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Abstract

Microplastics in urban runoff undergo rapid fragmentation and accumulate in the
soil, potentially endangering shallow groundwater. To improve the understanding
of microplastic transport in groundwater, column experiments were performed to
compare the transport behavior of fragmented microplastics (FMPs ~1-um diameter)
and spherical microplastics (SMPs ~1-, 10-, and 20-um diameter) in natural gravel
(medium and fine) and quartz sand (coarse and medium). Polystyrene microspheres
were physically abraded with glass beads to mimic the rapid fragmentation process.
The experiments were conducted at a constant flow rate of 1.50 m day~! by inject-
ing two pore volumes of SMPs and FMPs. Key findings indicate that SMPs showed
higher breakthrough, compared to FMPs in natural gravel, possibly due to size exclu-
sion of the larger SMPs. Interestingly, FMPs exhibited higher breakthrough in quartz
sand, likely due to tumbling and their tendency to align with flow paths, while both
sizes (larger and smaller relative to FMPs) of SMPs exhibited higher removal in

quartz sand. Therefore, an effect due to shape and size was observed.

Plain Language Summary

Microplastic pollution has emerged as a global concern, particularly in the terrestrial
environment, where they undergo rapid fragmentation due to abrasion with debris.
The effect of microplastic shape and size on transport in saturated porous media
was investigated using lab-scale column experiments. Different-sized fragmented
and spherical microplastics were tested in natural gravel and quartz sand. Findings
revealed that fragmented microplastics of similar size displayed a higher break-
through compared to spherical microplastics in saturated quartz sand. In contrast,
larger spherical microplastics exhibited greater mobility than smaller fragmented
microplastics in saturated gravel material. Under natural conditions, microplas-

tics continuously break down into fragmented and irregular-shaped particles,

Abbreviations: CFT, colloid filtration theory; FMP, fragmented microplastic; SMP, spherical microplastic; SPC, solid-phase cytometer.
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increasing the risk of entering deeper soils and being transported in groundwater.

This study provides information about this mobility and its potential environmental

consequences.

1 | INTRODUCTION

Plastics are undoubtedly a marvel of the modern era, which
have benefited society across many sectors and outpaced
almost any other material with a global annual produc-
tion of 368 million metric tonnes (da Costa et al., 2020).
Improper handling and disposal of plastics in the environment
lead to various degradation processes, including mechanical
abrasion, in situ weathering, ultraviolet-induced degradation,
photo-degradation, bio-degradation, oxidative degradation,
and hydrolysis (Andrady, 2011; Cai et al., 2018; Fournier
et al.,, 2021; Mendoza & Balcer, 2019; Ren et al., 2020;
Song et al., 2017), ultimately resulting in the formation of
microplastic particles smaller than 5 mm (Thompson et al.,
2004). The European Commission defines microplastics as
ranging in size from 0.1 to 5 mm and can be found in vari-
ous forms such as filaments, fragments, spheres, and foams
(Mendoza & Balcer, 2019). Microplastics are also released
directly into the environment due to anthropogenic activities
(Rochman, 2018); the main sources being cosmetic products
(Habib et al., 2020), wastewater effluent and sludge (Edo
et al., 2020; Kosuth et al., 2018), apparel and home textiles
(Belzagui et al., 2019; Henry et al., 2019), abrasion of vehi-
cle tires (Knight et al., 2020; Luo et al., 2021) and paint
fragments generated from boats and ships, road markings,
and buildings (Gaylarde et al., 2021; Turner, 2021). Over
the past few years, there has been increasing concern regard-
ing the widespread presence and distribution of microplastics
(Kershaw & Rochman, 2015; Marsden et al., 2019) across
various environments, including marine habitats, rivers, sur-
face runoff, lakes, groundwater, sediments, soil, glaciers, and
in such isolated places as Arctic and Antarctic regions (Aves
etal., 2022; Chaet al., 2023; Chia et al., 2021; Koutnik et al.,
2021; Miranda et al., 2020; Wu et al., 2019).

Microplastics, often referred to as colloidal contaminants,
can quickly migrate in the environment, posing ecological
and health risks (Flury & Aramrak, 2017; Liu et al., 2021;
Molnar et al., 2015; Senathirajah et al., 2021). Due to their
small size and altered surface properties, they can act as car-
riers for contaminants (Cortés-Arriagada, 2021; Liu et al.,
2019). As microplastics age, their physical and chemical
properties can change, making their fate more unpredictable
(Luo et al., 2020). Physical fragmentation, the breaking down
of microplastics into smaller pieces, is an important aging
mechanism that is often overlooked. Microplastics that accu-
mulate in urban stormwater runoff experience physical aging

due to mechanical abrasion, as stormwater runoff contains
a mixture of precipitation, suspended sediment, natural and
anthropogenic debris, and chemical pollutants (Gilbreath &
McKee, 2015; McKee & Gilbreath, 2015; Werbowski et al.,
2021).

Microplastics that accumulate from surface and urban
stormwater runoff have the potential to move downward into
the subsurface through infiltration enhanced by rainfall and
natural freeze-thaw cycles (Koutnik et al., 2022a; Koutnik
et al., 2022b; Li et al., 2023). Although groundwater is a crit-
ical resource for many regions of the world, the presence of
microplastics in groundwater has been neglected as a poten-
tial risk due to the assumption that soil serves as an effective
barrier against microplastic contamination (Alimi et al., 2018;
Goeppert & Goldscheider, 2021; Panno et al., 2019; Re, 2019;
Samandra et al., 2022). On the contrary, O’Connor et al.
(2019) argued that soil is not only a microplastic sink but a
viable route to deeper soils and groundwater. Goeppert and
Goldscheider (2021) have experimentally demonstrated the
transport of microplastics up to a distance of 200 m (in the
groundwater flow direction) in an alluvial aquifer. Samandra
et al. (2022) also identified the presence of eight most com-
monly found microplastics, ranging in size from 18 to 491 pm,
within an unconfined alluvial aquifer in Australia. Mintenig
et al. (2019) analyzed groundwater and drinking water sam-
ples for the presence of microplastics (50-150 pm) and found
polyethylene, polyamide, polyester, polyvinylchloride, and
epoxy resin. Susceptible to pollution from surface runoff due
to fracture networks and preferential flow, karst groundwater
systems are especially at risk (Panno et al., 2019).

Several factors, such as microplastic shape and size, porous
media properties, and groundwater chemistry, influence the
transport of microplastics in the subsurface environment (Hou
et al., 2020). Koutnik et al. (2021) found that only 20% of
global research on microplastics considers particles smaller
than 20 um, which are more likely to be transported to ground-
water. Nonetheless, the potential impact of these smaller
particles (diameter < 20 um) is likely underestimated. A lim-
ited number of studies have investigated microplastics at the
micron level even though most fragmented particles found
in soil environments are micron sized (Hou et al., 2020). It
is generally agreed upon that larger microplastics have less
mobility in saturated porous environments, as they are likely
to get filtered out by the pore structure in aquifer material
(Dong et al., 2018). The most recent research demonstrates
that smaller microplastics have increased vertical transport
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in porous media, and also the morphology of microplastics
can play a critical role in attachment and detachment within
the subsurface environment (Dong et al., 2021; Dong et al.,
2022; Hou et al., 2020; O’Connor et al., 2019; Rillig et al.,
2017; Waldschldger & Schiittrumpf, 2020). The aquifer mate-
rial characteristics also play a significant role in the transport
of microplastics. Coarse-grained porous media promote the
transport of microplastics due to their larger pores and pref-
erential flow paths (Hou et al., 2020). Recently, the focus has
been directed toward studying the transport of microplastics
in groundwater, but limited to investigating uniform-shaped
microspheres, while in nature, most microplastics found are
fragmented and irregular in shape (He et al., 2020; He et al.,
2019; Hitchcock, 2020; Pifion-Colin et al., 2020). Despite
this, the impact of various parameters (e.g., fragmentation,
size, and shape) on the transport of microplastics in different
aquifer materials has not yet been extensively studied.

The present study aims to understand and investigate
the transport behavior of spherical microplastics (SMPs)
and fragmented microplastics (FMPs) in two different sizes
of gravel and quartz sand. Polystyrene microspheres were
chosen to replicate the impact of fragmentation on microplas-
tics within an urban environment. The reason for using
polystyrene is due to its abundance in the natural environ-
ment and high resistance to weathering and heat (Alimi et al.,
2018). These microspheres have a density ranging from 1.04
to 1.11 g cm™ and can exist as submerged or floating in
the aquatic environment (Duis & Coors, 2016). The present
research focused on the rapid physical breakdown of 10 and
20 pm microplastics through mechanical abrasion, resulting
in a random size distribution (average diameter ~1 um). In
gravel, 20 pm SMPs are compared to 1.60 and 1.80 pm FMPs,
whereas in quartz sand 10 um SMPs are compared to 1.20 and
1.40 pym FMPs. Also, 1.40 um FMPs were compared to their
corresponding similar-sized SMPs (1 um) in coarse quartz
sand for a better understanding of the role of shape and size
during subsurface transport.

2 | MATERIALS AND METHODS

2.1 | Preparation of microplastics

Commercially available plain polystyrene yellow-green flu-
orescent microspheres were used in the column transport
experiments: 1, 10, and 20 um (Fluoresbrite YG Micro-
spheres, Polysciences Inc.). The major benefit of using these
microspheres for laboratory experiments is the ease with
which they are detected by solid-phase cytometry and epifluo-
rescence applications due to their strong fluorescent intensity
and emission/excitation spectra (Stevenson et al., 2014). To
mimic irregular-shaped microplastics present in the terres-
trial environment, 10 and 20 um polystyrene microspheres

Core Ideas

* Shape and size influence microplastic transport in
saturated porous media.

* Fragmented microplastics exhibit higher break-
through than spherical, of the same size, in
saturated quartz sand.

