]. MP trajectories were usually captured by backlighting
approach [51], [54], [66], [104] or by actively illuminating MPs (sometimes fluorescent coated [82], [87]
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or embedded [74], [83], [100], [105]) by strong light (e.g. UV light [82], [83], [87], laser light [100]) to

boost contrast and suppress background noise, improving trackability.

Settling velocity (ws) was usually measured by capturing the falling distance and duration using digital
cameras or stopwatches [48], [50]. The measured w; values were then compared with theoretical models,
often drawn from sediment or other MP-related studies. Some studies also captured MPs trajectories, MPs
orientation and secondary movement by high speed cameras [51], [60], [104], where images were processed
by self-developed scripts [52], [96], [104]. For instance, Choi et al. [69] captured both front and side view
of settling fibers with only one camera by utilizing mirror reflection, such that the 3D coordinates of the

particle could be reconstructed.

In near-bed studies, particle trajectories and transport modes (rolling, saltation, suspension) were classified
using software-based or visual criteria conditions [47], [66], [105]. Detailed particle-bed interactions were
captured by having multiple observers to distinguish between short transitory MP retention and longer-term

burial events [105].

2.4.4.2 Multi-particle

To quantify microplastic concentrations and movement in a flume, some studies used fluorometric
techniques. By staining microplastic with Nile Red, they could be detected by fluorometers, and such data
could be converted to concentrations through calibration [46], [106]. Recent studies found the method was
reliable for polymers with densities larger then 0.9 g/cm?® and particle sizes less than 150 um [46]. However,
as lighter MPs showed poor detectability, higher initial concentrations or alternative detection methods

were suggested [46].
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Complementary approaches have enhanced detection capabilities. For example, Xia et al. [63] used a Nile
Red-methanol staining protocol combined with laser confocal microscopy and ImageJ analysis, resulted in
> 90% detection efficiency for particles > 50 um. Similarly, Munz et al. [98] used fully stained red
fluorescent PS fragments (=100 pm) with defined excitation ranges and fluorescence imaging, reporting
100% recovery with a low false discovery rate. For real-time monitoring, Boos et al. [83] deployed
internally fluorophore-coated microbeads and used both portable fluorometers and a Fluorescence Imaging
System (FIS) to continuously track microplastic transport and infiltration across water—sediment interfaces,

detecting particles as small as 10 um.

Additionally, recent work has extended fluorometric methods to study MPs dispersion within vegetated
channels using Hostasol methacrylate (HMA)-tagged PS MPs, alongside Rhodamine WT as solute tracer
[107]. Fluorometer sensor data (10 Hz) collected at multiple channel positions enabled calculation of
longitudinal dispersion coefficients via the method of moments, with results confirming minimal tracer loss
and highlighting the utility of dual-tracer fluorometry for resolving microplastic transport under complex

flow conditions.

2.5 Riverine Microplastics Transport Mechanisms

The transport of particles in hydraulic environments is mainly governed by a balance of three physical
forces acting on each particle, namely the gravitational force (F¢), the buoyancy force () acting upwards
and the fluid drag, Fp which is due to the shear stress from the fluid and which acts in the opposite direction
to the relative flow velocity [42]. In the vertical direction, the balance between Fg and F, supplemented
by lift (F7), determines whether a particle will sink, remain suspended, or float near the surface, with the
net balance dictating its vertical position in the water column [41]. Horizontal particle motion is governed

by the combination of vertical force balance and Fg, while particles at the bed additionally experience
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frictional resistance (Fr) counteracting drag [41]. These force interactions determine whether particles

remain immobile, move along the bed, or are suspended [41], [42].

The mechanics of sediment transport in rivers are extensively studied, providing the foundation for
understanding MPs movement, which closely mirrors that of natural sediments [46]. However, MPs
transport is shaped by the physiochemical properties of MPs particles and the riverine environments [38],
as they drive mechanical, photochemical, and biological transformations of MPs [37], [42]. These
deviations highlight the importance of accounting for the unique physical properties of MPs, surrounding

hydrodynamics [37], and sediment composition [108] when understanding transport.

Microplastics exhibit a wide range of behaviors (Fig. 3) depending largely on their density, size, and surface
characteristics [38], [109]. Buoyant MPs remain suspended in the water column, with their vertical position
influenced by surface area and size [48], and are readily transported by currents [110]. In contrast, dense
MPs tend to sink and move horizontally under stronger flows [57] . Bedload transport primarily occurs
through sliding and rolling motions [46], with a portion buried in sediment while others are reintroduced
into the flow through resuspension [41], [109]. Vertical transport of MPs is further influenced by external

factors such as turbulence and interactions with suspended solids [41], [97].

This section reviews the main transport pathways of MPs in freshwater systems, focusing on (i) settling,
(i1) incipient motion, (iii) dispersion, (iv) vertical distribution, (v) near-bed transport, and (vi) infiltration
and retention. For each subsection, recent findings into the underlying mechanisms are summarized,
supplemented by insights into temporal transformations and newly proposed empirical models where

available.
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Figure 3 Schematic representation of MPs transport in Rivers.

2.5.1 Settling

Settling velocity (ws) represents the balance of Fg, F, and Fp acting on a particle in static water, where the
sinking rate of non-buoyant particle is constant. For positively buoyant particles, the analogous parameter
is the rising velocity (or upward terminal velocity), which is conceptually the same physical quantity as w;
but opposite in direction [59]. It is foundational for understanding the vertical transport and concentration
profiles of microplastics in aquatic environments, and by far the most well-studied mechanism among other

processes.

As shown in Eq. 2, drag coefficient (Cy) is a critical parameter governing ws,. When the particle Reynolds

number (Re, = Wsd) is less than 0.1, Cy; is commonly approximated by C; = % for spherical particles.
4

v
However, in cases where inertial forces become significant (Re, > 0.1) or the projected area (4,) of the
particle is unknown, the relationship between w; and C,; becomes more complex, thus, an empirical
approach is necessary. Across the reviewed studies, modifications on Cy by relating it to MPs size, shape,
orientation and shear remained an ongoing effort, while emerging studies focused on the impact of MPs

transformation.
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This section will focus on the primary factors governing MPs settling in natural flows: (1) their intrinsic

physical properties, (2) biofouling, and (3) influence from the surroundings [42].

2.5.1.1 Influence of Microplastics Properties on Settling

The key in formulating settling equations for MPs was to parameterize shape-dependent drag
characteristics. Different from sediments, MPs exhibit a greater variety of shapes with a significantly higher
proportion of asymmetric and irregularly shaped particles (recall that fibers and fragments are the
predominant shapes in river surface water and sediments [34]). Irregularly shaped MPs generally settle

more slowly than spherical particles because their complex shapes increase drag [85].

Waldschlager and Schiittrumpf [53] were among the first to compare sediment drag models to existing and
their own experiment data on MPs. They modified Stokes’ formula (Eq. 2) by incorporating CSF into C, to
capture shape-related variations, particularly for MPs pellets, fragments and fibers (see Table 2). Moving
forward, some studies suggested that using both sphericity (@) and CSF in parallel was more effective in
distinguishing the drag on microplastics with varying geometries [61], [§9]. Others highlighted the need to
consider three-dimensional settling dynamics on MPs settling, particularly for fibers and fragments, as
secondary motion (i.e., rotation, oscillation, or tumbling of particles [48], [65], [69], [72]) can significantly
alter the trajectories and settling rates of irregularly shaped particles and standard settling models do not

adequately capture [84].

For instance, MPs fibers complicate settling velocity calculations due to their elongated, irregular shapes.
Khatmullina and Isachenko [48], being the first to explore this complexity, derived an approximation for
long cylindrical MPs by observing a linear relationship between the product of C; and Re, (CsRe,) and the
particle length, which resulted in a revised formula for w, through algebraic derivation (see Table 2). After
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that, Nguyen et al. [51] investigated the settling motion of polyester (PES) textile fibers with various lengths
and curliness. It was observed that fibers with a projected length (L,) >1 mm exhibited slower settling when
they were oriented more horizontally or curlier. Despite the effect of both factors, the authors suggested

that C, of longer fibers (Lp >1 mm) can be reasonably estimated by Re, (see Table 2).

Table 2 Overview of shape-dependent drag models for MPs settling

Studies Equation Microplastics Application
q properties condition
3
Cd,pellets & fragment — ( 3 ) Irregl’darly Shaped; . 1.
Waldschliger & CSF X /Re, 4= 04— 5 mm: Quiescent fluid;
Schiittrumpf neighboring/swarm

4.7
1/Rep

_ 41.28ASF%495282

CSF=~0.1-1; ps=
+ VCSF ) P effects neglected

(2019) [53] Ca fiver = (
1.01 - 1.37 g/cm?

q= R0 Fibers: - — 1.60 Re, < 160; quiescent
Choi et al. (2022) o fluid;
Sc is th . hericit hape fact 4.03 mm; ps=1.31
[69] (Sc is the crosswise sphericity, a shape factor . neighboring/swarm
g/cm
dependent on settlement orientation) effects neglected
Ca Re, <3.01;
Fibers (diameter = ) )
Nguyen et al. 3.78 Re,?, for fiber length = 1mm 16,3 um): pe— 138 quiescent fluid;
5 =47. ey“, for fiber length = 2mm . T neighboring/swarm
2022) [51 7.57 Re,? iber length = 2 ; ghboring/
15.22Re,?, for fiber length = 4mm g/em?; curly effects neglected
] Re, =1-300;
Various shapes; d, = ) )
C, 096 3.56 quiescent fluid;
.26 —3.56 mm;
neighboring/swarm
Yu et al. (2022) %(1 +0.022d3)°5* 4 0.47[1 — exp (=0.15d%4%)] | CSF = 0.01-1.00; ® £ £
89 == effects neglected;
025 g
(d025¢a2™ CSFa2¥*)” =0.06-1.00; (ps — ) )
Vo = 0.02-0.56 particles with low
pyp =0.02-0. .
secondary motion
Fibers, films, Qui fuid
ulescent tluid;
Zhane & Choi C. = 58.58ASF 193 fragments; d, = 0.63 ) )
g d= Re08273 neighboring/swarm
(2022) [52] p —4.03 mm; ps=0.95
143 ofem? effects neglected
—1.43 g/cm

32 32 . _ )
Goral et al| C, = (1 + + R—) -min(0.44¢-2,1) | Irregularly shaped; | Re, = 0.4 —1000;
(2023) [78] VRe,  fep dn =026 3.85 quiescent fluid;
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mm; CSF=0.01- neighboring/swarm
1.00; ® = 0.06— effects neglected
1.00; ps = 1.02-1.98

g/cm?
Cy = exp [3.5 X @—1943 +2.01 xe~ 007
Irregularly shaped; Re. < 400: aui
- - ep < 400; quiescent
0.62 x In(ISF) — 0.8] G063 1mme | " rjd
Ji et al. (2024) . _ 12098008 fo e
[84] (ISF is the irregular shape factor which is 0.28-0.98; £ neighboring/swarm
0.22-0.92; ps=1.2
dependent on particle volume and maximum e’ effects neglected
g/em

projected area)

On the other hand, Choi et al. [69] showed that including settling orientation and the ASF (see Table 1) in
the drag model significantly improved predictions of MP fiber settling over earlier models [48], [52], [53]
mainly due to the consideration of secondary motion and the capability of ASF in differentiating fibers,
films and fragments (see Table 2). Similarly, for MPs with a preferred settling orientation (i.e., fibers,
cylinders, plates and disk), some suggested the use of the shortest edge (¢), instead of dy, as length scale in
describing settling behavior [78]. Based on experimental observations, such particles typically settle with

their largest surface area oriented perpendicular to the direction of motion. As a result, by rearranging Eq.

2, the research team proposed and proved that ¢ (i.e. ¢ = AL) was more accurate and simpler to use [78].
14

The effect of shape decreases with particle size. For instance, settling motion of MPs fibers with length
larger than 5 mm displayed orientation dependence but not shorter fibers [69], [104]. One study examined
the settling velocity and motion of small MPs (size between 0.01 and 0.4 mm), and compared the
experimental results with predictions from 10 existing settling models [60]. The findings revealed that
models specifically developed for MPs (size larger than 0.5 mm) generally overestimated w; of small MPs,
while those developed for general particles performed better. In another recent study, Dai et al. [104]

investigated the settling of MP fibers with lengths between 0.3 and 0.6 mm under laminar flow conditions.
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Due to the significant discrepancy between the predicted C; from existing models and those obtained
experimentally, the aforementioned authors proposed a new C, equation for short MPs fibers (length < 0.6
mm) which incorporates orientation angle, ASF, and particle Reynolds number, Re,. Both studies highlight
the important differences in settling dynamics between small MPs and those larger than 0.5 mm,

underscoring the need for further research focused on the smaller size range.

Apart from refinements on C,, some researchers proposed other ways. Francalanci et al. [65] introduced
CSF-dependence into the coefficients of the Ferguson and Church (2004) empirical model for sediments to
improve predictions for irregularly shaped MPs as shown below:

d?
=+ (0.75C,d3)"

(5)

W,

Instead of using Eq. 4 to calculate w,, the researchers suggested incorporating the shape-adjusted d, into
the calculation. Other empirically derived coefficients in the equation, namely C;, C, and exponent n, also

depended on geometric shape descriptors. Some other researchers also proposed equations to predict MP

settling velocity based on various shape factors by using empirical fitting approaches (see Table 3).

Table 3 Overview of terminal velocity models for MPs of different shapes.

Microplastics Application
Studies Equation p. pp. R
properties condition
Fibers (diameter =
) Re, =2.5 - 635;
Khatmullina 0.15-0.71 mm, P o
v ab quiescent fluid;
and Isachenko we==——g' length=10.5 — ) )
2v° 55.238a + 12.691 B neighboring/swarm
(2017) [48] Smm); ps=1.13 -
; effects neglected
1.17 g/cm

Kaiser et al.
(2019) [85]

1 2
ws = 11.68 + 0.1991(ac?)3 + 0.0004(ac?)3
—0.0993(p; — p) + 0.0002(p; — p)?

Irregularly shaped;
dn=6—251 pum; ps
=1.14-1.39 g/cm®

Re, << 1; dy > 25 um;
salinity 0, 15 or 36;
quiescent fluid;
neighboring/swarm
effects neglected

Francalanci et
al. (2021) [65]

w,
d?

18q—038

=0.19
(W) + (0.2781(:51;'—0.1602dE)OA-Q‘LZCSF’U-Usg

Pellets, fragments;
d,=0.63 -5.44
mm; CSF > 0.068;

Re, within viscous to
turbulent flow
regime; quiescent
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=095 1.43
g/cm?

fluid;
neighboring/swarm
effects neglected

Near-sphere,

. Re, =1-1000;
irregularly shaped, uiescent fluid for
Wang et al 10434 (.Ds — p)0_495 d0.777CSF0.71 dn: 027 -2.33 3 1250. Ps
(2021) [43] Ws = & Y0124 mm; ps=0.95 — o
5 _ | neighboring/swarm
1.43 g/cm’; CSF =
0-1 effects neglected
Plates (side length
ates (side leng Re, = 20 — 200;
Yang et al log(w.) = —6.314 ~15-5mm, uiescent fluid;
o 02“”3) o +4.20410g(d.) — 0.9181log(d,)?> | thickness = 0.15 — geighboring v
. 3-o0. 4 0.5 ; ps=1.04
+0.101log(d,)? — 0.004 log(d.) mm); p effects neglected

—1.34 g/cm®

2.5.1.2 Environmental Drivers Influencing Settling

All above-mentioned studies on MP settling velocities were conducted under static conditions, typically
using settling columns, which were suitable for examining the influence of particle-intrinsic properties but
insufficient for capturing environmental conditions, such as turbulence, sediment interactions, salinity, and
transformation processes like biofilm formation, and aggregation. Emerging laboratory studies have begun
to incorporate these environmental factors, particularly biofouling, to better replicate real-world conditions

and improve the understanding of microplastic settling in aquatic settings.