* Larger spherical microplastics are more mobile
than smaller fragmented microplastics in saturated
gravel material.

were physically fragmented through a mechanical abrasion
process, based on the method developed by Ranhand (1974).
To achieve rapid and reproducible fragmentation, 1 mL of the
microsphere stock solution was mixed with 1 g of glass beads
(1-mm diameter) in a FastPrep-24 Classic homogenizer (MP
Biomedicals). To ensure consistent fragmented particle size, a
controlled constant mixing speed (impact velocity) of 20 rev-
olutions per minute was applied to provide consistent impact
force between the microspheres and the glass beads. The abra-
sion process was conducted for a duration of 10-15 min. This
time duration was chosen based on trials to achieve the target
FMP size range of approximately 1 um. The abrasion time
was varied depending on the microsphere size: 10 min for
10 um and 15 min for 20 pm microspheres. The mixing time
for 20 pm microspheres was extended due to the Zetasizer
measurement limit of 10 um. The fragmented particles were
extracted from the solution, using a pipette, after the heavier
glass beads were allowed to settle. For the characterization
of microplastics, the zeta potential and mean diameter (Table
S1) were measured with a Zetasizer P ZSU3200 (Malvern).
Each measurement was repeated using at least three different
samples.

2.2 | Properties of influent water

The influent water used for the column experiments was stan-
dard Viennese tap water, sourced from an Alpine karstic
spring. In this study, tap water offered several advantages
over local groundwater, exhibiting lower electrical conduc-
tivity, reduced levels of iron and sulfate, and being free from
emerging contaminants (Oudega et al., 2021). Also, tap water
has a consistent quality (Table S2) and is readily available
in large volumes, making it an ideal choice for maintain-
ing controlled conditions during experiments. Furthermore,
the use of tap water provided a more realistic simulation of
microplastic fate in the natural environment, enabling accu-
rate determination of critical transport parameters such as
attachment, detachment, and dispersion coefficients within
different porous media.
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Throughout the column experiments, from injection to
effluent collection, the pH, temperature, and electrical con-
ductivity remained stable. Zhao et al. (2024) found that
many water quality parameters are poorly correlated with the
microplastics in an urban drinking water source. Also, stud-
ies in freshwater ecosystems suggest total dissolved solids
and electrical conductivity have a minimal influence on
microplastic aggregation. While pH, temperature, total sus-
pended solids, and dissolved oxygen have a significant impact
(Buwono et al., 2021; Khoironi et al., 2023; Rakib et al., 2023;
Zhao et al., 2024).

2.3 | Tracer preparation and analysis

A solution of sodium bromide (1 mM L', 102.89 mg L
prepared in tap water served as a conservative tracer to inves-
tigate the transport properties of the packed columns. The
bromide concentration and electrical conductivity (EC) of the
injected tracer were measured by a flow-through cell (WTW
TetraCon 325) and a hand-held portable EC meter (WTW
ProfiLine Cond 3310, Xylem Analytics Weilheim).

24 | Porous media

Four different soil materials were used as porous media to
study the transport behavior of microplastics. Natural aquifer
material was extracted from a borehole depth of 5-6 m below
the ground surface at a site southeast of Vienna, Austria, and
the portions held back on the 8 and 4 mm sieves were used
for the “medium gravel” and “fine gravel” columns, respec-
tively (both with a bulk density of 1.52 g cm™3). The median
grain diameters (ds;) values of 4 and 8 mm for medium and
fine gravel, respectively. Similarly, two types of quartz sand
(grain size: 0.6—1.3 mm and 0.4-0.8 mm, bulk density: 2.65 g
cm™>) were purchased for the “coarse quartz” and “medium
quartz” sand column experiments (Carl Roth GmbH + Co.
KG). The median grain diameters (ds,) of 0.95 and 0.60 mm
for coarse and medium quartz, respectively. Based on the stan-
dard gravimetric method, the porosity of the porous media
was calculated by measuring the volume of water needed to
saturate the dry soil used to pack the column, divided by the
total column volume (Table S1).

2.5 | Column experiments

Transport experiments were conducted under saturated flow
conditions using Plexiglas columns (70 mm inner diameter
and 300 mm length). For quartz sand experiments, the col-
umn diameters met the minimum d,/ds ratio (the ratio of

the column diameter to the media effective particle diameter)
that was much higher than the recommended value of 50 to
ensure minimal potential wall effects in the column (Knap-
pett et al., 2008). Although the d.,/ds, ratio in the gravel
experiments was below 50, the symmetrical shapes of both the
tracer and microplastic breakthrough curves resemble those
observed with quartz sand, suggesting negligible wall effects
(Figure S1). Stainless steel-mesh screens (Spectrum Labs)
were placed on both ends of the column to prevent the loss
of porous media and the caps were threaded to tighten against
the outside of the column. A rubber O-ring was embedded
in the column end to create a tight seal. All tubings were
made of Teflon. To ensure homogeneous packing and mini-
mize air entrapment, the column was filled with the porous
media in 2 cm increments while gently stirring with a small
steel rod. This careful filling procedure ensured uniform flow
throughout the column, as evidenced by the good recovery
rates of the tracer (NaBr) and the nearly identical, symmetri-
cal breakthrough curves with minimal tailing (Figure S1), as
expected for ahomogeneously packed soil column (Sobotkova
& Snehota, 2014). The pore volume (PV) for the influent
solution was calculated by the product of porosity and the
volume of the column. Before the experiment, the columns
were flushed for a minimum of 20 PV with tap water. The
influent microplastics concentration (Table 1) was prepared
by mixing 1 mL of microplastics stock solution (spherical or
fragmented) and two PVs of tap water. To preclude the pos-
sibility of ripening or blocking, relatively low microplastic
concentrations (approx. 10* particles mL~!) were introduced
in the influent suspension solution, which was pumped in an
upward direction at a constant flow rate of 4 mL min~! (Darcy
velocity = 1.5 m day™!). Afterward, the columns were flushed
with 5 PV of tap water at the same flow rate. A magnetic stirrer
was used to stir the suspension constantly during the experi-
ments to ensure that microplastics were evenly dispersed in
the influent. A fraction collector (CF2 Fraction Collector,
Spectrum Chromatography) automatically collected column
effluent sample in a 15-mL test tube every 5 min. All col-
umn tests were done with at least two replicates (each column
freshly packed).

2.6 | Microplastic enumeration

The enumeration of FMPs and SMPs in the effluent solu-
tion was carried out by solid-phase cytometry (SPC) using
the ChemScan RDI (bioMérieux). The SPC system has
been used in the past mainly for the detection of colloids
in environmental samples (Baudart et al., 2002; Mignon-
Godefroy et al., 1997; Schauer et al., 2012). Stevenson et al.
(2014) used this simple and efficient method for enumerat-
ing microspheres in natural water samples. Details on the SPC
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system and the enumeration process are described by Mignon-
Godefroy et al. (1997). The following section provides a
comprehensive explanation of the microplastic enumeration
procedure.

a. Filtration: 1 mL of effluent solution was filtered onto
a 25 mm black polyester 0.4 um pore size filters (AES
Chemunex, bioMérieux) using a Multifold Vacuum Fil-
tration Device (Pall). The black polyester filter was then
carefully placed on a support pad (AES Chemunex,
bioMérieux), which was already saturated with 100 pL of
phosphate-buffered saline to hold the filter in place.

b. Automated enumeration with SPC: The filter was placed
on the ChemScan RDI sample holder, and the scan
was initiated. An argon laser (488 nm emission wave-
length) scanned the entire 25 mm filter area in 3-5
min. Microplastic particles (referred to as fluorescent
events) were distinguished from other background interfer-
ences based on their fluorescence intensity (500-530 nm
wavelength with the green channel) and then counted. Fol-
lowing a complete scan, the system generates raw data
and result maps based on discriminant settings, high-
lighting fluorescent events. These maps mark the exact
location of each microplastic on the filter. Subsequently,
these microplastics were visually examined and confirmed
using a microscope equipped with a motorized stage. The
most important discriminant parameters are the number
of “lines” and the number of “samples” for the shape and
the peak intensity of the signal. The ratio of the fluores-
cent light detected in the secondary channel (fluorescence
from microplastics) to the fluorescent light detected in the
primary channel (fluorescence from the probe) is another
important discriminant parameter and is referred to as the
S/P ratio. The discriminant settings were set as follows:
number of “lines,” 1-50; number of “samples,” 1-250;
peak intensity, 250-65536; and S/P ratio, 0-0.898 (Table
S3).

c. Validation of counted microplastics: The verification of
microplastics was achieved through a visual inspection by
a Nikon Eclipse 80i epifluorescence microscope directly
connected to the ChemScan RDI system. The microscope
employs a 100x magnification objective, resulting in a
final magnification of 1000x for detailed analysis of each
fluorescent particle identified by the laser scan. The micro-
scope is equipped with an automatic stage that can be
driven by the user such that the whole filtration area can
be scanned. Up to 250 events were validated per filter,
with a ratio being used if above, and all events were val-
idated when enumeration results were less than 250. For
each effluent sample, a minimum of three replicates were
analyzed.

3 | THEORETICAL CONSIDERATIONS

3.1 | Filtration efficiency

The transport and deposition behavior of the microplastics
(SMPs and FMPs) in the saturated porous media was quan-
tified using colloid filtration theory (CFT), which calculates
the attachment (collision) efficiency («). The attachment effi-
ciency represents the fraction of collisions (contacts) between
suspended microplastic particles and collector sand grains
that result in successful attachment (Elimelech & O’Melia,
1990). It is common to use column experiments to deter-
mine the attachment efficiency for given physicochemical
conditions. The collision efficiency was computed using the
following equation by Tufenkji and Elimelech (2004):

_2_d <
3(1 - 9)x110 CO

ey

where d is the mean soil grain size (mm), 6 is the poros-
ity, x is the column length (cm), C/C, is the normalized
steady-state breakthrough microplastic concentration (parti-
cles mL~!), and 7, is the predicted single-collector contact
efficiency and can be computed using the following equation
(Tufenkji & Elimelech, 2004):

no=Mnp+n;+ng )

where 7 is the overall contact efficiency between microplas-
tics and soil grain and it is dependent on hydrodynamic
interactions, van der Waals, and gravitational forces. 77, is the
contact due to Brownian force (diffusion), #; is the contact due
to interception, and 7 is the contact due to gravity (settling).
Equation (2) relies on additional equations and parameters
outlined in Table S4. The respective contribution of different
filtration mechanisms was computed by dividing the indi-
vidual contact efficiency by the total contact efficiency (i.e.,
diffusion: #,/n,, interception: #,/1,, and gravitation: #5/1).
The calculations governing microplastic filtration and their
respective contributions in different soils are provided in
Table S5. The removal efficiency (1) is computed using the
following equation (Tufenkji & Elimelech, 2004):

n=rny X a 3)

3.2 | Transport modeling

The breakthrough curves (BTCs) of the microplastics (SMPs
and FMPs) were modeled using the HYDRUS-1D computer
software package (Simunek et al., 2013). HYDRUS-1D is a
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widely used finite-element model that can simulate the move-
ment of water and particle-like solutes in both saturated and
unsaturated porous media (Simunek et al., 2016). Several
studies have already simulated the transport of microplastics
in saturated gravel and quartz sand using HYDRUS-1D (Gui
etal., 2022; Li et al., 2024; Ren et al., 2021). In this study, the
advection-dispersion equations were implemented in a numer-
ical model using an attachment—detachment model composed
of the following equations:

oC Py 4S 0%C oC
=+ 22 = = -y = 4
o "o o Yoz~ Vox “)
Py 0S Ph
T Koyt € — r kgeeS (5)

where C is the microplastics concentration (particles mL ™), ¢
is the time (min), p,, is the dry bulk density (g cm™3), S is the
microplastic concentration (particles mL~!), D is the disper-
sivity (cm), x is the distance along the flow path (cm), v is
the pore water velocity (cm min~!), k,, is the attachment rate
coefficient (min~!), and k., is the detachment rate coefficient
(min~1).