Impact of Biofouling on Microplastics Settling

Biofouling plays a critical role in MP settling by altering particle density, orientation, and surface
properties. The colonization of MPs by microorganisms adds biomass that increases the overall mass,
volume and density of the plastic—biofilm complex, generally enhancing settling velocity [50], [56], [95].
Experiments showed that after 44 days of incubation, PET and PVC squares displayed higher densities and
faster settling than their pristine counterparts [56], and biofouled PES fibers showed a 35% density increase
and correspondingly faster settlement [86]. Some studies even reported that biofilm presence had the
strongest influence on settling velocity, regardless of suspended sediment concentration, with an average

40% and maximum 130% increase [91]. In some instances, biofouling has converted buoyant PE MPs films
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(5mm) into negatively buoyant particles within 6 weeks that remained submerged for over a year [94].
Notable, biofouling is not always sufficient to turn buoyant microplastics non-buoyant. In some cases, even
with 30% increase in total mass after 12 weeks of incubation, buoyant PE microbeads continued to float

[58].

In addition to increasing density, biofilms can also affect settling by modifying particle drag. For instance,
it was reported that biofouled buoyant films rose up to 3 times faster than their pristine counterparts, likely
due to increased drag from water trapped within the biofilm layer [92]. In some cases, uneven colonization
enhances hydrodynamic drag and destabilizes motion, leading to slower descent, as seen with dense PET
sheets [86]. Thus, while biofouling typically increases MPs settling through density augmentation, its

effects may be moderated by particle shape and biofilm distribution.

Effects of Microplastics Properties on Biofouling

The polymer-dependent nature of biofouling was reflected in the distinct variations in settling behavior.
For MPs with similar shapes, low-density plastics required approximately 100 days to exhibit significant
sinking velocity changes, while high-density polymers responded within 35 days [92]. However, the extent
of these changes was not uniform; for example, PVC fragments showed smaller increases in settling

velocity than PET fragments [91].

The shape of MPs strongly influences how biofouling affects their settling behavior. Biofilm colonization
was less extensive on fibers compared to pellets and fragments, as evidenced by lower gene copy counts
on fibers [50]. Moreover, biofouling was observed to have a pronounced effect on the settling velocity of

MPs films but little impact on spherical pellets [61].
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The influence of biofouling on MPs settlement is size-dependent. For larger buoyant MPs, such as MPs
films (side widths of 5 mm) with surface area-to-volume ratios < 100, microbial biofilms alone are typically
insufficient to induce sinking [94]. Instead, biofilm colonization primarily reduces surface hydrophobicity,
allowing these plastics to submerge just below the surface [94]. In some cases, when biofouling caused
buoyant MP fragments (e.g., PP) to sink in freshwater, it was observed that smaller MPs (125 — 250 pm)

transitioned to a sinking state earlier than their larger counterparts (325 — 500 um) [59].

Biofouling’s effect on MPs settling is also highly dependent on MPs density. For non-buoyant MPs (e.g.,
PET, PS), biofilm growth followed an exponential pattern during a 63-day incubation period while this
pattern was absent in buoyant MPs like LDPE (Low-density polyethylene) and PP, likely due to their
intermittent exposure to air and limited submersion, which restricts continuous microbial colonization [93].
Supporting this, Principal Component Analysis of another study revealed that density significantly

contributed to the variation in biofilm-induced settling behavior among different MPs films [92].

Empirical models have been developed to quantify the effect of biofouling on microplastic settling. Kooi
et al. [111] introduced the first theoretical model, though it did not account for salinity gradients or
suspended sediments. Later, Karkanorachaki et al. [92] proposed an empirical relationship linking time,

biofouling, and settling velocity, independent of the microplastic’s physical properties:

A

=14 e 860 ©)

Ugo

where u,, is the terminal sinking velocity in the absence of walls; A, B and C are the coefficients determined
by fitting experimental data; and t is the biofouling exposure time. Notably, parameter A reflects the
maximum sinking velocity that the MPs can attain, with higher values in fouled samples, indicating that

biofouling increases settling or rising potential.
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In contrast, Jalén-Rojas et al. [86] adapted existing drag-based formulations by modifying the model
proposed by Dellino et al. [112] with a multiplicative correction factor linked to the Biofilm Distribution

Index (BDI), a parameter that quantifies how evenly biofilms colonize the MPs film surface:

0.9297

— 0.573
CD,film - W5-05Re3-°799 BDI (7)

where ¥ is the shape factor dependent on sphericity (@), particle perimeter and the perimeter of the circle
equivalent to particle maximum projected area; and BDI ranges from 1 (uniform biofilm) to 5 for highly
irregular distribution. The adjustment demonstrates that while uneven colonization reduces settling velocity

despite increase in MPs density due to biofouling [86].

UV Weathering

On the other hand, some studies showed that weathering also affects the settling motion of MPs by altering
their density, especially under UV radiation. This occurs because UV exposure can lead to regular packing
of polymer chains, forming denser crystalline parts within them [54], [55]. For example, crystallinity in PS
MPs disks increased from 0% to 37% after UV weathering, contributing to a higher density and a 53%
increase in settling speed [55]. Apart from density change, the aforementioned authors also suggested the
increased hydrophilicity due to aging further promoted faster settling by reducing drag forces acting on the
MPs [55]. Complementing these findings, UV-aged PET and PS microplastics also showed accelerated
settling, with average terminal velocities increasing by 4.56% and 37.32%, respectively, after 60 days of
exposure, in which the authors also attributed to increased density resulting from enhanced crystallinity

[54].

Aggregation

Microplastics in aquatic environments interact with suspended materials such as inorganic sediments and
organic detritus, which results in altered settling behavior. While some studies have documented the

positive influence of sediments on MP settling [74], [113], there remains a lack of quantitative assessments
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on the impact of sediment aggregation on microplastic settling velocity. Mancini et al. [87] conducted
settling experiments on MPs of varying shapes and densities, both with and without suspended sediment.
Results showed that for MPs with w, lower than sediments, the presence of sediments significantly
increased the settling velocity of most MPs, particularly those with lower CSF (e.g., 105% - 150% increase
in w, for MP fiber), due to enhanced turbulence and particle interactions. Their experiments with sediments
yielded results consistent with the proposed equation of Francalanci et al. [65], except that the exponent n
required slight adjustments for MPs rougher and stickier, promoting further aggregation with other

suspended particles and subsequent settling [50], [95].

Turbulence

[jaz et al. [75] investigated the impact of turbulence on MPs settling by conducting experiments in a
recirculating flume, where non-buoyant spherical MPs were tracked using both top-view and side-view
cameras. A relationship between C; and Re,, in line with Rouse model, was observed for Re, = 35 — 640.
To better account for the variability in the data, the authors proposed a more explicit model (R? = 0.7) that

relates Cy to shear velocity (u+) and the settling velocity in still water (wy):

9.4851u,
C,=———"+0.3268 (8)

WS
Additionally, they observed that the settling of MPs with diameter <2 mm with Stokes numbers < 0.52 was
enhanced by turbulence, while noting more investigations were needed to validate this pattern for other

types and shapes of MPs.

Research on MPs settling has centered on shape-dependent drag, with numerous studies modifying C; to
account for diverse particle geometries, orientations, and sizes, especially shapes where secondary motions
complicate predictions. While some models generalized across MPs shapes, others were tailored to specific
shapes such as elongated fibers. A growing number of studies examine transformation processes, notably

biofouling, which generally accelerates settling by increasing density but can reduce velocity under uneven
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biofilm distribution; empirical models have been proposed to link exposure time and biofilm distribution
to settling dynamics. UV aging similarly enhances settling by increasing crystallinity, density, and
hydrophilicity of polymers. Interactions with suspended sediments and organic matter promote aggregation
and higher settling velocities, particularly for irregular MPs. Turbulence was also found to enhance the
settling MPs with low Re,,, with studies linking Cy to shear velocity and still-water settling velocity. Despite
these advances, no universally accepted drag or settling model has been established across different MPs
shapes, the distinct behavior of submillimeter MPs compared to larger ones remains an open research topic,
and the combined impacts of transformation processes and turbulence on settling are still poorly understood.
Together, these findings underscore that MP settling is governed by an interplay of particle morphology,

transformation processes, and environmental drivers, but key uncertainties limit predictive capability.

2.5.2 Incipient Motion

The initiation of sediment motion in open channel flow occurs when the destabilizing forces acting on a
particle (i.e., Fp, Fr and F) exceed the stabilizing gravitational force (Fg) [80]. Once this threshold is
surpassed, particles begin to move and can be classified as either “bed load” or “suspended load” [80]. Bed
load transport begins when the bed shear stress (z,) exceeds a critical value threshold, known as the critical
shear stress (z.), while its dimensionless form is referred as the critical Sheilds parameter (6.) [80]. These
parameters plays a central role in sediment transport mechanics and is typically determined using the
Shields diagram or through controlled physical experiments [90]. Nonetheless, the Shields diagram was
designed for uniform sediments. In systems with non-uniform particles, the 'hiding—exposure effect' plays
an important role [37]. For example, smaller MPs resting among larger particles are shielded from the flow,

resulting in a higher critical shear stress for their entrainment, and vice versa [102].

At lower flow velocities, motion of non-buoyant MPs aligned with predictions from classical Shields

sediment transport theory [46]. Yet, in most cases, MPs tended to initiate motion at lower shear stresses
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than natural sediments, primarily due to their distinct shape and density combinations. Studies consistently
observed that most microplastic data points fall below the classical Shields curve, indicating earlier
incipient motion [45], [102]. This shift has been attributed to the lower critical shear stresses required to
initiate microplastic movement, which resulted from their lower densities and irregular shapes compared to
natural sediments [66], [102]. This behavior was reflected in the newly proposed phase diagram, which

showed a shallower slope compared to that of natural sediments [66].

2.5.2.1 Factors Influencing Microplastics Incipient Motion

The incipient motion of MPs is influenced by a combination of MPs properties, including shape, density,
and aging. Shape plays a role in erosion behavior through its impact on drag and lift forces. Spherical MPs
tend to initiate motion more easily due to their minimal bed contact, requiring less force to dislodge, and
were observed to move earlier than smaller or less dense pellets. In contrast, fibers require higher shear
stresses, as they can become entangled in sediment pores [102]. While shape influences motion onset, Goral
et al. [45] found that once static friction and hiding—exposure effects were accounted for, shape parameters
such as sphericity or CSF had no additional significant effect. Apart from MPs shape, multivariable
regression revealed that critical shear stress (z.) depends strongly on the combined effects of particle
density, diameter, and shape, as well as sediment grain size [ 102]. Besides, aging has been shown to increase
the critical velocity required for MPs motion, with effects varying based on particle density, size, and bed

roughness [5].

Bed roughness significantly influences MPs incipient motion by increasing critical shear stress, primarily
through sheltering effects [44], [102]. MPs on rough beds require higher z. to be mobilized compared to
those on smooth beds [44]. Experimental results also showed that low-density, small-grain MPs were more
easily affected by rough beds (i.e., higher incipient velocity) [5]. This results from the inherent susceptibility
of such MPs to fluid entrainment, which amplified the rough bed's influence on their movement [5].
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2.5.2.2 Modelling Microplastics Incipient Motion

Recent advancements in empirical formulas for predicting MPs incipient motion have focused on

incorporating key sediment interaction effects, including hiding—exposure, static friction, and sheltering.

Waldschldger and Schiittrumpf [102] was the first to transfer the hiding—exposure concept to MPs and
developed an equation for estimating 68, of MPs on natural sediment beds (see Table 4). Goral et al. [45]
demonstrated that accounting for the lower static friction between plastics and sand shifts MPs data closer
to the classical Shields curve. They also showed that the hiding—exposure function effectively captures the
reduced exposure effect for particle-to-grain size ratio d,/dso > 10 (see Table 4). Building on existing studies,
Yu et al. [44] modified the existing power-law relationship between 7. of MPs and MP size, as shown in
Table 4. Their proposed formula reduced prediction errors by approximately 40% compared to existing
models, with average relative errors of 21.7% and 15.8% for low and high density MPs, respectively.
Meanwhile, Wang et al. [5] enhanced existing incipient velocity model for fine sediments to improve
prediction accuracy for aged MPs, yet the sheltering effect was not considered as idealized rough sediment

bed was used in their experiment [5].

Table 4 Proposed empirical models which describes MPs incipient motion.

Studies Equations Parameters Appl.lc.atlon
conditions
Waldschlager L\ 0003 6, = critical Shape of MPs
and O = 0.558805e4 (d_so Sheilds = Pellets,
Schiittrumpf parameter of fragments,
(2019) [102] MPs; Oqeq = | fibers; d, =
critical Sheilds | 0.75—5.04
parameter of bed | mm; p; = 1.01
sediment; dsp = —1.37 g/em?;
median size of dso=10.45-3
sediment grains. | mm
Goral et al. | 6, = u[0.165(Res + 0.6)7%8 + 0.045 exp(—40Re;13)] | ui =ratio of the | Shape of MPs
(2023) [45] A ( dy ) static friction = irregularly
dso coefficient of shaped; d, =
in which plastics to that 0.26 -3.85
mm; CSF =
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Re. — dsou. of sediment; 0.01-1.00; ®
§ v Reg= grain =0.06-1.00;
-0.8
1(a) @) o I Loy
50 50 number; A (d_so) g/eme, dso
o 0.18 mm;
= hiding- hydraulically
xp os.ure smooth flow
function; dso =
median size of
sediment grains.
Yu et al (ps — p)d, 108 (ps — p) Tes,50 = critical CSF =0.2—-
(2023) [44] Teoso =0.103 [ oDy ] for =< 0.11 | ghear stress of 1.0; ps=1.01-
0.562 sediments of 1.4 g/em’; d, =
= 0.166 [(ps p)] for M > 0.11 | median size; dsgp | 0.75—
Tes,50 pdso P = median size of | 5.04 mm; dso
sediment grains. | =0.5-5.0 mm;
roughness
Reynolds
number = 26 —
94
Wang et al. ° MT(ps — p) h = flow depth CSF=0.78-
(2024) [5] =0. 76( [ gdn 0.9;ps= 1.11-
10 + m1°° 1.37 g/cm?; d,
+ 0.000000246 <W)] =0.52—
n 2.52 mm; dso
=0.5-5.0 mm;
MPs aged by
Fenton
reagent;
hydraulically
smooth flow

Overall, studies on incipient motion highlight that MPs mobilization is strongly controlled by particle shape,
density, and bed roughness, with fibers and irregular fragments showing lower critical thresholds than
spheres. Recent empirical models, adapted from sediment transport frameworks, capture these influences
by incorporating the hiding—exposure effect, frictional properties, and particle aging, thereby extending
applicability beyond uniform sediments. However, current formulations remain limited by a reliance on
simplified laboratory conditions and narrow flow conditions. Future work should expand testing to finer
particles, transformed MPs (e.g., biofouled), and mixed beds to improve predictive accuracy and better

represent the heterogeneous conditions of natural rivers.
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2.5.3 Dispersion

Few empirical studies examined the dispersion of MPs. Yet recent studies revealed submillimeter spherical
MPs (ps = 0.94 — 1.40 g/cm?) exhibited transport behavior closely resembling that of solutes under a range
of hydraulic conditions, which enabled the application of the advection-dispersion equation (R?> > 0.95)
across various MP concentrations [46]. Supporting this, the measured longitudinal dispersion coefficients
(Dy) for MPs and the solute showed no significant difference and displayed a consistent linear increase with
flow velocity in well-mixed water column [46], [107]. The measured D also matched with theoretical
values predicted by the Chikwendu’s N-zone model [46], [107], which divides the water column into N

discrete vertical zones. The longitudinal dispersion is expressed as:

N-1 N
D)= ) + ) 4Dy )
=1 =1

where D, is the longitudinal diffusivity within zone j; q; is the fractional depth of zone j, defined as the

(‘h tq; + -+ Qj)z[l - (fh +q;++ Qj)]z[um...j - u(j+1)...N]2
bj(j+1)

ratio of the zone thickness (h) to the total flow depth (H); u, ,_; is the mean velocity of zones 1 through j;
and u(j 1),y is the mean velocity of zones j + 1 through N [114]. The bj;41) term is the vertical diffusivity

between adjacent zones j and j + 1, which is calculated by

2Dzj(i+1)
bjen) = (10)
™ H?(q; + qj41)
where D j(j41) is the vertical diffusivity, and can be estimated using Elder’s scaling:
Dzj(j+1) = xuHq(l —q) (11)

where k represents the von Karman constant which is 0.4 [115].