4 | RESULTS

4.1 | Microplastic fragmentation

The fragmentation rate of a material is influenced by the num-
ber, mass, and impact velocity of colliding particles (Arnold
& Hutchings, 1989). During the abrasion process, the impact
velocity remained constant, but the abrasion time was var-
ied (high for 20 um SMPs), which increased the number of
particle strikes and reduced the SMP diameter. The hard-
ness of the particles also impacts the fragmentation rate. The
glass beads used in this study were harder (>5000 HV) than
the sand (1200 HV) and polystyrene (20 HV) (Barlet et al.,
2015), resulting in high abrasion and significant particle size
reduction (Figure 1).

Another key factor regarding the effectiveness of the
fragmentation process is the microplastic shape. Visual obser-
vation showed the plowing impact of the glass beads on the
smooth and regular surface of the microspheres by displacing
them to the side and causing a frontal impact. Perfect spherical
particles (SMPs) now become rough and irregular in shape,
after abrasion, and are broken down into smaller particles and
debris (FMPs). Walley et al. (1987) found that at equal impact
velocities, angular particles such as sand caused more dam-
age to polyethylene surfaces due to increased contact points.
Although spherical glass beads were used in this study to sim-
ulate abrasion of microplastics, particles in the environment
are often angular, which can significantly increase fragmen-
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tation and wear rates, potentially by a factor of 10 or more
(Hutchings, 1992).

4.2 | Microplastic transport in natural gravel
and quartz sand

The transport behavior of SMPs and FMPs was analyzed
by comparing BTCs in two different grain size ranges and
two textural classes each (natural gravel and quartz sand). In
gravel, a higher removal of FMPs was observed, whereas in
quartz sand, there was more removal of SMPs (Figure 2). In
coarse gravel (8§ mm), the percent mass recovery was 88%—
90% for SMPs and 74%—76% for FMPs (Figure 2a). In fine
gravel (4 mm), there was a decrease in mass recovery rang-
ing from 72% to 74% for SMPs and 59% to 62% for FMPs
(Figure 2b), indicating more FMP retention in gravel than
for SMPs. The percent mass recovery of microplastics was
further reduced in both quartz sands but, in contrast to the
findings in the gravel experiment, more retention of SMPs
compared to FMPs was observed (Figure 2c,d). In coarse
quartz sand (0.6-1.3 mm), the mass recovery ranged from
12% to 14% for SMPs, whereas it was 30% to 31% for FMPs. A
similar trend was observed in the medium quartz sand (0.4—
0.8 mm), where the percent mass recovery was 5%—6% for
SMPs and 19%-23% for FMPs.

Irrespective of the porous media, larger-sized SMPs (10-
and 20-um diameter) experienced straining (Table S1),
defined by d/ds, > 0.0017 (Bradford et al., 2002). To char-
acterize the SMPs and FMPs behavior in the porous media,
BTCs were modeled using HYDRUS-1D (Figure 2). For
gravel media, high values of dispersivity (D) and the detach-
ment rate (ky,) highlight the importance of grain size and
type of porous media (Table 1). The attachment rates (k)
in medium and fine gravel were 0.0028 and 0.0060 cm™!
for FMPs and 0.0012 and 0.0032 cm~! for SMPs, respec-
tively, indicating higher attachment of FMPs compared to
SMPs, in gravel, which was also evident from the percent
recovery results (mentioned above). In contrast, in coarse
and medium quartz sand, the attachment rates were 0.0090
and 0.0136 cm~! for FMPs and 0.0182 and 0.0245 cm™! for
SMPs, respectively, indicating higher attachment of SMPs
compared to FMPs, which is also in accordance with the
percent recovery results.

4.3 | Effect of particle shape on microplastic
transport

To investigate the role of particle shape during microplas-
tic transport in the porous medium, column experiments
were conducted using FMPs and SMPs with a similar aver-
age diameter of approximately 1 pum in saturated coarse
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FIGURE 1 Particle size distribution of microplastics after going through an abrasion process. Fragmented microplastics (FMPs) generated

from (a) 20 pm and (b) 10 pm. The mean diameter values are the volume-based distribution median.
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are the fitted breakthrough curves using HYDRUS-1D. SMPs, spherical microplastics (10 and 20 um only); FMPs, fragmented microplastics. R1 and
R2 are experimental runs 1 and 2, respectively. The column was packed with fresh material for each run. BTCs were plotted in the form of the
normalized effluent concentration (C/C).
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FIGURE 3 Average values of observed breakthrough curves

(BTCs) of fragmented microplastics (FMPs) and spherical
microplastics (SMPs) (both ~1 um) in coarse quartz sand

(0.6-1.3 mm). Symbols represent experimental data, and the lines are
the fitted breakthrough curves using HYDRUS-1D. R1 and R2 are
experimental runs 1 and 2, respectively. The column was packed with
fresh material for each run. BTCs were plotted in the form of the
normalized effluent concentration (C/C,).

quartz sand (experiments E1, E2, G1, and G2; Table 1). The
FMPs were visually classified as asymmetrical with uneven
and fractured surfaces. The average diameter of injected
FMPs was 1.40 um. The FMPs showed higher values of
Crax/Co (Table 1) and higher values of percent mass recovery
(31%) compared to SMPs (24.5%), indicating higher mobility
(Figure 3).

4.4 | Filtration efficiency of microplastics
CFT was applied to better understand the filtration, retention,
and transport of microplastics in different saturated aquifer
materials. Figure 4 shows the values based on averages of col-
umn test runs 1 and 2, each run being done in a freshly packed
column. As shown in Figure 4a, the single-collector contact
efficiency “n,” of SMPs ranged from 0.58 (medium gravel)
to 0.49 (fine gravel), while FMPs exhibited lower values of
0.0051-0.0063, respectively. However, in the case of coarse
and medium quartz sand, 5, ranged from 0.092 to 0.087 for
SMPs and 0.0078 to 0.0096 for FMPs, respectively. High val-
ues of 7, indicate that SMPs are expected to experience more
collisions with the collector surface (Figure 4a).

As illustrated in Figure 4b, the attachment efficiency “a” of
FMPs ranged from 1.62 (medium gravel) to 1.11 (fine gravel),
whereas SMPs exhibited lower values of 0.006 and 0.009,
respectively. This indicates a high removal rate of FMPs com-
pared to SMPs through attachment in gravel (Figure 4d).
However, the computed a values for FMPs are reduced to
0.54 (coarse quartz sand) and 0.38 (medium quartz sand),
whereas SMPs exhibited increased values of 0.079 and 0.084,
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respectively (Figure 4b). Compared to gravel, the significantly
higher a values of SMPs in both quartz sands result in a higher
removal rate of SMPs by attachment (Figure 4d). Moreover,
SMPs also experience straining phenomena in quartz sand
(Table S1), leading to high removal rates despite having lower
a values compared to FMPs. Since the CFT does not apply to
gravel porous media (@ > 1) and irregular colloids, a compari-
son of attachment rate coefficient k,,, (min~!) clearly showed
high attachment of FMPs in gravel and high attachment of
SMPs in quartz sand (Figure 4c). Furthermore, a comparison
was made between the attachment efficiency of 1-pum-sized
SMPs (a = 0.60) to similar-sized FMPs (a¢ = 0.54) in coarse
quartz sand (experiments E and G), which clearly showed high
attachment of 1-um-sized SMPs, which is consistent with the
experimental data (Figure 3).

Figure 4e,f presents a summary of the contribution of dif-
ferent filtration mechanisms (gravity settling, interception,
and Brownian diffusion) to microplastic retention and trans-
port in porous media. In medium and fine gravel, the retention
of FMPs (1.60- and 1.80-um diameter) was mostly influenced
by settling (0.71 and 0.65, respectively) and, to a lesser degree,
diffusion (0.29 and 0.34), while the behavior of the SMPs
(20-um diameter) is entirely controlled by settling. On the
contrary, in coarse and medium sand, respectively, the fil-
tration of FMPs (1.40- and 1.20-pm diameter) is influenced
mostly by diffusion (0.73 and 0.85) and, to a lesser degree,
settling (0.24 and 0.12), while the behavior of the SMPs (10-
um diameter) is almost entirely controlled by settling (0.95
and 0.90) and interception (0.04 and 0.08).

S | DISCUSSION

5.1 | Role of different aquifer materials in
microplastic transport

Both gravel types (medium and fine) had a similar impact
on the transport of FMPs under saturated conditions, result-
ing in a high retention of FMPs (~1 pm) when compared to
the larger-sized SMPs (20 um). In such coarse material, it
is surprising that the smaller particles were retained more.
One potential reason for this phenomenon is that in natural
gravel, the presence of clay particles may fill up the concave
locations within the pore spaces and decrease the availability
of these locations to retain larger SMPs (Liang et al., 2022).
Another important explanation involves the size exclusion of
the SMPs from small pore spaces. In comparison to the con-
servative tracer BTCs, earlier peak times of SMPs BTCs were
observed in gravel (Figure S1). This suggests that SMPs can
only be transported through the larger pores of gravel, result-
ing in an earlier detection peak. Similar observations have
been reported regarding MPs and colloidal particles, which
are compelled to navigate through the broader preferential
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flow paths to facilitate their transport (Bradford et al., 2003;
Li et al., 2024). In this context, Sirivithayapakorn and Keller
(2003) experimentally demonstrated that the observed prefer-
ential flow paths are less evident in the case of smaller colloids
(0.05 um) compared to the larger colloids (1-3 um). On the
contrary, size exclusion phenomena were not observed in the
BTC:s for either type of quartz sand.