Beyond classical dispersion behavior, MPs also showed superdiffusive transport. Yu et al. [79] observed
scaling diffusion exponents () ranging from 1.58 to 1.77 over a dimensionless time interval of 0.06 — 10.0,
values comparable to those reported for continuously mobilized sediments. The diffusion exponent y

quantifies how particle spreading deviates from normal diffusion, in other words, characterizes how the
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variance of particle displacement (g2) grows with time (At) through the scaling law: g2 o (At)?" [116].
With y > 0.5, the diffusion of MPs falls into the superdiffusive regime where particles spread faster than
normal diffusion, which typically happens when particle motions are correlated (e.g., inertia, continuous
motion) [116]. The similarity of y values for MPs and sediments suggests that, despite differences in

material composition, MPs can follow analogous dispersive dynamics when moving near the bed.

2.5.3.1 Influence of Microplastics Physical Properties on Dispersion

To date, experimental investigations have relied on spherical MPs, the influence of non-spherical
geometries on longitudinal transport dynamics remains unaddressed. Stride et al. [46] showed that spherical
MPs (d < 150 um) with density within 0.94 — 1.32 g/cm® exhibited longitudinal dispersion patterns
comparable to solutes at velocities above 0.101 m/s, while lighter (e.g. PP, ps = 0.9 g/cm?) and denser (e.g.
PVC, p; = 1.4 g/cm?®) MPs ascended to the water surface and settled, respectively. It was only when

velocities were increased to >0.169 m/s that denser polymers remained suspended in the water column [46].

The study showed that while solute transport models can reliably predict dispersion for spherical MPs under
most riverine conditions, deviations emerge at low velocities where density governs deposition and
resuspension dynamics. As this effect might be amplified for fibers and fragments whose shape could
modify buoyancy and drag, extending such experiments to non-spherical geometries would provide

valuable insights for improving our understanding of microplastic transport in rivers.

2.5.3.2 Role of Turbulence on Microplastics Dispersion

Flow structure and turbulence further shape MPs dispersion patterns. Shear-induced dispersion was found
to decrease with vertical distance from the bed, as higher D, values were recorded near the bed surface [46].
Additionally, streamwise velocity fluctuations increased with particle Shields parameter (6,), highlighting

the role of shear velocity in intensifying near-bed turbulence and MP velocity variability [79]. It was also
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suggested that the ‘diffusive effect’ of turbulence could cause dispersion on bed-load microplastic, as
observed in the broadened distribution of saltation length, saltation height, and saltation transport velocity
with higher relative turbulent forces [47]. Such variability reflects the increased stochastic influence of

turbulence on particle saltation dynamics.

2.5.3.3 Role of Vegetation on Microplastics Dispersion

Guo et al. [107] revealed that vegetation significantly enhanced dispersion of spherical MPs, particularly at
higher flow rates. In canopy-covered channels, MPs diffusivity increased by 10 — 40 times compared to
unvegetated conditions [107]. This increase was linked to the observed shift in the dominant mixing
mechanism where turbulence generated by plant—flow interactions became the primary driver, instead of
shear-induced velocity gradients. When these authors ran the N-zone model, results showed that under
canopy conditions the turbulence-induced term (i.e., second term in Eq. 9) dominated the longitudinal
dispersion process, while the shear-induced term (i.e., first term in Eq. 9), usually the main driver in open-

channel flows, became comparatively minor [107] .

The distance between successive rows of plant arrays (i.e., canopy spacing) was also found to significantly
influence D, of MPs. The same study compared two scenarios with vegetation spacing of 1.5 m and 0.5 m
respectively [107]. In the denser canopy setup, turbulence length scales were less than half those observed
in the other scenario. The authors attributed this to higher flow resistance and increased wake turbulence in
denser arrangements, which in turn allow the flow to adjust more gradually to velocity changes [107]. As
a result, under denser canopy conditions, D, was more sensitive to event small changes to since the

persistent wakes amplified particle dispersion along the flow [107].

Building on the proven effectiveness of the Chikwendu’s N-zone and Elder’s models at capturing spherical
MP dispersion coefficients (RMSE values <0.006) [46], Guo et al. demonstrated that the N-zone model,
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when combined with modifications based on existing turbulent diffusivity prediction equations (Eq. 9),

accurately estimated longitudinal dispersion in vegetated and unvegetated channels [107].

They further developed a framework to model turbulent diffusivity and vertical profiles of turbulent kinetic
energy (k) based on canopy morphology and spacing, where the resulting N-zone model yielded dispersion
predictions with acceptable accuracy. As mentioned in Section 5.2.3, the presence of aquatic vegetation
shifted the primary mixing mechanism from shear-induced to canopy-driven turbulence. Given this
turbulence-induced regime, the authors adopted the turbulent diffusivity theory proposed by Nepf (1999)
such that longitudinal and vertical diffusivity could be computed by the following:

D = a\/k¢l; (12)
where «a is the scaling factor dependent on the solid fraction of the vegetation; and [, is the integral length
scale [117]. The empirical factor, a, was optimized by fitting to observed longitudinal dispersion data, with

distinct values for dense and sparse plant arrangements, independent of flow rate.

To estimate l¢, the authors proposed a model based on canopy morphology and spacing by fitting to

experimental data:

1
I = g(z—0.03) X Ces X Q, z<0.075m
P =

(—0.013z + 0.0097) X Css X Q, z >0.075m

(13)

where z is the depth; C_, is a dimensionless parameter dependent on canopy spacing (for experiments with
spacings of 0.5 m and 1.5 m, C,; was set as 1 and 0.5 respectively); and Q is the flow velocity. It was
observed that [, peaks near the bed and scales with flow rate and canopy spacing, with larger coherent

structures forming in sparser canopies due to wake expansion.

Meanwhile, k; was computed as the sum of bed- and vegetation-induced turbulence kinetic energy using
existing models. The model incorporated measured velocity profiles, plant frontal area density, average
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canopy volume fraction and estimated drag coefficients and an empirical constant proportional to

vegetation-induced turbulence.

Overall, dispersion studies suggested that solute transport models can adequately capture the spreading of
spherical MPs under most flow conditions, but deviations arise at low velocities where density-driven
deposition and resuspension dominate [46]. Vegetation has been shown to further enhance dispersion, with
empirical models successfully reproducing canopy-induced turbulence effects [107]. However, as these
findings remain largely restricted to spherical MPs, extending investigations to fibers and fragments, whose
irregular geometries alter buoyancy and drag, would be essential to improve predictive capability and

ensure dispersion models remain representative of natural riverine transport.

2.5.4 Vertical Distribution

The Rouse model, originally developed for sediment transport, is a classic framework used to describe how
particles are distributed vertically within a flowing water column. It links the settling velocity of particles

to the upward mixing effect caused by turbulence.

The key parameter in this model is the Rouse number (P), which is determined by:

Wy

N Bru,

(14)

where [ is the diffusion parameter. The dimensionless number expresses the balance between vertical
particle motion driven by gravity or buoyancy and turbulent entrainment. Depending on this balance,
particles can travel close to the bed, remain suspended throughout the water column, or be carried at the

surface.

The importance of the Rouse model lies in its ability to provide predictive concentration profiles of particles

across the water depth and classify particle transport modes (e.g., bedload, wash load). Originally applied
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to sediments with densities around 2.65 g/cm?, there has been discussion on its ability to predict the vertical

distribution of MPs [118], which exhibit a comparatively lower and more diverse range of densities.

2.5.4.1 Application of Rouse Framework to Microplastics

Recent studies have used the Rouse number P to predict the transport mode of MPs, showing good
agreement for spherical MPs with densities higher than water, particularly in distinguishing between
suspended and bed load transport [47], [64]. For MPs less dense than water, Born et al. [64] confirmed that
the framework can be extended through negative Rouse numbers by testing nearly spherical plastics with

densities below that of water ( 25, = 0.91 - 0.94 g/cm?). This demonstrates that P is effective not only for

sediments but also for plastics of contrasting buoyancy, offering a consistent framework for classifying
their dominant transport modes (see Table 5). While this supports the conceptual extension of the Rouse
model to positively buoyant MPs, the authors emphasized that further refinement is needed for use,
especially to account for the diminished shear stress at the free surface and the unique surface-related forces

acting on plastics [64].

Table 5 The Rouse number ranges for transport modes of floating MPs proposed by Born et al. were listed
below [64]. The wash-load transport threshold is defined as the point at which half of the particle

concentration is distributed at mid-depth in the water column.

Mode of transport Suggested Rouse number range
Wash load -0.6<P<0.8

Rising suspended transport -1.8<P<-0.6

Surface transport P<-138

The measured vertical concentration distributions of both sinking and buoyant spherical MPs were also

compared with Rouse-calculated profiles [64]. Overall, there was a good fit across particle types, with
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deviations observed at higher turbulence and flow velocities, suggesting reduced accuracy under strongly
non-uniform conditions. As the Rouse formula assumes particle sphericity and uniform flow, researchers
cautioned that limitations remain for more turbulent regimes and for particle shapes and sizes beyond the

spherical granules and pellets tested in their study [64].

2.5.4.2 Role of Turbulence on Vertical Distribution of Microplastics

Turbulence of the ambient environment plays a critical role in controlling the vertical distribution and
transport of MPs in aquatic systems as it counteracts settling and rising velocities by generating both upward
and downward flow fluctuations. Using ADV to measure turbulent kinetic energy (k) at 5 mm depth
increments, studies showed that as k increased, concentration profiles of MPs (p; = 0.91 — 1.13 g/cm?)
shifted, highlighting the influence of flow conditions on vertical MP distribution [64]. Besides, k& was
highest near the bed due to steep velocity gradients, indicating that the most vigorous vertical mixing occurs
near the channel bottom. As a result, particles in this region are more easily entrained and suspended [64],

[100].

Molazadeh et al. [100] also demonstrated the dominant role of turbulence over bed composition in
controlling PE particle motion by showing that particle velocity variability remained consistent across bed
types but decreased with lower turbulence intensity. On the other hand, experimental results of Yang et al.
[81] showed that turbulence outweighed the influence of MPs size, or even MPs density given the
turbulence was sufficiently strong, in determining MPs vertical motion. For instance, while PMMA (p, =
1.19 g/cm’®) settled under mild turbulence, it exhibited a maximum floating rate of 34.4% under intense
turbulence. Floating or settling rate was quantified based on changes in MPs concentration in the bottom
proportion of sampled volume while turbulence was controlled using a shaker, with mild and intense
turbulence corresponding to 100 rpm (turbulent kinetic energy dissipation rate, ¢ =0.14 W/kg) and 250 rpm
(6 = 1.90 W/kg), respectively [81].
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Increased turbulence and higher flow velocities promote the entrainment of buoyant particles, often
carrying them down to the bed [64], [100]. Experiments showed that the vertical velocity of buoyant PE
particles in turbulent flow was 4 times different from their predicted rise velocity under quiescent conditions
[100]. Particle motion within the water column was facilitated by flow eddies as rapid conveyance of
particles both upwards and downwards was observed [100]. Such turbulence-induced mixing is influenced
by external drivers like wind, waves, river discharge, and thermal gradients, all of which modulate MP fate

beyond gravity and buoyancy alone [100].

For sinking MPs, increased flow velocity and turbulence shift their transport mode from bedload to
suspended load, with particle concentrations moving upward exponentially [64]. This suspension effect is
less for larger particles. For instance, 3 mm PAG6 particles showed markedly lower concentrations in the
water phase compared to 1 mm PA6 under the same conditions. Overall, less buoyant, larger, or irregularly
shaped MPs tend to be mixed deeper than smaller, more buoyant ones, highlighting the role of particle
properties in determining vertical distribution [100].

Building on the turbulence-scaling framework introduced by Chor et al. (referred as floatability parameter
in original text) [119], DiBenedetto et al. [62] characterized vertical mixing with a Rouse-type parameter

M, computed as

RV
U,

M =

(15)

where RV is the rising velocity, characterizing MPs buoyancy while u, characterizes turbulent mixing
induced by water surface shear. By computing the M value for MPs samples, they could be sorted into 3
regimes: surface-trapped (M > 2), partially mixed (0.5 < M < 2) and well-mixed (M < 0.5) [62]. For the

partially mixed regime, MPs concentration decreases with depth in an exponential manner:

Z

c(z) = cyelm (16)
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in which c(z) is the MPs concentration at depth z; ¢y is the surface MP concentration; and L, is the mixing
length scale (fitted to experimental data). In the partially mixed regime, the upward flux driven by particle
buoyancy (which depends on MPs properties such density and shape) is counteracted by the downward
turbulent flux, producing an exponential decay in concentration with flow depth. By extrapolating MPs
concentration of the remaining 2 regimes, then integrating and summing the vertical distribution of each
regime, the total concentration was acquired. As a result, the regime-specific approach increased the
estimated concentration by 47% relative to a single-profile fit and is thus recommended to reduce
underestimation of total MP load. Notably, the MPs in this study were mixed by wind shear and breaking
waves, such insights were transferable to rivers only if the dynamical differences are explicitly accounted

for [62].

For non-buoyant MPs in shallow and unidirectional flow, some studies suggested the vertical transfer of
MPs followed a streamwise exponential decay due to sediment-induced deposition [73]. MP concentration
at distance x downstream is given by Cy,q, * € ¥, where Cp,q, is MPs concentration at source; and K, is
the sedimentation rate. Experimental result showed the exponential law held across all runs, and K.

increased linearly with suspended-sediment concentration [73].

2.5.4.3 Factors Influencing Resuspension of Microplastics

Similar to the downward motion (see Section 5.1), MPs resuspension is influenced by particle size and
density. Smaller MPs (50—100 pum) are more readily resuspended than larger ones (100—500 pwm), as shown
by Xia et al. [63]. Density and shape also play key roles. Low-density MP films exhibit more heterogeneous
vertical distributions, while high-density fibers dominate in the water column post-disturbance [99].
Interestingly, some low-density MPs still settle on the sediment surface. The authors attributed the

unexpected settling of low-density MPs to aggregation with sediments, disturbance effects, and particle
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shape, with certain forms such as films being especially prone to surface deposition due to their large surface

area and deformation behavior, particularly in fine sediments where interactions enhance trapping [99].

Flow energy also had a huge impact on MPs resuspension, potentially converting sediments from MPs sink
to source. In Boos et al. [83], 95% of stored MPs were resuspended in 191 seconds under high-flow
conditions, compared to over 300 seconds in low-flow scenarios. Similarly, Yang et al. [120] found that
resuspension rates increased with mixing energy, particularly for low-density MPs (p, = 0.89 to 0.98 g/cm?),
with a critical energy dissipation threshold of 0.02 — 0.14 W/kg. In high-energy states, over 60% of low-
density MPs were resuspended within the first 10 minutes, highlighting the heightened mobility of low-
density MPs under turbulent conditions. Li et al. [97] also observed that increasing turbulent shear strength

enhanced MP resuspension from sediments into the water column.

To conclude, research on vertical distribution underscores that particle properties and turbulence jointly
determine whether MPs remain suspended, settle, or accumulate near the surface. While the Rouse model
and its extensions capture key trends for both buoyant and sinking particles, deviations under strong
turbulence and for irregular geometries suggest that existing formulations are insufficient. Recent
development on transport mode-based approaches have improved predictions of MPs vertical profiles,
though their application on riverine settings requires adjustment for differences in turbulence dynamics.
Future work should expand experimental efforts beyond spherical MPs, refine turbulence-scaling
approaches, incorporate resuspension dynamics, and integrate surface-related forces to ensure vertical

distribution models remain representative of real riverine conditions.