In the coarse and medium sands, FMPs showed higher
mobility, compared to the 10 um SMPs, due to the effect
of straining of the SMPs (Supplemental Table S1), which
is the removal of colloids due to small pore spaces acting
as a sieve and is dependent on median grain size. Mini-
mum values of dy/ds, (d, is the colloid diameter and ds, is
the median grain size), where straining has been observed
in angular silica sand, range from 0.0017 (Bradford et al.,
2002) to 0.02 (Tufenkji et al., 2004). Since some strain-
ing values in the experiments are in the above-mentioned
range (Table S1), straining could provide a possible expla-
nation for the increased retention of SMPs in both quartz
sands; however, none are above the 0.02 threshold from
Tufenkji et al. (2004).

The zeta potential represents surface charge and serves
as a key factor for microplastic stability in solutions (Dong
et al.,, 2018). Variations in the zeta potential reflect size-
dependent dispersion and aggregation of the microplastics.
The zeta-potential of FMPs ranged from —21.75 + 3.79 to

—22.17 £ 2.05 mV, while the zeta potential of the SMPs
ranged from —18.22 + 1.51 to —19.55 + 3.61 mV (Table
S1). These values indicate strong repulsive forces between the
microplastics, causing them to disperse more easily from each
other. The zeta potential influences the electrostatic interac-
tions (Mei & Lu, 2014), which are crucial for microplastic
attachment to porous media. A more negative zeta potential is
more conducive to adsorb to less negatively charged particles
(Shen et al., 2020).

Since no tailing was observed in any of the experiments
(Figure 2), both FMPs and SMPs were likely deposited in
the primary minimum, with no energy barrier hindering their
interaction with the porous media (Knappett et al., 2008).
Moreover, the calculation of single-collector contact effi-
ciency took into account hydrodynamic interactions and van
der Waals forces (Table S5). The primary interaction mech-
anism between SMPs and porous media across all soils was
gravitational force (Figure 4e), whereas, for FMPs, Brownian
diffusion was the key mechanism in quartz sand (Figure 4f), as
reflected by aspect ratio and van der Waals number (Table S5).
Consistent with previous experimental observations (Elim-
elech, 1994; Knappett et al., 2008; Zhuang et al., 2005) and
theoretical computation (Huber et al., 2000), microplastics-
collector interaction changes nonlinearly with microplastic
size. Retention and transport of smaller colloids are more
subjected to the influence of diffusion, while behaviors of

85U80]7 SUOWILLOD 3ARER.D 8|qedl|dde aus Aq peusenob aJe saone VO ‘8sn Jo sajnJ Joj AreiqiT8uljuO 8|1/ UO (SUORIPUOD-pUe-SWLRY/LIO" A3 1M AeJq 18Ul UO//SARY) SUORIPUOD PuUe SWe | 8U1 83S *[920z/70/9T] Uo AriqiTauluo A8|iM eLsnyeueIyo0D Aq 8T90Z Zbe/Z00T 0T/I0p/woa" A3 1M ARe.q | [pu1|UO'SSesde//Sdy WOy pepeoumod ‘G *¥20z ‘LEGZEST



AMEEN ET AL.

Journal of Environmental Quality 737

larger colloids are mainly controlled by interception and
sedimentation (Close et al., 2006; Knappett et al., 2008).

5.2 | Microplastic shape affects its
environmental fate and transport

The experiments (tests E1, E2, G1, and G2) examining the
influence of microplastic shape on transport were performed
with a similar size of microplastic in coarse quartz sand, for
which straining due to large particle sizes is not a removal
mechanism (d,/ds, < 0.0017), and zeta potential is similar
for both particle types (Table S1). It was found that the FMPs
(~1.40 pm) exhibit a higher degree of mobility compared to
SMPs (~1 pm). This may be due to the unique ability of FMPs
to align themselves with the direction of flow, thereby signif-
icantly enhancing their overall transport efficiency. Previous
studies have found that microplastics with a smaller diame-
ter had higher mobility in the quartz sand (O’Connor et al.,
2019; Pradel et al., 2020), which contradicts the findings of
tests E and G where the 1 um SMPs are transported less than
the slightly larger FMPs (Figure 3). Therefore, the observed
enhanced mobility of FMPs may be due to shape instead of
size; an explanation for this could be that the higher aspect
ratio of FMPs (Table S5) exposes them to larger surface ten-
sion forces, causing them to re-orient or re-align with the flow
direction to counteract the dynamic fluid forces (Liu et al.,
2010; Xu et al., 2008). This could also be described as a tum-
bling (rotational) movement leading to greater mobility within
saturated quartz sand (Aramrak et al., 2013). Comparable to
this study, Tumwet et al. (2022) also reported high mobility
of FMPs in quartz sand, due to velocity fluctuations because
of the asymmetrical shapes, and experimentally demonstrated
that the shape of microplastics is one of the critical factors
during transport. The current study found that even though
FMPs had a larger average particle diameter and would be
anticipated to have higher removal, the irregular shape of the
particles emerged as the primary factor influencing mobility
within saturated coarse quartz sand.

5.3 | Microplastic response to filtration
mechanisms

Considering the transport of FMPs in natural gravel, high val-
ues of attachment efficiencies predicted that more removal
of FMPs would occur (Figure 4b), which was in agreement
with the experimental breakthrough data (Figure 2a,b). How-
ever, there were inconsistencies in the case of quartz sand.
Despite higher values of the attachment efficiency for FMPs,
compared to the larger 10 um SMPs (which would imply
more removal), experimental breakthrough data showed less
removal of FMPs (Figure 2c.d). Several factors can poten-

tially contribute to these inconsistencies, including the size,
shape, and roughness of the FMPs. One explanation is that
since the majority of the FMPs used in the current study
were approximately 1.20-1.80 um in diameter (Table 1), this
diameter range falls in the transition zone where all three fil-
tration mechanisms can act simultaneously (i.e., Brownian
diffusion, interception, and gravity settling). Moreover, strain-
ing is also likely playing a role, as Bradford et al. (2002)
advised using caution when applying CFT when the d/d5
ratio is above the 0.0017 threshold, which is the case for the
10 and 20 um SMPs, but especially (high d;/ds) in the coarse
and medium quartz sand. Additionally, the particle shape and
surface roughness of FMPs may influence the kinetic inter-
actions with collector surfaces during the filtration process
leading to more breakthrough. Several researchers suggest
that grain surface area, angularity, and roughness can all play
arole in physicochemical filtration (Bhattacharjee et al., 1998;
Saiers & Ryan, 2005; Shellenberger & Logan, 2002). These
inconsistencies indicate that additional factors beyond those
accounted for by CFT should be taken into account, such as
the shape of microplastics.

5.4 | Implications for groundwater
management

Understanding microplastic retention and transport behavior
in saturated porous media is imperative to be able to evaluate
the potential risks of microplastics in groundwater. The results
of this study suggest that the size and shape of microplastics
were important factors influencing groundwater transport in
various aquifer materials, and fragmented particles showed
greater mobility in quartz sand (Figure 2c,d). Concerning
microplastic shape and size, Pivokonsky et al. (2018) reported
fragments as the most abundant morphotype (size range: 1—
10 um), whereas spherical particles were the least prevalent
in raw drinking water. Despite this fact, there is a lack of
comprehensive data concerning the size, shape, and rates at
which microplastics undergo fragmentation and how they are
transported in various aquifer materials. The findings of the
current study showed that these fragmented particles could
pose a more significant threat to sandy aquifers, as they can
potentially be transported further than spherical particles of
the same size and could act as vectors for long-distance trans-
port due to their co-existence with pathogens in wastewater
effluents and sludge (Edo et al., 2020; Pham et al., 2021).
The experiments in the current study are focused on
saturated conditions, whereas in the terrestrial environ-
ment, microplastic transport to groundwater via infiltrating
water primarily occurs through the unsaturated (vadose)
zone. The transport processes in the vadose zone are
highly complex, characterized by intricate air—water inter-
faces within pore spaces (Bradford & Torkzaban, 2008). This
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complexity results in the formation of liquid film entrain-
ment, which contributes to the fate of microplastics influenced
by flow velocity, volume fraction, and pore sizes (He et al.,
2023; Wu et al., 2021). In natural environments, soil sat-
uration conditions fluctuate, underscoring the importance
of studying both conditions together to improve predic-
tions of microplastic mobility and potential contamination
risks.

6 | CONCLUSIONS

This study aimed to understand the transport of microplas-
tics in saturated porous media based on their size and shape.
The transport behavior of FMPs and SMPs was compared
in different aquifer materials, such as natural gravel and
quartz sand. The experiments showed that the soil type and
the size and shape of the microplastics influence the trans-
port of microplastics. In gravel, the larger SMPs experienced
higher breakthrough than FMPs, possibly due to size exclu-
sion. The irregular shape and rough surface of FMPs may
increase their attachment to impurities (e.g., clay particles)
present on the natural gravel surface. Due to straining, the
larger SMPs showed higher retention in quartz sand. It was
found that FMPs were more mobile than similar-sized SMPs
in the coarse quartz sand, possibly due to the high aspect ratio
forcing them to re-align with the flow direction. The results
indicate that settling was the primary retention mechanism for
SMPs in gravel, while diffusion was dominant for FMPs in
quartz sand. The outcome of this study suggests that future
research should use irregularly shaped plastic materials to
closely replicate microplastics in the natural environment and
to better assess the risks of microplastic transport in soil and
groundwater.

AUTHOR CONTRIBUTIONS

Ahmad Ameen: Conceptualization; methodology; data cura-
tion; formal analysis; software; investigation; visualization;
writing—original draft; writing—review and editing. Mar-
garet E. Stevenson: Conceptualization; methodology; for-
mal analysis; software; validation; supervision; visualization;
writing—review and editing. Alexander K. T. Kirschner:
Funding acquisition; resources; supervision; writing—review
and editing. Stefan Jakwerth: Methodology; resources. Julia
Derx: Funding acquisition; writing—review and editing.
Alfred P. Blaschke: Conceptualization; funding acquisition;
supervision; writing—review and editing.