2.5.5 Near-bed Transport

Microplastics, particularly nonbuoyant types, exhibit classical near-bed sediment transport modes, namely
rolling, saltation, and suspension, similar to natural sediments [66]. Although some material-specific
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differences were observed in energy loss upon impact, the Rouse number (see Eq. 14) was shown to
effectively characterize key saltation trajectory features (i.e., saltation length, height and velocity) for

spherical MPs and spherical natural grains [47].

2.5.5.1 Influence of Microplastics Shape on Near-bed Transport

Particle shape plays a role in MP near-bed transport behavior. During bed-load transport, particle motion is
governed by the combined action of hydrodynamic forces, gravity, and inter-particle interactions [80]. For
spherical grains, force balance can be reasonably described by particle size and density, whereas irregular
geometries modify both the magnitude and orientation of acting forces, leading to altered thresholds for
motion [45]. For instance, spheres typically exhibit more predictable saltation trajectories, while fibers and
fragments are prone to rolling, sliding, or erratic bouncing due to uneven torque and asymmetric impacts
[47]. Shape also influences how particles interact with the bed surface due to the hiding-exposure effect
(more details in Section 5.2), thereby modifying the critical shear stress required for continuous motion

[44].

As aresult, studies have shown that fibers tend to remain suspended longer, while spherical particles exhibit
greater mobility along the bed [66], [102]. This influence is further supported by Principal Component
Analysis, which revealed that shape descriptors such as CSF, elongation, sphericity, and aspect ratio

collectively explain up to 55% of the variance in transport stages [66].

2.5.5.2 Role of Sediment Bed on Microplastics Near-bed Transport

As anticipated, bedload transport of MPs was strongly influenced by sediment bed composition and
topography. Yu et al. [79] found that bed roughness (k) was the only factor, compared to flow velocity,

and density (p,), nominal diameter (d,), shape of MPs, which was statistically significant on the scaling
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diffusion exponent y (more details in Section 5.3) by conducting a multiple linear regression analysis (p-

value < 0.001). For instance, y decreased from 1.73 to 1.66 when £; increased from 0.5 mm to 2.5 mm.

On the other hand, Isachenko and Chubarenko [105] found that MPs tend to accumulate in trapping zones
formed at transitions from finer to coarser sediments, particularly affecting smaller or more flexible MPs.
At finer sediment zones, retention is primarily driven by contact friction, while in areas where particle and
sediment grain sizes are similar, direct interactions (e.g., MPs transport orientation, sediment pore shape
and size) dominate. This localized trapping driven by particle—bed interactions can play a more decisive
role than flow variations. MPs remained in trapping zones even under increased shear stress. This could be
explained by the hiding—exposure effect where the probability of MPs motion decreases when they

encounter a coarser bottom, increasing their likelihood of remaining trapped [105].

2.5.5.3 Empirical Models for Near-Bed Dynamics of Microplastics

Although Rouse number (Eq. 14) was able to distinguish between bed-load and suspended-load transport
of spherical MPs, it was insufficient for distinguishing between saltation and rolling/sliding, yielding a low
R? of 0.223 [47]. To improve predictive accuracy, Lofty et al. [47] proposed a modified Rouse number,
k,w,/du,, which incorporates bed roughness (k;), particle size, settling velocity, and shear velocity. This
formulation combines settling-turbulence balance (i.e., wg/u,) and the effect of bed roughness relative to
particle size (i.e., kg/d) [47]. The modified Rouse number substantially improved the correlation (R? =
0.817), highlighting the critical role of bed roughness and particle scale in determining the dominant near-
bed transport mode. Notably, the performance of the modified Rouse number for non-spherical

microplastics remains untested [47].

In contrast, Al-Zawaidah et al. [66] focused on the ratio of shear velocity to settling velocity (u,/ws), or

referred as the transport stage, rather than P, as the former was considered more appropriate in describing
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near-bed dynamics, thus enabled clearer characterization of near-bed MPs motion. They then introduced a
phase diagram based on transport stage that effectively predicts microplastic motion regimes. Their analysis

showed that mean forward velocity (U,) and mean vertical position in the water column (Z,,) are strongly

correlated with transport stage, fitting well to a power function as confirmed by multivariable ANOVA.

Recent studies found that MPs streamwise velocities (v,) followed a normal distribution under all tested
conditions. To parameterize this distribution, they proposed new equations linking the ensemble mean of
v, to flow and particle dynamics. Specifically, the mean velocity (u,,,) was expressed as a function of bed
shear velocity (u,) critical shear velocity (u,.) [79]:

v, = 13.67(u, — 0.76u,.) 17)
The linear equation was selected over other multivariable equations based on better empirical fit (relative
error of 5.2%) and clearer physical interpretation (last term of Eq. 17 identified as disentrainment threshold,
i.e., 0.76u,.). The equation is valid for a range of MPs (d, = 2.8 — 4.2 mm; p, = 1.2 — 1.4 g/cm3; CSF =

0.58 — 0.89), bed roughness (ks = 0.5 — 2.5 mm) varying flow velocities.

In general, near-bed transport of microplastics largely mirrors that of natural sediments but is strongly
modulated by particle shape and bed roughness. Fibers and fragments displayed less predictable trajectories
than spheres, while bed composition and roughness govern trapping and mobility, often overriding flow
effects. Although classical frameworks such as the Rouse number capture broad transport regimes, recent
studies have proposed alternative frameworks to better classify and predict rolling, saltation, and short-term
burial. Future research should extend these formulations to irregular and sub-millimeter particles, and

integrate localized trapping processes to better represent riverine near-bed dynamics.
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2.5.6 Infiltration and Retention

Microplastic retention in sediment beds has been experimentally shown to range from 2% to 40%,
indicating their role as long-term sinks [88]. Field observations confirmed that small microplastics (< 0.5
mm) dominate river sediments, comprising over 80% of detected particles [63]. Recent laboratory studies
further highlight that infiltration into sediments is governed by a complex interplay of factors, including

particle size, shape, and density, as well as sediment grain size and hydrodynamic conditions.

2.5.6.1 Influence of Microplastics Physical Properties on Infiltration

Microplastic infiltration into sediments is strongly size-dependent, with smaller particles penetrating deeper
and exhibiting greater vertical mobility. Studies have shown that MPs abundance decreases exponentially
with depth, with larger particles (0.5 — 2 mm) retained in the upper 5-30 cm, while particles < 500 pm
reached depths up to 50 cm [98]. Similarly, Alhusban [82] observed that 3—5 mm MPs were confined to the
top 3 cm, whereas the smallest particles reached as deep as 7 cm. These findings were supported by
regression analyses showing particle size had a statistically significant effect (p-value <0.05) on maximum
infiltration depth, exerting a stronger influence than either celerity (i.e., the migration speed of sediment
bedforms, calculated as ripple displacement over time) or density [82]. Fluorescence Imaging System (FIS)
monitoring further confirmed that maximum infiltration depth declined with increasing particle size and
that larger particles exhibited delayed infiltration onset. For instance, 3 pm particles began infiltrating at

152 seconds, while 10 pm particles did not begin until 449 seconds [83].

The shape of MPs plays a critical role in determining retention and burial within sediments. Spherical MPs
were found to be most readily retained, while irregular pellets exhibited lower burial potential, indicating
that shape governs mobility [88]. MPs with low CSF, such as fibers, showed less deep infiltration compared
to more spherical MPs. This suggests that higher CSF values are associated with greater vertical mobility

of microplastics [101].
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2.5.6.2 Role of Sediment Bed and Flow Rate on Microplastics Infiltration

Sediment grain size also influences MP infiltration and retention. In fine sediments (40—80 um), high-
density MPs tended to accumulate deeper in the sediment column, while in coarse sediments (>630 pm),
they remained near the surface [98], [99]. Fine sands also trapped MPs for longer durations compared to
coarse sands [83]. Some studies suggested that the relationship between microplastic and sediment size was
crucial for infiltration, with the size ratio, dma/dso (i.€., dmex = maximum diameter of MPs, ds5o = median size
of sediment grains), proposed as a key indicator. Lower ratios facilitate deeper infiltration, whereas higher

ratios (dma/dso > 1) result in greater accumulation at the sediment surface [101].

Bedform dynamics play a significant role in MP infiltration. The study found that faster bedform migration
(higher celerity) results in less microplastic being retained in the sediment, showing that retention decreases
as bedform speed increases [88]. Flume experiments further showed that taller and more mobile bedforms
promoted greater infiltration. Log-transformed regression analysis revealed a positive correlation between
particle abundance and distance from stationary sediment layers, highlighting the influence of bedform

height on vertical particle transport [82].

Hydrodynamic conditions influence microplastic infiltration, particularly within the superficial sediment
layer. Flow-induced shear promotes deeper infiltration and redistribution but has limited effect beyond the
surface [98], [101]. Experiments showed that the percentage of MPs infiltrating below the superficial layer
increased from 52.7% to 61.3% when hydraulic load increased from 0.25 m to 1 m [101], and that higher
flow rates enhanced penetration depth [98]. Field data from river sediment further confirmed seasonal

variations in MPs accumulation within bed sediments led by hydrodynamic variations [63].
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2.5.6.3 Empirical Models for Microplastics Infiltration

Munz et al. [98] effectively adapted the filter coefficient (A) originated from earlier filtration studies to
quantify MPs retention and predict maximum penetration depths in saturated riverbed sediments. The
colloid transport framework of Bradford et al. [121] is grounded in first-order deep bed filtration theory and
describes how particle concentrations decrease exponentially with depth due to mechanisms such as
attachment, straining, and interception. Building on the framework, Munz et al. [98] applied A to model the
exponential decline of secondary polystyrene fragments with depth, based on a first-order reaction kinetics
framework, and systematically related it to key hydrogeological parameters. The relative MP abundance at

a specific depth was therefore represented by the following:

Cy

— ALz
CTot

in which C; is the concentration of MPs of size L; Cr,; is the total MP concentration; A; is the filter
coefficient of a clean filter medium with respect to particle of size L; and z is the depth within the sediment
column. A low 4; indicated deeper penetration (weaker filtering), while a high Ar reflected stronger surface
retention. To evaluate A;, the authors fitted an exponential decay function to measured retention profiles,
yielding optimized A; values ranging from 0.18 to 1.0 cm™ for different experimental conditions. They
developed a generalized multiple linear regression model linking the logarithm of A; to dimensionless flow
velocity, microplastic size, and sediment grain size (R*>=0.92, p-value <0.01), which showed A, increases
with particle size but decreases with flow velocity and sediment grain size. Among the predictors, sediment

grain size had a slightly greater effect than flow velocity, which echoed with the above-mentioned findings.

To conclude, infiltration and retention processes highlight the riverbed’s role as a dynamic sink for
microplastics. The processes are primarily regulated by MPs size and shape, while smaller and more
spherical particles exhibit greater vertical mobility, coarse sediments and high bedform celerity limit long-
term burial. Laboratory studies demonstrated that trapping zones and hiding—exposure effects can anchor

MPs even under elevated shear. Although classical deep-bed filtration frameworks and filter coefficients
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provide useful means to quantify retention, empirical models for infiltration remain largely lacking, and
findings are highly sensitive to experimental conditions. Moreover, studies explicitly addressing the

influence of transformation processes and turbulence on MPs infiltration are scarce.

2.6 Conclusion

This review synthesized laboratory investigations on the characterization, transformation, and transport of
MPs in riverine systems. Across these studies, it is evident that MPs’ fate is governed by an interplay
between particle-specific properties, such as shape, size, density, and surface conditions, and external
environmental drivers including turbulence, vegetation, sediment composition, and bed roughness. While
sediment transport theory provided a useful foundation, MPs’ irregular morphologies, broad density

spectrum, and ongoing transformations introduced complexities that require tailored approaches [37], [42].

Laboratory studies revealed that MPs in rivers are transported through multiple pathways, each shaped by
particle traits and environmental conditions. Settling was the most extensively studied transport mechanism.
MPs’ irregular geometries and densities created wide deviations from sediment models, requiring shape-
corrected drag formulations [53], [69]. Transformation processes, particularly biofouling and UV
weathering, could shift buoyant plastics into sinking states or alter drag profiles [84], [86]. Sediment
aggregation and turbulence further modified settling rates [87]. Despite advances, models remained

inconsistent for sub-millimeter MPs and irregular shapes [85].

Regarding incipient motion, experiments demonstrated that MPs mobilized at lower shear stresses than
sediments, reflecting their lower density and distinct morphologies [45], [102]. Fibers and elongated
fragments, however, often required higher thresholds due to entanglement and torque effects [44]. Bed
composition and hiding—exposure effects further influenced entrainment [45]. While Shields-based
frameworks provide a useful starting point, polymer- and shape-specific adjustments are still needed [5].
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Similarly, dynamics are shaped by MPs’ size, density, and morphology, while some studies also examined
the effects of turbulence and the presence of vegetation. Under high flows, MPs often mimicked solute
dispersion patterns [46], while at low velocities or in vegetated channels they deviated, showing clustering
and enhanced mixing [107]. Fluorometric detection methods improved measurement of dispersion
coefficients [46]. Vegetation-driven turbulence emerged as a critical driver of MPs dispersion but remains

underexplored [107].

Vertical concentration profiles depend on settling, turbulence, and resuspension. Rouse-type models
captured general patterns but underestimated irregular and near-neutrally buoyant MPs [64]. Turbulence
intensity and resuspension thresholds exerted greater control over vertical structure, dictating whether MPs
accumulated at the surface, remained suspended, or settled to the bed [99]. Mode-based approaches
combining rolling, saltation, and suspension improved predictive skill but remain limited for irregular
morphologies [47]. Within the bed-load transport regime, non-buoyant MPs exhibited sediment-like
behaviors such as rolling, saltation, and suspension, but shape and bed roughness drove strong deviations
[66]. Fibers and fragments displayed less predictable trajectories than spheres, while rough or coarse beds
promoted retention and burial [47]. Empirical refinements to Rouse-based models incorporating bed
roughness and transport stage improved predictions, though irregular and small MPs remain poorly

represented [105].

When looking at the infiltration of bed-load MPs, riverbeds acted as temporary sinks for MPs, with retention
rates ranging from 2% to 40% in laboratory studies [101]. Smaller and spherical MPs tended to penetrate
deeper, while fibers and pellets remained trapped near the surface. Sediment grain size, biofilm

development, and bedform migration further shaped retention depth and persistence [83]. Empirical
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infiltration models based on filtration theory successfully reproduced concentration declines with depth

[82], but the influence of surface chemistry and charge remains underexplored [93].

In conclusion, laboratory research has significantly advanced understanding of MPs transport in rivers,
revealing the central role of morphology, density, and transformation in shaping settling, motion,
dispersion, vertical distribution, near-bed transport, and infiltration. Yet, bridging the gap between
controlled experiments and the complexity of natural rivers remains the foremost challenge. Developing
predictive tools that integrate particle-specific and multi-stressor dynamics will be critical for quantifying
MPs fate across scales and, ultimately, for informing effective monitoring and mitigation strategies to

reduce microplastic pollution in freshwater systems.

2.7 Discussion

The size of microplastics selected for experiments has not always reflected those observed in natural
riverine environments. Field datasets indicated that many particles in surface waters and sediments were
smaller than 0.3 mm [34], [67], whereas most lab studies focused on particles within 0.3 — 0.5 mm, mainly
for practical reasons. Although studies are increasingly using MPs with a broader range of characteristics,
discrepancies were often observed between laboratory evidence and field observations of riverine MPs.
More studies proved differences in settling, and vertical distribution for < 0.5 mm particles compared to
larger counterparts [60], [63], [104], but similar studies of other transport process remained scarce. To
address this gap, future experiments should incorporate advanced particle-tracking techniques such as laser-
induced fluorescence and fluorescence imaging systems, which enable real-time detection of sub-millimeter
MPs [83], and fluorescent tagging, which enhances visibility for understanding both the interaction between
MPs and the surrounding fluid and the motion of MPs within the bulk flow [82], [87]. In parallel, coupling

with particle image velocimetry (PIV) would allow simultaneous resolution of flow structures and particle
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trajectories, thereby capturing fine-scale interactions that govern transport, deposition, and resuspension

dynamics of small MPs [41].

The shapes of microplastics used in laboratory studies also fail to capture the dominance of fibers and
irregular fragments observed in rivers. Fibers and irregular fragments, which took up 75% of MPs detected
in surface water and sediments in rivers, remained underrepresented relative to spheres or other regular
shapes. Overall, shape influences on transport other than basic settling have not been examined
systematically. Processes like dispersion, shear-layer mixing, infiltration, and vertical concentration
profiles have seen limited testing with realistic non-spherical particles (e.g., curled fibers, thin films).
Rouse-based profiles have been evaluated across narrow shape—size ranges and mostly under steady flows
[47], [64]. Performance under variable turbulence, near-surface, and for elongated or sheet-like particles is
unclear. This suggests that the dominance of fiber-like MPs in nature is not yet well represented in

experimental frameworks.

Unlike natural sediments, which exhibit a relatively uniform density of ~2.6g/cm?®, MPs span a much wider
range. This variability means that MPs of different polymers can float, remain neutrally suspended, or sink,
making density a fundamental determinant of their transport mode and vertical distribution. While non-
buoyant MPs generally follow transport behaviors comparable to sediments (e.g., settling, vertical
distribution), fewer studies focused on MPs with densities close to or equal to that of water. When plastic
density is close to that of water, even small deviations from buoyancy neutrality cause large shifts in rise
velocity and mixing, creating an intermediate regime where turbulence, buoyancy, and particle size interact
in complex ways, making their transport much harder to predict [122]. Among the studies reviewed, only
Born et al. [64] directly addressed the effects of minor differences in MP densities by showing that MPs

with densities near water (0.91-1.13 g/cm®) exhibited sharply different transport behaviors. These near-
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neutrally buoyant polymers present distinct challenges, as their vertical distributions are highly sensitive to

turbulence and remain poorly constrained in laboratory studies [122].

Finally, particle-specific attributes provide another important frontier for future investigation. Some particle
attributes were also seldom measured alongside transport. Polymer-specific wettability and surface charge
vary across polymers and with aging but were rarely paired with transport metrics in flumes. Increased
surface roughness and biofilm can shift contact angles and charge, processes that plausibly modify drag
and aggregation with minerals or organic flocs [58], [93], [94]. Studies also showed that polymer-dependent
zeta potentials (i.e., the electrokinetic surface potential influencing particle stability in suspension) could
lead to different MP fates [120]. Finally, emerging flume and visualization studies showed that interactions
with bedforms and porous beds control infiltration and retention, but routine co-measurement of particle

wettability with sediment exchange remains uncommon.

The environmental fate of MPs in natural waters is ultimately governed by the interplay of multiple dynamic
behaviors, such as turbulence, presence of vegetation, biofouling and MPs weathering, rather than single
processes in isolation [41]. Yet, as reflected in most of the reviewed studies, the interaction between these
mechanisms and environmental conditions remains insufficiently understood. Though a growing body of
studies now tests combined drivers (e.g., dispersion in the presence of vegetation [107]; mixed effect of
turbulence, aging and hydrophobicity on vertical distribution [120]; settlement in the presence of sediments
[87]), such multi-stressor experiments remain comparatively scarce relative to single-factor design. For
instance, while recent studies showed that adding realistic turbulence or bedforms alters settlement and MP
retention [75], [88], many laboratory investigations continue to rely on steady, uniform conditions in

straight flumes.
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The interaction between MPs and sediments deserves greater research attention because it fundamentally
shapes multiple transport processes, including settling, infiltration, and bed load dynamics. Studies
highlighted that high concentrations of suspended particles in rivers enhance the likelihood of MPs forming
heteroaggregates, particularly once biofouling occurs and under turbulent conditions, resulting in flocs that
markedly alter settling rates and vertical distributions [37], [41]. Beyond the water column, the properties
of the sediment bed govern the initiation and mode of bed load transport, with factors such as grain size
distribution and hiding—exposure effects determining thresholds for motion (Section 5.2). Supporting this,
Isachenko and Chubarenko [105] demonstrated that MPs tend to accumulate in trapping zones created at
transitions from finer to coarser sediments, further underscoring that MP—sediment interactions can dictate

localized retention and long-term fate.

A recent study by Park and Nepf [123] showed that biofilms on sediment beds reduce the deposition of
fine, non-cohesive particles, including microplastics, compared to bare sand under similar flow conditions.
This suggested that the effectiveness of the trapping zones described by Isachenko and Chubarenko [105]
depends on biofilm presence as clean or lightly coated sediments may trap particles, while heavy biofilm
coverage can limit burial and increase resuspension. Thus, trapping zones may be especially effective in
environments with limited biofilm growth but less so where biofilms are abundant. This is an example of
how the environmental fate of MPs in natural waters is ultimately governed by the interplay of multiple
dynamic processes, highlighting the need to consider both transport mechanisms and environmental

conditions together.

These gaps in research emphasize the need for more comprehensive studies that integrate both
hydrodynamic and sedimentological factors to better understand MP behavior in natural riverine
environments. To better understand MPs transport requires shifting from simplified laboratory setups to

approaches which capture the complexity of natural river systems. Since MPs dynamics are governed not
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only by physical properties such as size, shape and density, but also by transformation processes like
biofouling and interactions with sediments. Future research should combine transport mechanisms with
various hydrodynamic conditions, thereby integrating turbulence, variable flow regimes, and particle
heterogeneity into both experiments and models to bridge the gap between controlled studies and

environmental reality.
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Chapter 3 Experimental Study on Trapping Efficiency of Non-Buoyant

Microplastics by River Groynes

3.1 Introduction

Since the 1950s, the rapid expansion of industrial plastic use, coupled with inadequate waste management,
has become a major driver of environmental pollution [24]. Microplastics (MPs), small plastic particles
less than 5 mm in diameter, have been detected in diverse environments, including oceans, rivers, lakes,
terrestrial soils, and even the atmosphere [25], [26], with 2022 estimates indicating that 1.7 million tons of
plastic waste enter the ocean each year [27]. The ecological and health risks posed by aquatic MPs are
significant: they can transport pathogens and pollutants, promote harmful microbial growth, and are readily
ingested by aquatic organisms, leading to bioaccumulation through the food chain [29]. Alarmingly, MPs
have also been detected in human organs [124], with emerging evidence linking their presence to various

health impacts [10], [32].

Most marine MPs originate from terrestrial sources, with rivers acting as the primary transport pathway
[34], [35] and the oceans serving as the final sinks [33]. However, rivers also function as temporary storage
zones for MPs, retaining them in riverbanks, floodplains, aquatic vegetation, sediments, and infrastructure
[36]. Given this dual role, monitoring and mitigation efforts in rivers could substantially reduce MPs inputs

to the oceans.

With ongoing urbanization, hydraulic structures such as dams and weirs have been widely introduced into
river systems. These structures typically alter flow dynamics by creating zones of reduced velocity, which
promote the deposition of suspended particles [34], and offer optimal locations for MPs removal. Field
studies have reported higher MPs concentrations upstream of man-made structures compared to

downstream reaches [125], [126]. While most research has focused on dams, there is limited evidence on
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the MPs retention efficiency of other river infrastructure, such as weirs or dikes. Recent findings indicate
that sluice gates and weirs in flume experiments can increase non-buoyant MPs retention by > 70% [127].
Similarly, numerical simulations have shown that MPs accumulate in stagnant zones behind weirs, where

they can remain for prolonged durations [128].

Groynes, also known as spur dikes, are a series of structures built transverse to the river flow [129].
Historically, they were constructed to reduce flood risk and to maintain sufficient water depths for
navigation, such as the River Elbe in Central Europe and Lake Windermere in Canada [130], [131]. At
present, groynes are used to deflect flow away from erodible banks and to control flow in the bends of
meandering rivers [16], [17]. In addition, groynes have also been used to enhance river habitats by
promoting emergent vegetation growth within the groyne field, which supports aquatic life and contributes
to water purification [18]. There are different shapes of groynes, including I-head, T-head, L-head, and
hockey stick-shaped forms (Fig. 4) [16]. They are also classified based on their inclination, with attracting
spurs angled downstream (45°— 60°) and repelling spurs angled upstream (60°—80°) [ 132]. These variations

influence flow contraction, turbulence, and sediment deposition [133].

Flow

60°-80°, 45°-60°

Straight T-Head L-Head Hockey Inverted Hockey Repelling Attracting

Figure 4 Plan view of common groyne shapes.

Building on the sediment-trapping capacity of groynes, recent studies have investigated their effectiveness
at trapping floating macroplastics (size > 5 mm). Przyborowski et al. (2024) found that extending the length

of a groyne narrowed the main channel, which intensifying lateral mixing and diverted more buoyant

62



macroplastics into the downstream recirculation zone. These results suggested groyne fields can act as

strategic interception zones for riverine plastic debris management.

This effect is driven by the recirculation and mixing layers generated by groynes, which divide the channel
into the mainstream and the groyne fields. Within the groyne fields, backflow develops, resulting in
velocities typically only 25 — 30% of those in the main stream [18]. These zones are therefore often referred
to as stagnant water areas or dead zones [17], [18]. The velocity difference between the mainstream and
groyne fields generates mixing interfaces, where mass and momentum exchange occur through a turbulent
mixing layer [21]. These exchange processes are generally governed by two-dimensional large-scale
circulation, with coherent vortices in the mixing layer playing a key role [21], [134]. In particular, high
shear forces generated by these vortices influence the formation of sand waves further downstream [135].
Particle Image Velocimetry (PIV) data showed that the mixing layer initiates at the upstream groyne, where

vortices are shed, and that the flow within the dead zone can contain multiple gyres [134].

This study aims to look into how effectively groynes trap non-buoyant MPs, utilizing the well-established
role of groynes in creating low-velocity recirculation zones where sediments settle and are retained.
Because the transport of non-buoyant MPs resembles that of sediments, we hypothesize that groynes will
similarly retain MPs. Specifically, this study will (1) measure overall MPs trapping efficiency under
controlled hydraulic conditions, (2) compare the effectiveness of alternative groyne geometries to determine
shapes that maximize retention, and (3) evaluate how particle density influences capture and retention.
Outcomes provide insights into designing or retrofitting groynes to increase MPs trapping and shedding

light on MP mitigation strategies in regulated rivers.

This paper is structured as follows: following the introduction, Section 2 outlines the theoretical

considerations underlying MPs settling and transport. Section 3 describes the experimental setup, including
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flume conditions, groyne configurations, and particle tracking methodology. Section 4 presents the results
of the trapping efficiency tests across different groyne configurations and particle densities. Section 5
discusses the implications of these findings in relation to existing literature and river engineering practices.
Finally, Section 6 concludes with key insights and potential applications for enhancing MPs retention in

regulated rivers.

3.2 Theoretical Considerations

The terminal settling velocity (w;) is the constant velocity a particle sinks in a fluid when the gravitational
force is balanced by the drag force, assuming no additional vertical forces act upon it. The w; of a spherical

particle shape is given by the Stokes’ formula:

zzfd_g(ps—p)
3G\ p

€Y)
in which g is the gravitational acceleration; d is the particle diameter, replaced by equivalent spherical
diameter (d.,) for non-spherical particles; Cy is the drag coefficient; p is the density of fluid; and p; is the
density of particle. The drag force quantifies the resistance a particle experiences during settling and is often

the most difficult parameter to determine, as it depends on multiple variables including the particle

Reynolds number (i.e., Re = wid/ v, where v is the kinematic viscosity of the fluid), shape, and orientation.

Since MPs differ markedly from natural sediments in these physical properties, numerous studies have
examined their settling behavior by modifying or recalibrating Cy, to account for such differences. The semi-
empirical drag model proposed by Bagheri and Bonadonna (2016) was adopted in this study (detailed in SI

§1). The model was selected based on findings from review studies on existing models [60], [61].
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3.3 Experimental Setup

3.3.1 Flume

The experiments were conducted in the Hydraulics Laboratory at the University of Ottawa using a
recirculating rectangular flume 5 m long, 0.62 m wide and 0.3 m deep, with a smooth bed and filled with

tap water at 25°C (Fig. 5).

LHTRLIY
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. / =
Flow £| | outlet
Flow input % . 0.62 m
Point of MPs ._I_ %’
injection 0.1m
e 1.5m || 0.93m | | 1.6 m | Tailgate

Figure 5 (Top) Plan view photo of experimental flume with two groynes mounted on one and two LED UV-
A panels placed above the flume. The camera in the image was positioned away from the flume to provide
a clear view of the region of interest. During runs, the camera is adjusted to 40 cm above the flume with
the lens perpendicular to the flume. (Bottom) Plan view schematic of the experimental flume (not to scale).
The black dot marks the particle injection point, and the gray dashed line outlines the region of interest

(ROI) used for particle tracking.

A perforated plate at the inlet ensured flow straightening, while a tailgate at the outlet controlled water

depth. Subcritical turbulent flow conditions were established by adjusting the inlet valve and tailgate, with
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the flow rate determined by slowly increasing until > 95% of originally static MPs particles (p, = 1.11
g/cm?®) were mobilized. Flow velocity was measured with an electromagnetic flowmeter (Fluvia RC3, Aqua
Data Ltd.), and hydraulic smoothness was confirmed via the shear Reynolds number criterion. Velocity
profiles were then fitted to the law of the wall to estimate shear velocity (u.), a fundamental descriptor of

boundary shear conditions in the flume [137].

In the final setup, the flow conditions were characterized by a mean flow of 14.4 cm/s, flow depth (h) of

12.5 ¢cm, Froude number of 0.130, a Reynolds number of 1.80 x 10, and u~ of 0.00632 m/s.

3.3.2 Groynes

Parameters such as angle, material, shape, spacing, and height have been varied in the construction of
groynes for river training [138]. Among these, spacing, typically expressed as the ratio of groyne spacing
(S) to groyne length (L), or S/L ratio, is a key factor [16]. In this study, the S/L ratio was chosen based on
preliminary tests that took into account both the MPs entrainment rate and commonly used engineering
configurations with S/L ratio between 2 and 6 [16]. A S/L ratio of 3.1 was adopted for all tests, comparable
to that reported for the River Waal [20]. The spacing was kept constant to enable direct comparison of tip

effects.

Two acrylic plates 3.5 cm thick, 30 cm long (L) and 40 cm tall were used to resemble impermeable groynes,
with length constricted to 50% of the channel width (Fig. 5). Ten configurations were tested by combining
four shapes, including common groyne shapes, namely [-shape (referred to as straight groyne hereafter),
repelling (70° inclined upstream), inverted hockey-stick shape (referred to as hockey-stick shape hereafter)
and T-shape (geometries detailed in Table S1). These included cases where both groynes shared the same

shape, as well as mixed cases in which at least one groyne was straight. For each case, groyne pairs were
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installed on the right flume wall, 2.4 m downstream from the inlet, and different groyne tip shapes were

achieved by attaching 3D-printed parts to the acrylic plates.

3.3.3 Microplastics Particles

Microplastic pallets were produced using a 3D printer (FLsun v400) with a printing precision of = 0.1 mm.
Fluorescent yellow printing material (AMZ3D) was selected to facilitate particle tracking during the
experiments. The particles were produced as circular cylinders with a diameter and height of 2 mm with

rounded sides (Fig. Sla). The spherical equivalent diameter (d.;) was calculated by the equation d,q, =

W, where a, b, and c are the lengths of the long, intermediate, and short sides, respectively. Density
was determined by weighing the particles on an electronic balance (precision 0.01 g) and measuring their
volume in a 50 mL volumetric cylinder after air bubble removal. Final values represent the mean of 10
repeated measurements. By adjusting the air content during printing, two target densities (1.08 and 1.11
g/cm®) were achieved. These values were chosen to reflect environmentally relevant conditions as
polyethylene (PE; p, = 0.88-0.96 g/cm?) has been reported as the most common polymer in river sediments
[34]. Particle density was set slightly higher (i.e., 1.08 and 1.11 g/cm? compared to p, of PE) to account for
biofouling (i.e., the accumulation of organic matter on MP surfaces) in aquatic environments and practical
constraints associated with 3D printing. Recent studies have shown that biofouling can substantially
increase density of buoyant MP pellets and lead to persistent negative buoyancy, even during colder winter

months [59], [94].