ACKNOWLEDGMENTS

This work was supported by the Vienna Water Resource Sys-
tems Project (ViWa 2020+), a research cooperation between
Vienna Water (MA31) and the ICC Water & Health. This
research was funded in whole or in part by the Austrian

Science Fund (FWF) T970-N29. For open access purposes,
the author has applied a CC BY public copyright license
to any author accepted manuscript version arising from this
submission.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interest.

ORCID

Ahmad Ameen @ https://orcid.org/0009-0005-6123-9159
Margaret E. Stevenson ' https://orcid.org/0000-0002-4259-
4033

Alexander K. T. Kirschner @ https://orcid.org/0000-0002-
9797-3073

Julia Derx © https://orcid.org/0000-0002-9931-088X
Alfred P. Blaschke ‘® https://orcid.org/0000-0001-8617-5802
REFERENCES

Alimi, O. S., Farner Budarz, J., Hernandez, L. M., & Tufenkji, N. (2018).
Microplastics and nanoplastics in aquatic environments: Aggregation,
deposition, and enhanced contaminant transport. Environmental Sci-
ence & Technology, 52(4), 1704-1724. https://doi.org/10.1021/acs.
est.7b05559

Andrady, A. L. (2011). Microplastics in the marine environment.
Marine Pollution Bulletin, 62(8), 1596—1605. https://doi.org/10.1016/
j-marpolbul.2011.05.030

Aramrak, S., Flury, M., Harsh, J. B., Zollars, R. L., & Davis, H. P.
(2013). Does colloid shape affect detachment of colloids by a mov-
ing air—water interface? Langmuir, 29(19), 5770-5780. https://doi.
org/10.1021/1a400252q

Arnold, J. C., & Hutchings, I. M. (1989). Flux rate effects in the erosive
wear of elastomers. Journal of Materials Science, 24(3), 833-839.
https://doi.org/10.1007/BF01148765

Aves, A. R., Revell, L. E., Gaw, S., Ruffell, H., Schuddeboom, A.,
Wotherspoon, N. E., LaRue, M., & McDonald, A. J. (2022). First
evidence of microplastics in Antarctic snow. The Cryosphere, 16(6),
2127-2145. https://doi.org/10.5194/tc-16-2127-2022

Barlet, M., Delaye, J.-M., Charpentier, T., Gennisson, M., Bonamy,
D., Rouxel, T., & Rountree, C. L. (2015). Hardness and toughness
of sodium borosilicate glasses via Vickers’s indentations. Journal
of Non-Crystalline Solids, 417418, 66-79. https://doi.org/10.1016/
jjnoncrysol.2015.02.005

Baudart, J., Coallier, J., Laurent, P., & Prévost, M. (2002). Rapid and
sensitive enumeration of viable diluted cells of members of the fam-
ily Enterobacteriaceae in freshwater and drinking water. Applied and
Environmental Microbiology, 68(10), 5057-5063. https://doi.org/10.
1128/ AEM.68.10.5057-5063.2002

Belzagui, F., Crespi, M., Alvarez, A., Gutiérrez-Bouzan, C., & Vilaseca,
M. (2019). Microplastics’ emissions: Microfibers’ detachment from
textile garments. Environmental Pollution, 248, 1028-1035.

Bhattacharjee, S., Ko, C.-H., & Elimelech, M. (1998). DLVO interaction
between rough surfaces. Langmuir, 14(12), 3365-3375. https://doi.
org/10.1021/1a971360b

Bradford, S. A., Simunek, J., Bettahar, M., van Genuchten, M. T.,
& Yates, S. R. (2003). Modeling colloid attachment, straining,
and exclusion in saturated porous media. Environmental Science &
Technology, 37(10), 2242-2250. https://doi.org/10.1021/es025899u

85U80]7 SUOWILLOD 3ARER.D 8|qedl|dde aus Aq peusenob aJe saone VO ‘8sn Jo sajnJ Joj AreiqiT8uljuO 8|1/ UO (SUORIPUOD-pUe-SWLRY/LIO" A3 1M AeJq 18Ul UO//SARY) SUORIPUOD PuUe SWe | 8U1 83S *[920z/70/9T] Uo AriqiTauluo A8|iM eLsnyeueIyo0D Aq 8T90Z Zbe/Z00T 0T/I0p/woa" A3 1M ARe.q | [pu1|UO'SSesde//Sdy WOy pepeoumod ‘G *¥20z ‘LEGZEST


https://orcid.org/0009-0005-6123-9159
https://orcid.org/0009-0005-6123-9159
https://orcid.org/0000-0002-4259-4033
https://orcid.org/0000-0002-4259-4033
https://orcid.org/0000-0002-4259-4033
https://orcid.org/0000-0002-9797-3073
https://orcid.org/0000-0002-9797-3073
https://orcid.org/0000-0002-9797-3073
https://orcid.org/0000-0002-9931-088X
https://orcid.org/0000-0002-9931-088X
https://orcid.org/0000-0001-8617-5802
https://orcid.org/0000-0001-8617-5802
https://doi.org/10.1021/acs.est.7b05559
https://doi.org/10.1021/acs.est.7b05559
https://doi.org/10.1016/j.marpolbul.2011.05.030
https://doi.org/10.1016/j.marpolbul.2011.05.030
https://doi.org/10.1021/la400252q
https://doi.org/10.1021/la400252q
https://doi.org/10.1007/BF01148765
https://doi.org/10.5194/tc-16-2127-2022
https://doi.org/10.1016/j.jnoncrysol.2015.02.005
https://doi.org/10.1016/j.jnoncrysol.2015.02.005
https://doi.org/10.1128/AEM.68.10.5057-5063.2002
https://doi.org/10.1128/AEM.68.10.5057-5063.2002
https://doi.org/10.1021/la971360b
https://doi.org/10.1021/la971360b
https://doi.org/10.1021/es025899u

AMEEN ET AL.

Bradford, S. A., & Torkzaban, S. (2008). Colloid transport and retention
in unsaturated porous media: A review of interface-, collector-, and
pore-scale processes and models. Vadose Zone Journal, 7(2), 667—
681. https://doi.org/10.2136/vzj2007.0092

Bradford, S. A., Yates, S. R., Bettahar, M., & Simunek, J. (2002).
Physical factors affecting the transport and fate of colloids in satu-
rated porous media. Water Resources Research, 38(12), 63-1-63-12.
https://doi.org/10.1029/2002WR001340

Buwono, N. R., Risjani, Y., & Soegianto, A. (2021). Distribution of
microplastic in relation to water quality parameters in the Brantas
River, East Java, Indonesia. Environmental Technology & Innovation,
24, 101915. https://doi.org/10.1016/].eti.2021.101915

Cai, L., Wang, J., Peng, J., Wu, Z., & Tan, X. (2018). Observation of the
degradation of three types of plastic pellets exposed to UV irradia-
tion in three different environments. Science of the Total Environment,
628, 740-747.

Cha, J., Lee, J.-Y., & Chia, R. W. (2023). Microplastics contamination
and characteristics of agricultural groundwater in Haean Basin of
Korea. Science of the Total Environment, 864, 161027. https://doi.org/
10.1016/j.scitotenv.2022.161027

Chia, R. W., Lee, J.-Y., Kim, H., & Jang, J. (2021). Microplastic pollution
in soil and groundwater: A review. Environmental Chemistry Letters,
19(6), 4211-4224. https://doi.org/10.1007/s10311-021-01297-6

Close, M. E., Pang, L., Flintoft, M. J., & Sinton, L. W. (2006). Distance
and flow effects on microsphere transport in a large gravel column.
Journal of Environmental Quality, 35(4), 1204—1212. https://doi.org/
10.2134/jeq2005.0286

Cortés-Arriagada, D. (2021). Elucidating the co-transport of bisphenol
A with polyethylene terephthalate (PET) nanoplastics: A theoretical
study of the adsorption mechanism. Environmental Pollution, 270,
116192. https://doi.org/10.1016/j.envpol.2020.116192

da Costa, J. P., Mouneyrac, C., Costa, M., Duarte, A. C., & Rocha-Santos,
T. (2020). The role of legislation, regulatory initiatives and guide-
lines on the control of plastic pollution. Frontiers in Environmental
Science, 8, Article 104.

Dong, S., Xia, J., Sheng, L., Wang, W., Liu, H., & Gao, B. (2021).
Transport characteristics of fragmental polyethylene glycol tereph-
thalate (PET) microplastics in porous media under various chemical
conditions. Chemosphere, 276, 130214. https://doi.org/10.1016/j.
chemosphere.2021.130214

Dong, S., Zhou, M., Su, X., Xia, J., Wang, L., Wu, H., Suakollie, E. B.,
& Wang, D. (2022). Transport and retention patterns of fragmental
microplastics in saturated and unsaturated porous media: A real-time
pore-scale visualization. Water Research, 214, 118195. https://doi.
org/10.1016/j.watres.2022.118195

Dong,Z.,Qiu, Y., Zhang, W., Yang, Z., & Wei, L. (2018). Size-dependent
transport and retention of micron-sized plastic spheres in natural sand
saturated with seawater. Water Research, 143, 518-526. https://doi.
org/10.1016/j.watres.2018.07.007

Duis, K., & Coors, A. (2016). Microplastics in the aquatic and terrestrial
environment: Sources (with a specific focus on personal care prod-
ucts), fate and effects. Environmental Sciences Europe, 28(1), Article
2. https://doi.org/10.1186/s12302-015-0069-y

Edo, C., Gonzalez-Pleiter, M., Leganés, F., Fernandez-Pifias, F., &
Rosal, R. (2020). Fate of microplastics in wastewater treatment plants
and their environmental dispersion with effluent and sludge. Environ-
mental Pollution, 259, 113837. https://doi.org/10.1016/j.envpol.2019.
113837

Journal of Environmental Quality 739

Elimelech, M. (1994). Effect of particle size on the kinetics of particle
deposition under attractive double layer interactions. Journal of Col-
loid and Interface Science, 164(1), 190-199. https://doi.org/10.1006/
jcis.1994.1157

Elimelech, M., & O’Melia, C. R. (1990). Kinetics of deposition of
colloidal particles in porous media. Environmental Science & Tech-
nology, 24(10), 1528-1536. https://doi.org/10.1021/es00080a012