Given the particle settling velocity (ws) and shear velocity (u.), particle transport can traditionally be
characterized by the Rouse number (P). However, as subsequent studies showed that P is not fully
applicable to near-bed MP motion [47], this study employed the phase diagram of Al-Zawaidah et al.

(2024), which predicts transport mode based on the transport stage (u./ws) rather than P. According to the

67



phase diagram of Al-Zawaidah et al. (2024), the transport of the MPs used in this study was dominated by

suspension (approximately 50 — 65% of time).

Table 6 Properties of the MP particles used in the experiments, including their density (ps), spherical
equivalent diameter (d.y) settling velocity (wy), drag coefficient (Cg), particle Reynolds number (Re,) and

transport stage (u+/Ws).

Type ps(g/em?) d., (mm) ws (mm/s) Cu Re, /Wy
PLA 1.08 2.29 0.235 43.26 0.604 2.69
PLA 1.11 2.29 0.323 32.04 0.829 1.96

3.3.4 Particle Tracking

A particle tracking technique was employed to track the bulk movement of the MPs (i.e., retention zone)
within the groyne fields. Videos were taken using a Canon EOS R100 mirrorless camera equipped with an
18 — 45 mm IS STM lens, recording at 1920 x 1080 pixels and 60 fps. The camera was positioned 40 cm
from the flume center between the two groynes (Fig. 5), while illumination was provided by two 150 W
LED UV-A panels placed perpendicular to the camera and directed towards the flume (Fig. 5). All
experiments were conducted in darkness to reduce reflections, with the flume bed and walls covered in

black adhesive sheets to maximize particle—background contrast.

The videos taken after each run were processed by a self-developed particle tracking model (PTM) which
employed the open-source Python library Trackpy [139]. Prior to the analysis, each frame was cropped and
filtered by applying thresholds on hue, saturation, and value of each frame to create a binary mask to
suppress noise and remove falsely detected flume structures. The processed frames were then supplied to

Trackpy, where particles were identified and linked across consecutive frames (detailed in SI §3).
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A key challenge of the PTM lies in reliably identifying particle displacements, particularly in the turbulent
region around the groyne where the wavy water surface causes frequent refractions. This often led to
temporary misdetections, with particles appearing either as duplicates or false disappearance. Since all
particles should only enter the region of interest from the inlet side, any new appearance of MPs in the
groyne field was attributed to refraction, meaning these cases were in fact false splits of a single particle
trajectory. To address this, trajectory fragments were merged through an iterative linking procedure: false
splits, defined as particles that either first appeared and/or disappeared within the groyne field, were first
detected. False duplicates, which are coexisting trajectories that either started or ended within a short frame
window and distance threshold were then linked (Fig. S4a). After this, the remaining false splits were
resolved by linking trajectory endpoints to nearby trajectory start points across frames using short-range
distance (Fig. S4b) or particle velocity prediction (Fig. S4c¢). Multiple co-occurrence checks and repeated

iterations over expanding search radii ensured reconstruction of continuous particle trajectories (Fig. 6).

Link particles and update 4——VYes:
database

1.Define dist_max fine di N
2.Define dist_interval Defina dist = dist_intarval

Measure particle velocity No
and identify possible link l
Yes/?

Store data =5

o— lo—p Merge particles based on
distance and group no. Update database

Reassign particle Merge all particles based on
group distance

dist = dist + dist_interval

Update database

Figure 6 Flow chart for optimizing particle trajectories. Variables dist max and dist_interval were defined

as the maximum search radius and the search radius interval. By increasing the search radius by the defined
interval on every iteration, the program will check if current radius > 30 pixels. This search radius
threshold, determined through trial and error to balance computational effort and accuracy, triggers
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trajectory linking with particle velocity prediction, which was more accurate for larger search radii than
distance-based search but requires more computational effort. Each particle was assigned a group number

to facilitate linking (more detailed in SI §3).

3.3.5 Procedures

At the start of each experiment, the flow was run for 15 min to ensure full development and quasi-uniform
flow conditions. Water depth and temperature were measured. Microplastic particles were then injected at
the bed, 10 cm from the right wall and 1.5 m upstream of the first groyne. A fluid extractor originally
designed for automotive use was modified for particle injection and connected to a long injection pipe to
minimize flow interference. Injection was performed at a rate of 100 particles per 10 s, for a total of 1000
particles, with injection speed kept minimal to avoid accelerating the particles. After injection, the flow
continued for 5 minutes, a duration determined from preliminary tests, which showed that the fraction of
MPs leaving the groyne field of all 10 configurations did not differ substantially between test periods of 5
to 10 minutes. At the end of the test, MPs in the groyne field were collected and counted manually. Each

scenario was repeated 20 times and videos were recorded for the region of interest.

3.4 Results

A total of 20 experimental scenarios were tested, each repeated 20 times (n = 20, except in one scenario
where an outlier was removed), to evaluate the influence of groyne configuration and particle density on
MPs trapping dynamics (Fig. 7). Scenarios were coded by groyne shape and particle density, separated by
a hyphen. The groyne shapes were denoted as S (straight), R (repelling), T (T-shaped), and H (hockey stick-
shaped), ordered according to their sequence facing the inlet. Particle density was indicated as D (dense) or
L (light). For example, for the scenario where the upstream groyne was straight and downstream groyne
was T-shaped, with dense MPs used, it is coded as “ST-D". Each scenario and their corresponding code

were illustrated in Table S2.
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Figure 7 Microplastic entrainment rates across different groyne configurations for two MPs densities (ps
= 1.10 g/em’ and p; = 1.08 g/cm’) are plotted. Boxplots show the interquartile range (IQR; 25th—75th
percentile) for 180s before end of test and at test completion in shaded and outlined boxes, respectively.
Whiskers, median lines, and mean markers are shown only for the end-of-test measurements. Repelling
groynes (RR) produced the highest entrainment (p < 0.05), while escape rates of most cases were negligible.
Only scenario SR, SH and TT showed significant entrainment rate (p < 0.001) differences between denser

and lighter particles.

Trapping efficiency of groyne configurations was assessed through particle entrainment and escape rates.
The entrainment rate was calculated as the ratio of particles counted at the end of each run to the number
of MPs injected. The escape rate was the ratio of particles leaving the groyne field within the last 180 s of
each test to the maximum number of particles in the field during the same period. Particle counts were

obtained by manual counting and independently verified using a trained automated counting program.

Due to the small sample size and violations of normality in some cases (SI §4), non-parametric tests were
applied. Entrainment rates of each scenario were analyzed using the Kruskal-Wallis test (i.e., non-
parametric alternative to one-way ANOVA) to evaluate overall differences among groups. When
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significance was observed (i.e., p < 0.05, where p represents the probability that the observed result could
occur just by chance alone), pairwise comparisons were conducted using the Dwass—Steel-Critchlow—
Fligner (DSCEF) test (i.e., post-hoc test following Kruskal-Wallis test). Corresponding effect sizes were
reported to quantify the magnitude of effects, reported as epsilon-squared (¢”) for overall differences and

absolute Cliff’s delta (|d|) for pairwise comparisons.

The influence of specific configurations on entrainment counts, retention location, and effects of particle

densities will be examined in greater detail in the following sections.

3.4.1 Code Validation

The PTM code used for identifying retention zones within groyne fields were primarily validated through
visual comparison of observed and tracked particle behavior. The observed and plotted retention zones
showed good agreement, indicating that the main transport patterns were well captured. The code was
further evaluated by comparing manually counted entrainment numbers with program outputs across 80
experimental results covering different scenarios. On average, the code underestimated the final number of
particles in the groyne field by 26.1%, which was expected given its limited ability to resolve overlapping
or clustered particles. Nonetheless, this error was considered negligible since the PTM code focused on

bulk MPs movements rather than individual particle trajectories.

3.4.2 Entrainment Number

Across all scenarios, groynes were able to trap a minimum of ~6% of particles within the 5-minute test
period. The repelling groynes consistently produced the highest mean entrainment rates (x) for both tested
particle densities, peaking at approximately 20% of entrainment for scenarios RR-D, while other
configurations generally showed lower trapping efficiency. Escape rates were consistently low (< 3%) with

light particles, while denser particles produced mixed results with about half near zero but some exceeding
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7%, particularly when both groynes had the same shape (Table S3). The variability of entrainment
performance was substantial, with coefficients of variation (CV) ranging from 10.9% to 29.6%, highlighting
the inherent variability in particle-groyne interactions, even under controlled conditions.

Scenarios with both groynes having the same geometries (i.e., SS, RR, TT and HH) showed the largest and
most significant differences in entrainment rate (p << 0.001; &%uense = 0.72, %igie = 0.61). For both MPs
densities, RR yielding the highest entrainment (uzz-p = 20.7 £ 3.7%; urr-r = 18.6 = 2.0%), followed by HH
(urrp = 12.1 + 3.6%; uprr = 10.6 + 1.2%), while SS (uss.o = 7.6 £ 1.7%; pss. = 9.3 £ 2.1%) and TT (urr-
p =63 % 1.2%; urrr = 9.0 = 2.3%) consistently showed the lowest entrainment. Statistical pairwise
comparisons also proved that the difference in trapping efficiencies of repelling groynes (RR) for both MPs
densities was highly significant compared to other shapes (p << 0.001, || > 0.91). By contrast, the difference
between straight and T-shaped groynes for either density was insignificant, while comparisons involving
hockey stick-shaped groynes were marginally significant or nonsignificant depending on density (Table
S4). Overall, when both groynes share the same shape, strong sensitivity of trapping efficiency to groyne
geometry was observed among all groups, with repelling groynes consistently achieving the highest
entrainment, while SS and TT were the weakest. Notably, SS and TT had minimal MPs escape (< 3%),

whereas HH-D exhibited the highest escape (15.1%) and RR-D also showed elevated loss (7.2%).

For scenarios with an upstream straight groyne followed by another shape (i.e., SR, ST, SH and SS),
similarly large but more selective contrasts were observed. Differences in entrainment rate were highly
significant (p < 0.001; &%ense = 0.45, &%igne = 0.69), with SR consistently trapping more MPs than other
configurations (p « 0.001, |d| > 0.85). Across densities, SR was the most effective combination (usz-p =
10.9 + 1.7%; usg-. = 19.4 = 3.7%), exceeding that of SS, ST (usr-p = 7.0 £ 1.7%; usr.. = 7.1 = 1.6%) and SH
(usep = 7.2 £ 1.5%; pswr = 10.0 £ 1.6%). Relative to the straight-only scenario (SS), downstream
substitution with T- or hockey-stick shaped groynes produced insignificant changes for all tests using dense

particle, while significant difference were observed when ST-L was compared to SS-L (p < 0.05) and ST-
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L (p <0.01). Escape rates were negligible (< 1% in most cases), with SR showing slightly higher values
(0.9 + 1.6% for dense MPs, 1.6 + 2.0% otherwise). Overall, when a straight groyne was placed upstream,
combining it with a repelling groyne downstream markedly improved trapping efficiency, while ST and SH

offered little or no advantage over straight pairs.

Lastly, for scenarios with a downstream straight groyne preceded by another shape (i.e., RS, TS, HS and
SS), significant differences were shown but they were comparatively smaller than the cases described above
(» = 0.001 — 0.002; & = 0.15 — 0.17). Post-hoc tests indicated that most pairwise contrasts were
nonsignificant, with only HS outperforming TS (p = 0.0239) and RS (p = 0.0420), while downstream T-
shaped groynes slightly exceeded straight groyne-only pairs (p = 0.0461). For completeness, the
entrainment rates of HS (uus.p = 9.6 = 1.7%; unse = 11.2 £ 1.9%), TS (urs.o = 10.4 £ 3.1%; urs. = 8.6 £
1.6%) and that of RS (urs.0 = 9.1 £ 1.4%; urs. = 8.7 = 2.3%) was reported. Escape rates were generally
low (< 2%), though TS-D showed a noticeable 9.3%. Overall, while HS provided a slight advantage, low
sensitivity of trapping performance towards groyne geometries was observed when the straight groyne was

positioned downstream.

Apart from the straight groyne arrangement-based comparison, pairwise comparisons within the same shape
family (i.e., RR/RS/SR, TT/TS/ST, HH/HS/SH) were also conducted. For repelling groynes, the RR-D
configuration showed significantly greater entrainment than the other two dense-particle cases (p << 0.01),
whereas differences between RR-L and SR-L were not significant. Hockey stick-shaped groynes were
highly sensitive to particle density where denser MPs exhibited significant shape dependence in entrainment
with HH being the highest and SH the lowest (p < 0.05), while lighter MPs showed none of such variations.
In T-shaped groynes, significant contrasts were detected only between TT-D and TS-D (p < 0.01), with

other scenarios yielding marginal or non-significant differences.
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3.4.3 Microplastics in Groyne Field

In all scenarios, MPs entered the groyne field from the downstream end (Fig. S6), forming a gyre in
clockwise direction with flow directed from left to right, consistent with observations in other studies [134],
[140]. After entry, particles typically formed a cluster near the center of the field, slightly biased toward the
downstream groyne. Spatial distributions over the final 150s were averaged and visualized for each
scenario. As both particle densities showed comparable distributions, the focus is placed on dense particles,

with light-particle results included in supplementary information (Fig. S7).

While most configurations produced a single retention zone, the size of this area varied across groyne
arrangements. Configurations with inclined groynes (second column from the left of Fig. 8 and S7)
consistently exhibited broader retention zones than all others. In particular, RR and SR showed upstream
extensions, with SR-D displaying a tendency to split into two distinct zones. This effect was even more
pronounced for light particles, where MPs clustered near the upstream groyne, a pattern distinct from other
cases. Although RS-D and TS-D exhibited similar color intensity in their trapping zones, RS-D had a
markedly lower escape rate despite its more horizontally spread distribution, indicating a steadier retention

zone. For RS-L and TS-L, escape rates were similar.
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Figure 8 Spatial distribution of MPs particles in groyne fields during the final 150 s of the experiment.
Flow directed from left to right. Panels (a) — (j) show dense particles, while panels (k) — (1) show light
particles. Shading represents particle concentration, with mean entrainment (EN) and escape (ES) rates
indicated for each configuration. Most setups generated a single retention zone, though its extent and

intensity varied with groyne geometry and particle density.

Apart from the TS-D case, downstream T-shaped groynes generally produced a more centralized cluster,
with retention zones that were small in size but high in intensity. This was evident when comparing ST-D
with SH-D, where both configurations showed comparable entrainment and escape rates, yet the retention
zone of ST-D was only about a quarter of the size of SH-D (Fig. 8i, §j). The same pattern was also observed

in the light-particle cases.

Configurations with upstream hockey stick-shaped groynes produced the most diffused retention zones
among all scenarios when dense particles were used, with HH-D showing broad spatial spread but high
escape. In contrast, the corresponding light-particle cases exhibited compact retention zones with markedly

lower escape rates.

3.4.4 Effect of Microplastics Density

Pairwise DSCF tests (i.e., a post-hoc multiple comparison procedure following Kruskal-Wallis) indicated
that light particles had significantly higher entrainment than dense particles in SR (p << 0.001, || = 1), SH
(p << 0.001, |0] = 0.86), and TT (p < 0.001, |d] = 0.76). For the remaining configurations, differences

between dense and light particles were not statistically significant (Table S5).

Beyond entrainment, lighter particles also exhibited either lower (e.g., RR, HH, TS) or more compact
retention zones compared to dense particles (Fig. 8). As previously noted, MPs trapping patterns of different
groyne shapes were influenced by particle density to some extent. Configurations with hockey stick-shaped
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groynes were the most sensitive, showing marked density-dependent differences in both entrainment
number and retention area, while repelling groynes also displayed sensitivity through shifts in retention

zone structure.

3.5 Discussion

3.5.1 Microplastics Entrainment

Entrainment was consistently observed across all configurations during the five-minute experimental
duration, confirming that groynes were effective in trapping non-buoyant MPs. This finding aligned with
flow patterns reported in sediment studies, where deposition between groynes was attributed to momentum

exchange at the mixing interfaces formed between the main channel and the groyne field [134].

This study demonstrated that configurations with repelling groynes trapped more particles than other
shapes, consistent with their established role in enhancing bank protection and promoting sedimentation by
minimizing bank erosion compared to alternative designs [129], [141]. The retention zones associated with
repelling groynes were also consistently larger than those of other configurations, a result in line with
previous observations that stronger vortices are generated by repelling groynes compared to straight ones
[142]. While upstream-inclined groynes enhanced mixing and thereby increasing particle entrainment, it

could also reduce residence times [ 134], as reflected in the high escape rate observed in the RR-D scenario.

For configurations with double T-shaped groynes, the experimental results were consistent with previous
findings that particle retention was promoted by still-water zones created by wide-headed groynes [133].
This effect persisted when the upstream groyne was replaced by a straight groyne, but disappeared when
the downstream groyne was substituted, indicating that the downstream T-shaped groyne was critical for
stable particle retention. Notably, the ST configuration exhibited the smallest retention zone among all

configurations for both particle densities, potentially offering an optimal spot for targeted MPs collection.
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In fact, across all scenarios with dense particles, upstream straight perpendicular groynes consistently
produced the lowest escape rates. This outcome may be explained by the stronger flow obstruction
generated by straight groynes compared to T-shaped ones, which created more pronounced eddies and

turbulence behind the groyne head and thereby facilitating particle retention [143].

As earlier studies have shown, eddies shed from the upstream groyne form large coherent structures within
the mixing layer, which strongly influence mixing and subsequent particle deposition in the groyne field
[20]. Based on this, particle trapping rates were expected to be primarily dependent on the shape of the
upstream groyne. However, the experimental results revealed the opposite: trapping rates were more
strongly governed by the shape of the downstream groyne. This was likely caused by the fact that particles
predominantly entered the groyne field near the downstream end, their retention being directly influenced

by the downstream groyne.

3.5.2 Effect of Microplastics Density

The difference in particle density resulted in distinct transport modes. Suspended load deposition is
expected to follow gyre structures within the groyne field, as suggested by Sukhodolov et al. (2002),
whereas bedload moving as sand waves is more closely governed by the distribution of critical bed shear
stress [21], [140]. This mechanism may explain why distinct retention zone patterns across particle densities
were particularly evident under conditions of larger vortices and stronger mixing, as in configurations with
repelling groynes. As a result, lighter particles, following the gyre structure, were observed to settle in the

relatively static upstream end of the groyne field.

Previous studies further showed that vortices and turbulent structures vary across water depths within
groyne fields [142]. In particular, turbulence at intermediate depths was reported to be lower than that at
the surface or near the channel bed [142], which may explain the consistently low escape rate of less dense
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particles that were likely transported predominantly at intermediate depths. Given the wide range of MPs
densities, the distribution of trapped particles within groyne fields can therefore be expected to remain

highly heterogeneous across water depth.

3.5.3 Scale Effect

To ensure meaningful comparisons between experimental results and prototype observations, scale effects
must be addressed. Among the various modelling similitudes, dynamic similarity is critical for maintaining
consistent force ratios, yet it is impossible to replicate identical ratios for all forces in both model and
prototype [145], [146]. Consequently, open-channel flow research has traditionally adopted Froude scaling
to balance inertial and gravitational forces for physical models [146], [147]. In line with this approach, our
study selected a low Froude number to mirror field observations of rivers [148], while maintaining a high

Reynolds number to preserve turbulent flow conditions.

Given the complex nature of particle transport, where particle size, friction forces, and settling velocity can
all disrupt similitude between model and prototype, the scaling approach adopted for sediments was usually
different from the rest of the physical model [149]. The similitude used for sediments is based on the Shields
diagram where it was assumed that the prototype and model shared the same point on the Shields diagram
[146]. By equating the similitude ratios of the Shields number and Re,, the following relationship was
established as d, = o,”"”, in which d is the particle size, a is the submerged specific gravity; and the subscript
r denotes the prototype-model ratio [ 146]. This implies that if the MPs in the model are e.g. two times larger
than those in the prototype, their density must be reduced to 273 times that of the prototype to preserve
mobility similarity. In the present study, both ratios were taken as unity, thereby satisfying particle

similitude.
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Nevertheless, this idealized relationship may not fully represent MPs mobility, as previous studies have
shown that static friction and hiding—exposure effects can cause substantial deviations in incipient motion
compared with natural sediments [45], [102]. In the present study, however, such effects are expected to be
limited because the experiments were conducted over a smooth bed, minimizing additional resistance

forces.

3.5.4 Recommendations for Future Studies

The present study was conducted in an optimized and controlled flume environment, which excluded
several sources of variability typically observed in natural settings, particularly the involvement of
sediments. Specifically, the use of a smooth and fixed bed did not account for the bedform variations
resulting from sediment reallocation caused by groynes. Prior research has demonstrated that the movement
of sediments in groyne fields can be substantial due to localized flow conditions [21], and that experiments
with mobile versus fixed beds produce markedly different velocity gradients across groyne fields and the
main channel [ 18]. Beyond sediments, vegetation is another important factor that was not considered in this
study, despite its frequent occurrence in groyne fields where low flow velocities and high nutrient retention
promote growth; vegetation has been shown to significantly alter velocity distributions [18]. These
omissions are especially relevant in the context of microplastic transport, as both sediments and vegetation

have been found to strongly influence vertical and streamwise transport dynamics [87], [99], [107].

In addition to possible improvements regarding sediments and vegetation, the current study only examined
a single groyne, whereas in reality groynes typically occur in series. Prior research has demonstrated that
the first groyne often behaves differently from subsequent ones, as it is strongly affected by upstream flow
traction [21]. Similarly, while morphological patterns within groyne fields tend to be consistent, the first
groyne frequently deviates from this pattern [21]. Furthermore, studies have reported that scour and
deposition patterns are generally comparable across groynes, with notable exceptions occurring near the
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first and last structures in the flume [20]. These findings suggest that testing multiple groynes, rather than

a single structure, would provide a more realistic representation of groyne field dynamics.

3.6 Conclusion

In this study, the effectiveness of a single pair of groynes in trapping non-buoyant MPs under subcritical

turbulent flow was investigated. A total of ten configurations, derived from combinations of four groyne

shapes (straight, repelling, T-shaped, and hockey stick-shaped), were tested. To study the role of MPs

density, pellets (do; = 2.29 mm) with two densities (ps = 1.08 and 1.11 g/cm?) were tested. Across all

scenarios, microplastic entrainment, escape rates, and retention zones were compared, from which the

following conclusions can be drawn.

)

2)

For configurations with identical shapes, entrainment rate was strongly influenced by groyne
geometry, with repelling groynes demonstrating the highest entrainment rate (18.6 — 20.7%),
followed by hockey stick-shaped groynes (10.6 — 12.1%), while straight (I-shaped) and T-shaped
groynes had the lowest entrainment rates (6—9%). In cases where the upstream groyne was straight
and the downstream geometry was varied, configurations with a downstream repelling groyne
consistently trapped more MPs than other combinations (p <« 0.001, |5| > 0.85), whereas other
arrangements showed no distinct differences. By contrast, trapping performance was largely
insensitive to groyne geometry when the upstream groyne geometry was varied with the straight
groyne positioned downstream.

For configurations with identical shapes, straight and T-shaped groynes enabled minimal MPs
escape (< 3%), repelling groynes showed moderate escape rates (3.2 — 7.2%), and hockey stick-
shaped groynes exhibited the highest escape of denser particles (15.1%). Notably, configurations
combining straight upstream groynes with varying downstream groynes effectively reduced escape

rates, particularly for denser MPs.
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3)

4)

After entering from the downstream end, MPs typically clustered near the groyne field center,
tending toward the downstream groyne. Downstream T-shaped groynes generally produced more
centralized clusters with small but intense retention zones, suggesting an optimal location for MP
collection. With the exception of cases involving repelling groynes, retention zones tended to
extend upstream.

The effect of MPs density on entrainment rate was not evident in most configurations, likely due
to the relatively small density differences among the tested particles. However, lighter particles
consistently exhibited significantly lower escape and smaller retention zones, indicating that
particles of different densities respond sensitively to the vertical flow dynamics within the groyne

field.
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Chapter 4 Conclusion and Limitations of the Study

This study aimed to address a knowledge gap regarding how river groynes affect the retention of non-
buoyant MPs. Although rivers are increasingly recognized as both transport pathways and temporary
reservoirs of MPs, most attention has focused on field observations of hydraulic structures such as dams
and weirs. In contrast, groynes, mainly used in river engineering to control flow, manage sediment, and
enhance habitats, have rarely been examined for their capacity to entrain MPs despite their sediment
trapping design. By investigating a range of groyne geometries under controlled flume conditions, this

research contributes new insights into how such structures can influence MPs dynamics.

Across all tested scenarios, the paired groynes trapped at least 6% of injected non-buoyant MPs within the
S-minute test period, with escape rates remaining below 3%. The highest entrainment rate, reaching 20%,
was observed for paired repelling groynes. These findings suggest that existing river groynes can function
as passive, low-cost traps for microplastics. As groynes in natural rivers typically occur in series, it is further
expected that their cumulative trapping effect would be enhanced, given that only a single groyne pair was

examined in this study.

When both groynes shared the same shape, entrainment was strongly dependent on geometry. Repelling
groynes consistently achieved the highest trapping efficiency, with entrainment rates approaching 20%.
Hockey stick-shaped groynes followed with intermediate performance, while straight and T-shaped groynes
yielded the lowest entrainment (around 6—9%). These differences underline the importance of groyne
inclination in shaping local recirculation and mixing, which directly governs particle entry and retention

within the groyne field.

Escape dynamics showed contrasting trends across geometries. Straight and T-shaped groynes enabled

minimal escape (< 3%), suggesting strong retention once MPs entered the groyne field. Repelling groynes
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produced moderate escape (3 — 7%), while hockey stick-shaped groynes exhibited the highest escape of
dense particles, exceeding 15% in some scenarios. These outcomes indicate that high entrainment does not
necessarily translate to stable retention, and that geometry can simultaneously promote particle entry and

loss through enhanced mixing.

When upstream groynes were straight and downstream geometries varied, trapping performance was
particularly sensitive to the downstream shape. Configurations with a downstream repelling groyne
consistently outperformed all other arrangements, with statistical tests confirming highly significant
improvements in entrainment. By contrast, substitutions with downstream T-shaped or hockey stick-shaped
groynes showed little or no advantage over straight-only pairs. This pattern reflects the fact that MPs
predominantly entered the groyne field from the downstream end, making the downstream groyne critical

in determining retention.

The location and intensity of retention zones also varied with groyne geometry. After entering from the
downstream end, MPs typically clustered near the field center, biased toward the downstream groyne. T-
shaped groynes in the downstream position generated compact, centralized retention zones of high intensity,
offering promising conditions for targeted MPs collection. In contrast, configurations with repelling
groynes produced broader zones that extended upstream, reflecting stronger mixing but also higher
variability in residence times. Hockey stick-shaped groynes yielded the most diffused zones, especially for

dense particles, which corresponded with their higher escape rates.

The influence of particle density was generally subtle but detectable in escape and spatial retention patterns.
Such response was primarily a consequence of the small density differences (p; = 1.08 and 1.11 g/cm?)
among the tested MPs, which resulted from technical constraints such as the availability of non-PLA

fluorescent 3D printing filaments and printer nozzle size. Although entrainment rates were not significantly

84



affected in most configurations, lighter particles consistently showed lower escape and more compact
retention zones compared to dense particles, suggesting that MPs of different densities respond to vertical
flow structures within the groyne field, with lighter particles more likely to follow gyre circulation and
accumulate in relatively quiescent regions. Although the density range tested was relatively narrow and
limited to sinking polymers, even slight differences still produced observable changes in transport and
retention. As other studies showed the motion of near-neutrally buoyant polymers is especially sensitive to
small density deviations [64], [122], future studies should extend the range of tested microplastic densities

and place greater emphasis on particles with densities close to that of water.

The controlled flume experiments provided clear evidence that groyne geometries influence the trapping
and retention of non-buoyant MPs. However, several limitations in the experimental design constrain the
environmental realism of the findings. These limitations are not unique to this study but are also commonly

observed across other empirical MPs transport experiments reviewed in Section 2.

One important limitation is the use of a smooth and immobile bed, which neglected the fundamental
influence of groynes on sediment migration. This reduces the extent to which the results represent real-
world application of river groynes. Besides, bed roughness and mobile sediments also affect MPs transport,
such as the hiding—exposure effects, infiltration, and long-term retention within bedforms. Previous
laboratory studies have shown that MPs can accumulate in trapping zones created by sediment
heterogeneity or become retained in migrating ripples [82], [105]. These processes cannot be captured in a
smooth-bed flume. Incorporating rough or mobile beds in future groyne experiments would therefore
improve the representation of MPs—sediment interactions and allow more realistic assessments of groyne-

related trapping efficiency.

Another limitation is that the study examined only a single pair of groynes, although groynes typically

occur in series. Research has shown that the first groyne behaves differently from subsequent ones due to
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upstream flow traction, while overall morphological patterns within groyne fields are generally consistent
except at the first structure [21]. Likewise, scour and deposition patterns are similar across groynes but
differ near the first and last in a series [20]. Thus, testing multiple groynes would better capture the

dynamics of groyne fields.

The choice of MPs also presents limitations that mirror common shortcomings in other laboratory studies.
Cylindrical pellets of relatively large size classes were used here, whereas field surveys consistently show
that MPs smaller than 0.3 mm and irregular in shape, particularly fibers and fragments, dominate riverine
samples [34], [67]. The underrepresentation of small and irregular particles has been a recurring issue across
empirical studies, largely due to technical difficulties in visualization and tracking. Yet, evidence indicates
that particle size and shape exert strong controls on settling, resuspension, and dispersion [47], [51]. Future
work could address this by adopting advanced visualization techniques, such as fluorescent tagging and
particle image velocimetry, which now allow the tracking of sub-millimeter MPs and more complex particle

geometries without compromising accuracy [63], [83].

Another limitation lies in the use of steady, subcritical flows. While such controlled conditions are essential
for isolating mechanisms, they cannot capture the variability of natural rivers, where flow unsteadiness,
turbulence bursts, and interactions with vegetation strongly influence MPs fate. As emphasized in other
empirical studies, MPs transport is rarely the product of a single driver but emerges from the combined
influence of turbulence, sediment suspension, and transformation processes [73], [79]. Multi-stressor
designs remain comparatively scarce but are increasingly recognized as necessary for bridging the gap
between laboratory evidence and field observations. Future groyne experiments could therefore benefit

from introducing unsteady hydrographs or coupling groynes with vegetated and sediment-rich conditions.
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Finally, the MPs used in this study were pristine, while natural MPs undergo weathering and biofouling
that alter density, drag, and surface properties. Other experimental studies have shown that transformations
such as biofilm growth or UV aging can significantly accelerate settling, promote aggregation with
suspended matter, or reduce retention when biofilm-coated sediments are present [56], [86], [93].
Incorporating aged or biofouled MPs into experimental designs would therefore provide a more realistic
test of whether the observed trapping efficiencies persist once particles have been altered by environmental

processes.

In conclusion, this study provides the first experimental evidence that groyne geometry can substantially
influence the retention of non-buoyant MPs. By demonstrating that trapping efficiency is strongly
dependent on groyne configuration and that retention stability can differ from entrainment potential, the
work highlights both the opportunities and challenges of using groynes as part of MPs mitigation strategies.
Although conducted under controlled laboratory conditions, the findings establish a foundation for future
field-relevant research and suggest that groynes, when strategically designed, could contribute to reducing

microplastic transport in river systems.