Flury, M., & Aramrak, S. (2017). Role of air-water interfaces in col-
loid transport in porous media: A review. Water Resources Research,
53(7), 5247-5275. https://doi.org/10.1002/2017WR020597

Fournier, E., Etienne-Mesmin, L., Grootaert, C., Jelsbak, L., Syberg,
K., Blanquet-Diot, S., & Mercier-Bonin, M. (2021). Microplastics
in the human digestive environment: A focus on the potential and
challenges facing in vitro gut model development. Journal of Haz-
ardous Materials, 415, 125632. https://doi.org/10.1016/j.jhazmat.
2021.125632

Gaylarde, C. C., Neto, J. A. B., & da Fonseca, E. M. (2021). Paint
fragments as polluting microplastics: A brief review. Marine Pollu-
tion Bulletin, 162, 111847. https://doi.org/10.1016/j.marpolbul.2020.
111847

Gilbreath, A. N., & McKee, L. J. (2015). Concentrations and loads of
PCBs, dioxins, PAHs, PBDEs, OC pesticides and pyrethroids during
storm and low flow conditions in a small urban semi-arid watershed.
Science of the Total Environment, 526, 251-261. https://doi.org/10.
1016/j.scitotenv.2015.04.052

Goeppert, N., & Goldscheider, N. (2021). Experimental field evidence
for transport of microplastic tracers over large distances in an allu-
vial aquifer. Journal of Hazardous Materials, 408, 124844. https://
doi.org/10.1016/j.jhazmat.2020.124844

Gui, X., Ren, Z., Xu, X., Chen, X., Chen, M., Wei, Y., Zhao, L.,
Qiu, H., Gao, B., & Cao, X. (2022). Dispersion and transport of
microplastics in three water-saturated coastal soils. Journal of Haz-
ardous Materials, 424, 127614. https://doi.org/10.1016/j.jhazmat.
2021.127614

Habib, R. Z., Abdoon, M. M. S., Al Megbaali, R. M., Ghebremedhin, F.,
Elkashlan, M., Kittaneh, W. F., Cherupurakal, N., Mourad, A.-H. 1.,
Thiemann, T., & Al Kindi, R. (2020). Analysis of microbeads in cos-
metic products in the United Arab Emirates. Environmental Pollution,
258, 113831. https://doi.org/10.1016/j.envpol.2019.113831

He, B., Wijesiri, B., Ayoko, G. A., Egodawatta, P., Rintoul, L., &
Goonetilleke, A. (2020). Influential factors on microplastics occur-
rence in river sediments. Science of the Total Environment, 738,
139901. https://doi.org/10.1016/j.scitotenv.2020.139901

He, H., Wu, T., Chen, Y.-F., & Yang, Z. (2023). A pore-scale investi-
gation of microplastics migration and deposition during unsaturated
flow in porous media. Science of the Total Environment, 858, 159934.
https://doi.org/10.1016/j.scitotenv.2022.159934

He, P., Chen, L., Shao, L., Zhang, H., & Lii, F. (2019). Municipal
solid waste (MSW) landfill: A source of microplastics? -Evidence
of microplastics in landfill leachate. Water Research, 159, 38-45.
https://doi.org/10.1016/j.watres.2019.04.060

Henry, B., Laitala, K., & Klepp, I. G. (2019). Microfibres from apparel
and home textiles: Prospects for including microplastics in environ-
mental sustainability assessment. Science of the Total Environment,
652, 483—494. https://doi.org/10.1016/j.scitotenv.2018.10.166

Hitchcock, J. N. (2020). Storm events as key moments of microplastic
contamination in aquatic ecosystems. Science of the Total Environ-
ment, 734, 139436. https://doi.org/10.1016/j.scitotenv.2020.139436

BSUB01T SUOWILIOD SAIE81D 3|qed!jdde au) Aq pauenob ke sappiie WO ‘88 JO s3I 10} Arelq 1 aul|uo 8|1 UO (SUOIIPLOD-PUE-SWLBIW0D AB 1M ALeIq 1 UO//SANY) SUONIPUOD PUB SULB L U1 39S *[9202/y0/9T] U ARiqiauliuo A8|iIm eLisnyeueIio0D Ad 81902 Zbsl/200T 0T/10p/wiod Ao |imAseiq 1 putjuo ssasde//sdiy WOy papeo|umod ‘G ‘Y202 ‘LESELEST


https://doi.org/10.2136/vzj2007.0092
https://doi.org/10.1029/2002WR001340
https://doi.org/10.1016/j.eti.2021.101915
https://doi.org/10.1016/j.scitotenv.2022.161027
https://doi.org/10.1016/j.scitotenv.2022.161027
https://doi.org/10.1007/s10311-021-01297-6
https://doi.org/10.2134/jeq2005.0286
https://doi.org/10.2134/jeq2005.0286
https://doi.org/10.1016/j.envpol.2020.116192
https://doi.org/10.1016/j.chemosphere.2021.130214
https://doi.org/10.1016/j.chemosphere.2021.130214
https://doi.org/10.1016/j.watres.2022.118195
https://doi.org/10.1016/j.watres.2022.118195
https://doi.org/10.1016/j.watres.2018.07.007
https://doi.org/10.1016/j.watres.2018.07.007
https://doi.org/10.1186/s12302-015-0069-y
https://doi.org/10.1016/j.envpol.2019.113837
https://doi.org/10.1016/j.envpol.2019.113837
https://doi.org/10.1006/jcis.1994.1157
https://doi.org/10.1006/jcis.1994.1157
https://doi.org/10.1021/es00080a012
https://doi.org/10.1002/2017WR020597
https://doi.org/10.1016/j.jhazmat.2021.125632
https://doi.org/10.1016/j.jhazmat.2021.125632
https://doi.org/10.1016/j.marpolbul.2020.111847
https://doi.org/10.1016/j.marpolbul.2020.111847
https://doi.org/10.1016/j.scitotenv.2015.04.052
https://doi.org/10.1016/j.scitotenv.2015.04.052
https://doi.org/10.1016/j.jhazmat.2020.124844
https://doi.org/10.1016/j.jhazmat.2020.124844
https://doi.org/10.1016/j.jhazmat.2021.127614
https://doi.org/10.1016/j.jhazmat.2021.127614
https://doi.org/10.1016/j.envpol.2019.113831
https://doi.org/10.1016/j.scitotenv.2020.139901
https://doi.org/10.1016/j.scitotenv.2022.159934
https://doi.org/10.1016/j.watres.2019.04.060
https://doi.org/10.1016/j.scitotenv.2018.10.166
https://doi.org/10.1016/j.scitotenv.2020.139436

AMEEN ET AL.

740 Journal of Environmental Quality

Hou, J., Xu, X., Lan, L., Miao, L., Xu, Y., You, G., & Liu, Z. (2020).
Transport behavior of micro polyethylene particles in saturated
quartz sand: Impacts of input concentration and physicochemical fac-
tors. Environmental Pollution, 263, 114499. https://doi.org/10.1016/
j-envpol.2020.114499

Huber, N., Baumann, T., & Niessner, R. (2000). Assessment of colloid
filtration in natural porous media by filtration theory. Environmental
Science & Technology, 34(17), 3774-3779. https://doi.org/10.1021/
€s9903429

Hutchings, I. M. (1992). Tribology: Friction and wear of engineering
materials. Edward Arnold.

Kershaw, P., & Rochman, C. (2015). Sources, fate and effects of
microplastics in the marine environment: Part 2 of a global
assessment (No. 93). Reports and Studies-IMO/FAO/Unesco-
IOC/WMO/TAEA/UN/UNEP Joint Group of Experts on the
Scientific Aspects of Marine Environmental Protection (GESAMP).
http://www.gesamp.org/publications/microplastics-in-the-marine-
environment-part-2

Khoironi, A., Hadiyanto, H., Hartini, E., Dianratri, 1., Joelyna, F. A,,
& Pratiwi, W. Z. (2023). Impact of disposable mask microplastics
pollution on the aquatic environment and microalgae growth. Envi-
ronmental Science and Pollution Research, 30(31), 77453-77468.
https://doi.org/10.1007/s11356-023-27651-5

Knappett, P. S. K., Emelko, M. B., Zhuang, J., & McKay, L. D. (2008).
Transport and retention of a bacteriophage and microspheres in satu-
rated, angular porous media: Effects of ionic strength and grain size.
Water Research, 42(16),4368—4378. https://doi.org/10.1016/j.watres.
2008.07.041

Knight, L. J., Parker-Jurd, F. N. F., Al-Sid-Cheikh, M., & Thompson,
R. C. (2020). Tyre wear particles: An abundant yet widely unreported
microplastic? Environmental Science and Pollution Research, 27(15),
18345-18354. https://doi.org/10.1007/s11356-020-08187-4

Kosuth, M., Mason, S. A., & Wattenberg, E. V. (2018). Anthropogenic
contamination of tap water, beer, and sea salt. PloS One, 13(4),
e0194970. https://doi.org/10.1371/journal.pone.0194970

Koutnik, V. S., Borthakur, A., Leonard, J., Alkidim, S., Koydemir, H.
C., Tseng, D., Ozcan, A., Ravi, S., & Mohanty, S. K. (2022). Mobility
of polypropylene microplastics in stormwater biofilters under freeze-
thaw cycles. Journal of Hazardous Materials Letters, 3, 100048.
https://doi.org/10.1016/j.haz1.2022.100048

Koutnik, V. S., Leonard, J., Alkidim, S., DePrima, F., Ravi, S., Hoek,
E., & Mohanty, S. K. (2021). Distribution of microplastics in soil and
freshwater environments: Global analysis and framework for transport
modeling. Environmental Pollution, 274, 116552. https://doi.org/10.
1016/j.envpol.2021.116552

Koutnik, V. S., Leonard, J., Brar, J., Cao, S., Glasman, J. B., Cowger,
W., Ravi, S., & Mohanty, S. K. (2022). Transport of microplastics in
stormwater treatment systems under freeze-thaw cycles: Critical role
of plastic density. Water Research, 222, 118950. https://doi.org/10.
1016/j.watres.2022.118950

Li, M., He, L., Hsieh, L., Rong, H., & Tong, M. (2023). Transport of
plastic particles in natural porous media under freeze—thaw treatment:
Effects of porous media property. Journal of Hazardous Materials,
442, 130084. https://doi.org/10.1016/j.jhazmat.2022.130084

Li, W., Brunetti, G., Zafiu, C., Kunaschk, M., Debreczeby, M., &
Stumpp, C. (2024). Experimental and simulated microplastics trans-
port in saturated natural sediments: Impact of grain size and particle
size. Journal of Hazardous Materials, 468, 133772. https://doi.org/
10.1016/j.jhazmat.2024.133772

Liang, Y., Luo, Y., Shen, C., & Bradford, S. A. (2022). Micro- and
nanoplastics retention in porous media exhibits different dependence
on grain surface roughness and clay coating with particle size.
Water Research, 221, 118717. https://doi.org/10.1016/j.watres.2022.
118717

Liu, J., Zhang, T., Tian, L., Liu, X., Qi, Z., Ma, Y., Ji, R., & Chen,
W. (2019). Aging significantly affects mobility and contaminant-
mobilizing ability of nanoplastics in saturated loamy sand. Environ-
mental Science & Technology, 53(10), 5805-5815. https://doi.org/10.
1021/acs.est.9b00787

Liu, Q., Lazouskaya, V., He, Q., & Jin, Y. (2010). Effect of particle shape
on colloid retention and release in saturated porous media. Journal
of Environmental Quality, 39(2), 500-508. https://doi.org/10.2134/
7€q2009.0100

Liu, Y., Shao, H., Liu, J., Cao, R., Shang, E., Liu, S., & Li, Y. (2021).
Transport and transformation of microplastics and nanoplastics in the
soil environment: A critical review. Soil Use and Management, 37(2),
224-242. https://doi.org/10.1111/sum.12709

Luo, H., Zhao, Y., Li, Y., Xiang, Y., He, D., & Pan, X. (2020). Aging of
microplastics affects their surface properties, thermal decomposition,
additives leaching and interactions in simulated fluids. Science of the
Total Environment, 714, 136862. https://doi.org/10.1016/j.scitotenv.
2020.136862

Luo, Z., Zhou, X., Su, Y., Wang, H., Yu, R, Zhou, S., Xu, E. G, &
Xing, B. (2021). Environmental occurrence, fate, impact, and poten-
tial solution of tire microplastics: Similarities and differences with
tire wear particles. Science of the Total Environment, 795, 148902.
https://doi.org/10.1016/j.scitotenv.2021.148902

Marsden, P., Koelmans, A. A., Bourdon-Lacombe, J., Gouin, T.,
Anglada, L. D., Cunliffe, D., Jarvis, P., Fawell, J., & De France, J.
(2019). Microplastics in drinking water. World Health Organization.
https://edepot.wur.nl/498693

McKee, L. J., & Gilbreath, A. N. (2015). Concentrations and loads of
suspended sediment and trace element pollutants in a small semi-arid
urban tributary, San Francisco Bay, California. Environmental Mon-
itoring and Assessment, 187(8), Article 499. https://doi.org/10.1007/
s10661-015-4710-4

Mei, H., & Lu, X. (2014). The quantitative description between zeta
potential and fluorescent particle adsorption on Cu surface. Sur-
face and Interface Analysis, 46(1), 56—60. https://doi.org/10.1002/sia.
5348

Mendoza, L. M. R., & Balcer, M. (2019). Microplastics in freshwater
environments: A review of quantification assessment. TrAC Trends in
Analytical Chemistry, 113, 402—408.

Mignon-Godefroy, K., Guillet, J.-G., & Butor, C. (1997). Solid phase
cytometry for detection of rare events. Cytometry, 27(4), 336-344.
https://doi.org/10.1002/(SICI)1097-0320(19970401)27:4(336::AID-
CYTO04)3.0.CO;2-A

Mintenig, S., Loder, M., Primpke, S., & Gerdts, G. (2019). Low num-
bers of microplastics detected in drinking water from ground water
sources. Science of the Total Environment, 648, 631-635.

Miranda, M. N, Silva, A. M. T., & Pereira, M. F. R. (2020). Microplastics
in the environment: A DPSIR analysis with focus on the responses.
Science of the Total Environment, 718, 134968. https://doi.org/10.
1016/j.scitotenv.2019.134968

Molnar, 1. L., Johnson, W. P., Gerhard, J. 1., Willson, C. S., &
O’Carroll, D. M. (2015). Predicting colloid transport through sat-
urated porous media: A critical review. Water Resources Research,
51(9), 6804-6845. https://doi.org/10.1002/2015WRO017318

BSUB01T SUOWILIOD SAIE81D 3|qed!jdde au) Aq pauenob ke sappiie WO ‘88 JO s3I 10} Arelq 1 aul|uo 8|1 UO (SUOIIPLOD-PUE-SWLBIW0D AB 1M ALeIq 1 UO//SANY) SUONIPUOD PUB SULB L U1 39S *[9202/y0/9T] U ARiqiauliuo A8|iIm eLisnyeueIio0D Ad 81902 Zbsl/200T 0T/10p/wiod Ao |imAseiq 1 putjuo ssasde//sdiy WOy papeo|umod ‘G ‘Y202 ‘LESELEST


https://doi.org/10.1016/j.envpol.2020.114499
https://doi.org/10.1016/j.envpol.2020.114499
https://doi.org/10.1021/es9903429
https://doi.org/10.1021/es9903429
http://www.gesamp.org/publications/microplastics-in-the-marine-environment-part-2
http://www.gesamp.org/publications/microplastics-in-the-marine-environment-part-2
https://doi.org/10.1007/s11356-023-27651-5
https://doi.org/10.1016/j.watres.2008.07.041
https://doi.org/10.1016/j.watres.2008.07.041
https://doi.org/10.1007/s11356-020-08187-4
https://doi.org/10.1371/journal.pone.0194970
https://doi.org/10.1016/j.hazl.2022.100048
https://doi.org/10.1016/j.envpol.2021.116552
https://doi.org/10.1016/j.envpol.2021.116552
https://doi.org/10.1016/j.watres.2022.118950
https://doi.org/10.1016/j.watres.2022.118950
https://doi.org/10.1016/j.jhazmat.2022.130084
https://doi.org/10.1016/j.jhazmat.2024.133772
https://doi.org/10.1016/j.jhazmat.2024.133772
https://doi.org/10.1016/j.watres.2022.118717
https://doi.org/10.1016/j.watres.2022.118717
https://doi.org/10.1021/acs.est.9b00787
https://doi.org/10.1021/acs.est.9b00787
https://doi.org/10.2134/jeq2009.0100
https://doi.org/10.2134/jeq2009.0100
https://doi.org/10.1111/sum.12709
https://doi.org/10.1016/j.scitotenv.2020.136862
https://doi.org/10.1016/j.scitotenv.2020.136862
https://doi.org/10.1016/j.scitotenv.2021.148902
https://edepot.wur.nl/498693
https://doi.org/10.1007/s10661-015-4710-4
https://doi.org/10.1007/s10661-015-4710-4
https://doi.org/10.1002/sia.5348
https://doi.org/10.1002/sia.5348
https://doi.org/10.1002/(SICI)1097-0320(19970401)27:4%3C336::AID-CYTO4%3E3.0.CO;2-A
https://doi.org/10.1002/(SICI)1097-0320(19970401)27:4%3C336::AID-CYTO4%3E3.0.CO;2-A
https://doi.org/10.1016/j.scitotenv.2019.134968
https://doi.org/10.1016/j.scitotenv.2019.134968
https://doi.org/10.1002/2015WR017318

AMEEN ET AL.

O’Connor, D., Pan, S., Shen, Z., Song, Y., Jin, Y., Wu, W.-M., & Hou, D.
(2019). Microplastics undergo accelerated vertical migration in sand
soil due to small size and wet-dry cycles. Environmental Pollution,
249, 527-534. https://doi.org/10.1016/j.envpol.2019.03.092

Oudega, T. J., Lindner, G., Derx, J., Farnleitner, A. H., Sommer, R.,
Blaschke, A. P., & Stevenson, M. E. (2021). Upscaling transport of
Bacillus subtilis endospores and coliphage phiX174 in heterogeneous
porous media from the column to the field scale. Environmental Sci-
ence & Technology, 55(16), 11060-11069. https://doi.org/10.1021/
acs.est.1c01892

Panno, S. V., Kelly, W. R., Scott, J., Zheng, W., McNeish, R. E., Holm,
N., Hoellein, T. J., & Baranski, E. L. (2019). Microplastic contami-
nation in karst groundwater systems. Groundwater, 57(2), 189-196.
https://doi.org/10.1111/gwat.12862

Pham, D. N, Clark, L., & Li, M. (2021). Microplastics as hubs enrich-
ing antibiotic-resistant bacteria and pathogens in municipal activated
sludge. Journal of Hazardous Materials Letters, 2, 100014. https://
doi.org/10.1016/j.haz1.2021.100014

Pifon-Colin, T. J., Rodriguez-Jimenez, R., Rogel-Hernandez, E.,
Alvarez-Andrade, A., & Wakida, F. T. (2020). Microplastics in
stormwater runoff in a semiarid region, Tijuana, Mexico. Science
of the Total Environment, 704, 135411. https://doi.org/10.1016/j.
scitotenv.2019.135411

Pivokonsky, M., Cermakova, L., Novotna, K., Peer, P., Cajthaml, T.,
& Janda, V. (2018). Occurrence of microplastics in raw and treated
drinking water. Science of the Total Environment, 643, 1644-1651.
https://doi.org/10.1016/j.scitotenv.2018.08.102

Pradel, A., Hadri, H., Desmet, C., Ponti, J., Reynaud, S., Grassl,
B., & Gigault, J. (2020). Deposition of environmentally relevant
nanoplastic models in sand during transport experiments. Chemo-
sphere, 255, 126912. https://doi.org/10.1016/j.chemosphere.2020.
126912

Rakib, M. R.J., Al Nahian, S., Madadi, R., Haider, S. M. B., De-la-Torre,
G. E., Walker, T. R., Jonathan, M. P., Cowger, W., Khandaker, M. U.,
& Idris, A. M. (2023). Spatiotemporal trends and characteristics of
microplastic contamination in a large river-dominated estuary. Envi-
ronmental Science: Processes & Impacts, 25(5), 929-940. https://doi.
org/10.1039/D3EMO0014A

Ranhand, J. M. (1974). Simple, inexpensive procedure for the disruption
of bacteria. Applied Microbiology, 28(1), 66—69. https://doi.org/10.
1128/am.28.1.66-69.1974

Re, V. (2019). Shedding light on the invisible: Addressing the potential
for groundwater contamination by plastic microfibers. Hydrogeol-
ogy Journal, 27(7), 2719-2727. https://doi.org/10.1007/s10040-019-
01998-x

Ren, S.-Y., Sun, Q., Ni, H.-G., & Wang, J. (2020). A minimalist approach
to quantify emission factor of microplastic by mechanical abrasion.
Chemosphere, 245, 125630.