4.1 Recommendations for Future Studies

Building on the abovementioned limitations, several directions for future research are suggested. First,
future experiments should incorporate mobile and rough beds to better capture sediment—flow interactions
and their influence on MPs transport, including hiding—exposure effects, infiltration, and long-term
retention within bedforms. Second, future experiments should test a wider variety of particle sizes and
shapes, particularly fibers, films, and fragments that dominate in rivers, as well as near-neutrally buoyant
polymers. Third, future work should adopt experimental designs that capture the combined effects of
multiple environmental drivers. For example, experiments conducted under unsteady flow regimes could
reveal how transient hydraulics influence retention. Similarly, coupling groyne fields with vegetation would
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help clarify how substrate complexity and ecological interactions affect MPs aggregation, burial, and
resuspension. Fourth, testing groynes in series, rather than individually, would provide a more realistic
representation of groyne field dynamics. Finally, advanced visualization and tracking methods, such as
fluorescent tagging, particle image velocimetry, and high-resolution imaging, would allow more accurate
characterization of the transport dynamics of sub-millimeter MPs. Together, these approaches would
provide a more realistic representation of riverine environments and strengthen the applicability of

laboratory findings to field conditions.
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Appendix A: Adopted Drag Model

The semi-empirical drag model proposed by Bagheri and Bonadonna (2016) [136] was constructed on
shape-dependent correction factors for both viscous (ks) and inertial flow (kn). The two factors were

adapted from existing models by substituting alternative shape descriptors:

1/ 1 1
ks=5(b;3+ps3> 0
ky = 10%(-log(Fx)# (2)

in which the Stokes shape factor (Fs) and Newton shape factor (Fx) were defined as:

Fo= e (o) o _de ©
s abc) a*3b07
a3 cd?
= f2p(=89) = €1
fv=1 E<abc) a?b? )
where o and § were empirical parameters:
10
a = 045 + 5 (5)
2.5 *1 (—”) + 30)
exp( * log iy
37
p=1- 5 ©
31 (—) + 100)
exp( og or

in which a is the length of longest side; b is the length of intermediate side; c is the length of shortest side;
E is the elongation factor, where £ = b/a; and fis the flatness factor, where f'= ¢/b. By incorporating both
corrections into a single framework, the authors proposed the following general drag correlation for non-

spherical particles:

-1

2
24 ky\3 5330
Cp=—ks|1+ 0.125<Re—) +046ky| 1 + (7)
Re ks R kN
ek—s

Where the first term dominates in the Stokes (Re < 0.1) and intermediate (0.1 < Re < 1000) regimes,
reflecting viscous contributions to drag. The second term represents the Newtonian regime (1000 < Re <3
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x 10°), where inertial drag becomes nearly constant but is still shape-dependent. The empirical constants

were determined by calibrating against >2,000 data points (mean error = 9.8%) [136].

99



Appendix B: Experimental Setup

Groyne dimensions

Dimensions of all groyne shapes were shown in Table S1, which followed shapes described in literatures
[16], [129]. In particular, rather than the smoothly curved hockey shape reported in some studies, the variant
suggested by Alauddin & Tsujimoto [150], which showed higher sediment deposition, was adopted. For
clarity, it is still referred to here as hockey-shaped. Figure S2 presents the plan views of the shapes listed

in Table S1, with the spacing reduced to improve the clarity of the photograph.

Table S1 Dimensions of groynes used in the current study.

Groyne configuration Dimensions

Straight (S)

—

— 0.3m
]

|¢——— 0.93 m ———>]

Repelling (R) ‘i

3 0.3m
70°c A L

je———0.93 m —|

T-shaped (T) 0.25m

|e—>]

—_— 0.31m

|[¢———0.93 m ——»|
Hockey-shaped (H) 0.1m
150°C '
3 0.2m
j¢———0.93 m ——|
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(a) (b) (c)

Figure S1 Plan view images of difference groyne shapes: (a) straight; (b) T-shape, (c) repelling; and (d)
hockey-shape. Figures (e) and (f) show side views of the hockey-shaped groynes to aid interpretation of
the plan view. Flow directed from left to right.

Table S2 Groyne configurations and corresponding IDs.

Configuration | Configuration

ID

) -

RR - ! h
TT -

e
e W)
TS - | _L
skl
a1
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ST —>|
SH _>|]

Microplastics Dimensions and Injection

The 3D image of the MPs particles was shown below. Regarding MPs injection, 1,000 MP particles were
divided into 10 batches by using a measuring spoon before each injection. During injection, the automotive

fluid extractor was kept perpendicular to maintain a stable flow of MPs into the outlet tube.

(a) (b)

Figure S2 (a) 3D model and printed MPs particles (b) Particles were divided into 10 batches before
injection (c) Injection setup.
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Appendix C: Particle Tracking Model (PTM)

Video Preprocessing and Particle Tracking

The PTM comprised three components: video preprocessing, particle tracking using the Python library

Trackpy, and optimization. The flowchart for the first two components is shown below.

Video recordings of experiments conducted under identical conditions (e.g., with the same camera position)
for the same scenario were stored in the same folder. When the videos were loaded, the program first
checked whether it was the initial processing attempt. If not, the user was prompted to crop the region of
interest (ROI) to account for any suboptimal camera positioning. The groyne field was then defined by
plotting straight lines on a pop-up window, after which the ROI was further divided into three zones: inlet,
outlet, and passway. This division allowed particle trajectories to be systematically categorized into groups.
For example, all particles that first appeared in the inlet zone and later disappeared in the groyne field were
categorized as group A, while particles which appeared in the inlet zone and disappeared in outlet zone

were in group B.

1.Crop ROI
First video 2.Define groyne field area Store
. Yes——p o . :
Load video i among repeats 3. Divide ROI into areas processing
4. Define HSV mask parameters

Load saved processing

parameters —> Process video

l

Group MPs into groups
Store grouped MPs data based on appearance and +—
disappearane location

Identify MP trajectories by
TrackPy

Figure S3 Flow chart of preproccesing and particle tracking.
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Trajectory Optimization

The image below shows the iterative linking procedures for reconstructing particle trajectories by linking
false splits by different mechanisms.

@ Last appearance (across all frames) of the particle

2 First appearance (across all frames) of the particle

(a) Frame n+3 (b) (c)

]

]

7 Y ]
\

’, ~o ”” \s ,’rr’ \‘\\
/
S Y I,’ \ Frame n Frame n + 3 with
/ \ i \ ) . o oa
i \ i velocity prediction
‘. \‘\Fg n (0. o
; ! . t
\‘ ¥ 1
\
\
\
\
N
\\

7
\ /
, N S . lf[ame n+3

Figure S4 lllustration of the iterative linking methods. All particles which first appear or disappear within
the groyne field will be eligible for this procedure. The blue dot and orange cross indicate respectively the
last and first spot which the particle was spotted. The grey circle in dotted line was the distance-based
search range with radius defined by variable “dist” (Fig. 3). Each image refers to a different mechanism:
(a) All trajectories in the same range of frames were plotted, the nearest start and end points within the
search radius will be considered the same particle; (b) Linking by looking into future frames after particle
disappearance (search window set as 3 in this example); (c) Similarly, also looking into future frames after

particle disappearance with search radius shifted based on velocity prediction (search window set as 3 in

this example).
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Appendix D: Normality Check

Shapiro-Wilk Test

Table S3 Shapiro-Wilk Test Results.

Scenario n W p-value
Ss-D 20 0.9724 0.8037
SS-L 20 0.9358 0.1993
SR-D 20 0.9088 0.0606
SR-L 20 0.9217 0.1070
ST-D 20 0.9022 0.0454
ST-L 20 0.9411 0.2510
SH-D 20 0.9543 0.4364
SH-L 20 0.9572 0.4896
RS-D 20 0.9699 0.7527
RS-L 20 0.9515 0.3903
TS-D 20 0.9789 0.9198
TS-L 20 0.8842 0.0211
HS-D 20 0.9684 0.7213
HS-L 20 0.9839 0.9744
RR-D 20 0.9672 0.6947
RR-L 20 0.9930 0.9999
TT-D 19 0.9438 0.3083
TT-L 20 0.9270 0.1350
HH-D 20 0.9546 0.4427
HH-L 20 0.9743 0.8425
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Q-Q Plots

Q-Q plots of Entrainment by Scenario
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Figure S5 QQ plot of all scenarios.
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Appendix E: Entrainment and Escape Rate

Descriptive statistics

The table below summarizes the mean (p), standard deviation (o) and coefficient of variance (CV) of

entrainment and escape rates by each scenario.

Table S4 Summary table of MPs entrainment and escape rates by scenario.

Scenario n Hentrainment rate Oentrainment rate %CVentrainment rate Mescape rate Cescape rate
HH-D 20 12.10% 3.60% 29.60% 15.10% 13.50%
HH-L 20 10.60% 1.20% 11.40% 0.10% 0.40%
HS-D 20 9.60% 1.70% 18.10% 0.00% 0.20%
HS-L 20 11.20% 2.00% 17.50% 0.00% 0.20%
RR-D 20 20.70% 3.70% 18.10% 7.20% 4.50%
RR-L 20 18.60% 2.00% 10.90% 3.20% 3.40%
RS-D 20 9.10% 1.40% 15.10% 0.50% 1.50%
RS-L 20 8.70% 2.30% 26.40% 0.00% 0.00%
SH-D 20 7.20% 1.10% 14.60% 0.00% 0.00%
SH-L 20 10.00% 1.70% 16.50% 0.00% 0.00%
SR-D 20 10.90% 1.70% 15.50% 0.90% 1.60%
SR-L 20 19.40% 3.60% 18.80% 1.60% 2.00%
SS-D 20 7.60% 1.70% 21.80% 0.50% 1.00%
SS-L 20 9.30% 2.10% 23.00% 0.00% 0.00%
ST-D 20 7.00% 1.70% 23.60% 0.00% 0.00%
ST-L 20 7.10% 1.60% 22.10% 0.00% 0.00%
TS-D 20 10.40% 3.10% 29.60% 9.30% 11.50%
TS-L 20 8.80% 1.70% 19.30% 1.80% 2.90%
TT-D 19 6.30% 1.20% 18.60% 2.80% 2.90%
TT-L 20 9.00% 2.30% 25.60% 1.10% 1.50%
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Dwass—Steel—Critchlow—Fligner Test

The table below showed the pairwise comparison by groyne shapes. P-value adjustment was applied in the

DCSF test to control for inflated Type I error due to multiple comparisons, with Holm adjustments used in

accordance with standard procedures.

Table S5 Pairwise comparison based on groyne shape, scenarios organized by straight groyne locations.

Pairs with insignificant differences (p-values > 0.05) bolded.

108

Scenario i ‘ Scenario j ‘ Median i ‘ Median j ‘ Cliffs delta | 6| ‘ p-value Adjusted p-value
RR-D TT-D 214.5 63 1.0000 5.580E-07 2.790E-06
SS-D RR-D 75 214.5 -1.0000 3.755E-07 2.253E-06
RR-D HH-D 214.5 125 0.9100 5.077E-06 2.031E-05
TT-D HH-D 63 125 -0.8132  8.324E-05 2.497E-04
SS-D HH-D 75 125 -0.7150 6.318E-04 1.264E-03
SS-D TT-D 75 63 0.4684 5.944E-02 5.944E-02
RR-L TT-L 186.5 87 0.9950 4.335E-07 2.250E-06
SS-L RR-L 97.5 186.5 -1.0000 3.755E-07 2.250E-06
RR-L HH-L 186.5 109 1.0000 3.750E-07 2.250E-06
TT-L HH-L 87 109 -0.5425 1.747E-02 5.240E-02
SS-L HH-L 97.5 109 -0.3775 1.723E-01 3.447E-01
SS-L TT-L 97.5 87 0.0675 9.833E-01 9.833E-01
SS-D TS-D 75 106 -0.5900 7.677E-03 4.606E-02
SS-D HS-D 75 93.5 -0.5650 1.192E-02 5.960E-02
SS-D RS-D 75 91 -0.4925 3.845E-02 1.538E-01
RS-D TS-D 91 106 -0.3475 2.362E-01 7.085E-01
TS-D HS-D 106 93.5 0.2000 7.002E-01 1.000E+00
RS-D HS-D 91 93.5 -0.1275 9.008E-01 1.000E+00
RS-L HS-L 82.5 109.5 -0.5850 8.400E-03 4.200E-02
TS-L HS-L 94.5 109.5 -0.6250 3.982E-03 2.389E-02
SS-L RS-L 97.5 82.5 0.1500 8.489E-01 1.000E+00
SS-L HS-L 97.5 109.5 -0.4575 6.371E-02 2.548E-01
RS-L TS-L 82.5 94.5 -0.0375 9.970E-01 1.000E+00
SS-L TS-L 97.5 94.5 0.1575 8.292E-01 1.000E+00
SR-D ST-D 106 70.5 0.9100 4.988E-06 2.494E-05
SR-D SH-D 106 74.5 0.9525 1.500E-06 8.999E-06
SS-D SR-D 75 106 -0.8525 2.314E-05 9.258E-05
SS-D ST-D 75 70.5 0.1950 7.163E-01 1.000E+00
ST-D SH-D 70.5 74.5 -0.0425 9.957E-01 1.000E+00
SS-D SH-D 75 74.5 0.1325 8.902E-01 1.000E+00
SR-L ST-L 185 74.5 1.0000 3.755E-07 2.250E-06
SS-L SR-L 97.5 185 -1.0000 3.755E-07 2.250E-06




SR-L
ST-L
SS-L
SS-L

SH-L
SH-L
ST-L
SH-L

185
74.5
97.5
97.5

101
101
74.5
101

1.0000 3.750E-07

-0.8200 5.374E-05

0.5450 1.679E-02

-0.2125 6.582E-01

2.250E-06
1.612E-04
3.358E-02
6.582E-01

The following table showed the pairwise comparison by MPs densities. Similarly, the p-value was adjusted.

Table S6 Pairwise comparison based on MPs densities, ordered in descending adjusted p-value. Pairs

with insignificant differences (p-values > 0.05) bolded.

Scenario i ‘ Scenario j ‘ Median i ‘ Median j ‘ Cliffs delta | 6| ‘ p-value Adjusted p-value
SR-D SR-L 106 185 -1.0000 6.204E-08 6.204E-07
SH-D SH-L 74.5 101 -0.8625 3.040E-06 2.736E-05
TT-D TT-L 63 87 -0.7605 4.858E-05 3.886E-04
HS-D HS-L 93.5 109.5 -0.4850 8.669E-03 6.068E-02
SS-D SS-L 75 97.5 -0.4150 2.469E-02 1.481E-01
RR-D RR-L 214.5 186.5 0.3800 3.975E-02 1.921E-01
HH-D HH-L 125 109 0.3675 4.672E-02 1.921E-01
TS-D TS-L 106 94.5 0.3825 3.841E-02 1.921E-01
RS-D RS-L 91 82.5 0.1325 4.731E-01 9.462E-01
ST-D ST-L 70.5 74.5 0.0100 9.568E-01 9.568E-01
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Appendix F: Groyne Field Dynamics

MPs entered the groyne field from the downstream end, where they formed a clockwise gyre. The

trajectories of each particle within the first 5 seconds they entered the ROI were averaged and plotted below.

Spatial Distribution of Particle Passage into Groyne Field
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Figure S6 Distribution of particles within first 5 seconds after entering ROI. Flow directed from left to
right.
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Appendix G: Microplastics Retention Zones

Spatial distribution of MPs particles (ps = 1.08 g/cm?) in groyne fields during the final 150 s of the

experiment was illustrated below.

SS5-L

Spatial Distribution of Particles in Groyne Field during final 150s of Experiment

RR-L TT-L HH-L
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Figure S7 Spatial distribution of light MPs particles in groyne field in the final 150 s of each run. Flow

directed from left to right.
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