Ren, Z., Gui, X., Wei, Y., Chen, X., Xu, X., Zhao, L., Qiu, H., & Cao, X.
(2021). Chemical and photo-initiated aging enhances transport risk of
microplastics in saturated soils: Key factors, mechanisms, and mod-
eling. Water Research, 202, 117407. https://doi.org/10.1016/j.watres.
2021.117407

Rillig, M. C., Ingraffia, R., & de Souza Machado, A. A. (2017).
Microplastic incorporation into soil in agroecosystems. Frontiers
in Plant Science, 8, Article 1805. https://doi.org/10.3389/fpls.2017.
01805

Rochman, C. M. (2018). Microplastics research—from sink to source.
Science, 360(6384), 28-29.

Journal of Environmental Quality 741

Saiers, J. E., & Ryan, J. N. (2005). Colloid deposition on non-ideal
porous media: The influences of collector shape and roughness on
the single-collector efficiency. Geophysical Research Letters, 32(21).
https://doi.org/10.1029/2005GL024343

Samandra, S., Johnston, J. M., Jaeger, J. E., Symons, B., Xie, S., Currell,
M., Ellis, A. V., & Clarke, B. O. (2022). Microplastic contamination
of an unconfined groundwater aquifer in Victoria, Australia. Sci-
ence of the Total Environment, 802, 149727. https://doi.org/10.1016/
j.scitotenv.2021.149727

Schauer, S., Sommer, R., Farnleitner Andreas, H., & Kirschner
Alexander, K. T. (2012). Rapid and sensitive quantification of Vib-
rio cholerae and Vibrio mimicus cells in water samples by use
of catalyzed reporter deposition fluorescence in situ hybridization
combined with solid-phase cytometry. Applied and Environmen-
tal Microbiology, 78(20), 7369-7375. https://doi.org/10.1128/ AEM.
02190-12

Senathirajah, K., Attwood, S., Bhagwat, G., Carbery, M., Wilson, S.,
& Palanisami, T. (2021). Estimation of the mass of microplastics
ingested—A pivotal first step towards human health risk assessment.
Journal of Hazardous Materials, 404, 124004. https://doi.org/10.
1016/j.jhazmat.2020.124004

Shellenberger, K., & Logan, B. E. (2002). Effect of molecular scale
roughness of glass beads on colloidal and bacterial deposition. Envi-
ronmental Science & Technology, 36(2), 184—189. https://doi.org/10.
1021/es015515k

Shen, S., Yang, S., Jiang, Q., Luo, M., Li, Y., Yang, C., & Zhang, D.
(2020). Effect of dissolved organic matter on adsorption of sediments
to Oxytetracycline: An insight from zeta potential and DLVO theory.
Environmental Science and Pollution Research, 27(2), 1697-1709.
https://doi.org/10.1007/s11356-019-06787-3

Simunek, J., Jacques, D., Langergraber, G., Bradford, S. A., éejna, M.,
& van Genuchten, M. T. (2013). Numerical modeling of contaminant
transport using HYDRUS and its specialized modules. Journal of the
Indian Institute of Science, 93(2), 265-284.

Simunek, J., van Genuchten, M. T., & Sejna, M. (2016). Recent develop-
ments and applications of the HYDRUS computer software packages.
Vadose Zone Journal, 15(7), 1-25. https://doi.org/10.2136/vzj2016.
04.0033

Sirivithayapakorn, S., & Keller, A. (2003). Transport of colloids in satu-
rated porous media: A pore-scale observation of the size exclusion
effect and colloid acceleration. Water Resources Research, 39(4).
https://doi.org/10.1029/2002WR001583

Sobotkova, M., & Snehota, M. (2014). Method of in-line bromide
breakthrough curve measurements for column leaching experiments.
Vadose Zone Journal, 13(8), 1-7. https://doi.org/10.2136/vzj2013.11.
0192

Song, Y. K., Hong, S. H., Jang, M., Han, G. M., Jung, S. W, &
Shim, W. J. (2017). Combined effects of UV exposure duration and
mechanical abrasion on microplastic fragmentation by polymer type.
Environmental Science & Technology, 51(8), 4368—4376.

Stevenson, M. E., Blaschke, A. P., Schauer, S., Zessner, M., Sommer,
R., Farnleitner, A. H., & Kirschner, A. K. T. (2014). Enumerating
microorganism surrogates for groundwater transport studies using
solid-phase cytometry. Water, Air, & Soil Pollution, 225(2), Article
1827. https://doi.org/10.1007/s11270-013-1827-3

Thompson, R. C., Olsen, Y., Mitchell, R. P., Davis, A., Rowland, S. J.,
John, A. W. G., McGonigle, D., & Russell, A. E. (2004). Lost at sea:
Where is all the plastic? Science, 304(5672), 838. https://doi.org/10.
1126/science.1094559

BSUB01T SUOWILIOD SAIE81D 3|qed!jdde au) Aq pauenob ke sappiie WO ‘88 JO s3I 10} Arelq 1 aul|uo 8|1 UO (SUOIIPLOD-PUE-SWLBIW0D AB 1M ALeIq 1 UO//SANY) SUONIPUOD PUB SULB L U1 39S *[9202/y0/9T] U ARiqiauliuo A8|iIm eLisnyeueIio0D Ad 81902 Zbsl/200T 0T/10p/wiod Ao |imAseiq 1 putjuo ssasde//sdiy WOy papeo|umod ‘G ‘Y202 ‘LESELEST


https://doi.org/10.1016/j.envpol.2019.03.092
https://doi.org/10.1021/acs.est.1c01892
https://doi.org/10.1021/acs.est.1c01892
https://doi.org/10.1111/gwat.12862
https://doi.org/10.1016/j.hazl.2021.100014
https://doi.org/10.1016/j.hazl.2021.100014
https://doi.org/10.1016/j.scitotenv.2019.135411
https://doi.org/10.1016/j.scitotenv.2019.135411
https://doi.org/10.1016/j.scitotenv.2018.08.102
https://doi.org/10.1016/j.chemosphere.2020.126912
https://doi.org/10.1016/j.chemosphere.2020.126912
https://doi.org/10.1039/D3EM00014A
https://doi.org/10.1039/D3EM00014A
https://doi.org/10.1128/am.28.1.66-69.1974
https://doi.org/10.1128/am.28.1.66-69.1974
https://doi.org/10.1007/s10040-019-01998-x
https://doi.org/10.1007/s10040-019-01998-x
https://doi.org/10.1016/j.watres.2021.117407
https://doi.org/10.1016/j.watres.2021.117407
https://doi.org/10.3389/fpls.2017.01805
https://doi.org/10.3389/fpls.2017.01805
https://doi.org/10.1029/2005GL024343
https://doi.org/10.1016/j.scitotenv.2021.149727
https://doi.org/10.1016/j.scitotenv.2021.149727
https://doi.org/10.1128/AEM.02190-12
https://doi.org/10.1128/AEM.02190-12
https://doi.org/10.1016/j.jhazmat.2020.124004
https://doi.org/10.1016/j.jhazmat.2020.124004
https://doi.org/10.1021/es015515k
https://doi.org/10.1021/es015515k
https://doi.org/10.1007/s11356-019-06787-3
https://doi.org/10.2136/vzj2016.04.0033
https://doi.org/10.2136/vzj2016.04.0033
https://doi.org/10.1029/2002WR001583
https://doi.org/10.2136/vzj2013.11.0192
https://doi.org/10.2136/vzj2013.11.0192
https://doi.org/10.1007/s11270-013-1827-3
https://doi.org/10.1126/science.1094559
https://doi.org/10.1126/science.1094559

AMEEN ET AL.

742 Journal of Environmental Quality

Tufenkji, N., & Elimelech, M. (2004). Correlation equation for predicting
single-collector efficiency in physicochemical filtration in saturated
porous media. Environmental Science & Technology, 38(2), 529-536.
https://doi.org/10.1021/es034049r

Tufenkji, N., Miller, G. F., Ryan, J. N., Harvey, R. W., & Elimelech, M.
(2004). Transport of cryptosporidium oocysts in porous media: Role
of straining and physicochemical filtration. Environmental Science &
Technology, 38(22), 5932-5938. https://doi.org/10.1021/es049789u

Tumwet, F. C., Serbe, R., Kleint, T., & Scheytt, T. (2022). Effect
of fragmentation on the transport of polyvinyl chloride and low-
density polyethylene in saturated quartz sand. Science of the Total
Environment, 836, 155657. https://doi.org/10.1016/j.scitotenv.2022.
155657

Turner, A. (2021). Paint particles in the marine environment: An over-
looked component of microplastics. Water Research X, 12, 100110.
https://doi.org/10.1016/j.wroa.2021.100110

Waldschldger, K., & Schiittrumpf, H. (2020). Infiltration behavior of
microplastic particles with different densities, sizes, and shapes—
From glass spheres to natural sediments. Environmental Science
& Technology, 54(15), 9366-9373. https://doi.org/10.1021/acs.est.
0c01722

Walley, S. M., Field, J. E., & Tabor, D. (1987). The erosion and
deformation of polyethylene by solid-particle impact. Philosophical
Transactions of the Royal Society A, Mathematical, Physical and
Engineering Sciences, 321(1558), 277-303. https://doi.org/10.1098/
rsta.1987.0016

Werbowski, L. M., Gilbreath, A. N., Munno, K., Zhu, X., Grbic, J., Wu,
T., Sutton, R., Sedlak, M. D., Deshpande, A. D., & Rochman, C. M.
(2021). Urban stormwater runoff: A major pathway for anthropogenic
particles, black rubbery fragments, and other types of microplastics to
urban receiving waters. ACS EST Water, 1(6), 1420-1428. https://doi.
org/10.1021/acsestwater.1c00017

Wu, P., Huang, J., Zheng, Y., Yang, Y., Zhang, Y., He, F., Chen, H., Quan,
G., Yan, J,, Li, T., & Gao, B. (2019). Environmental occurrences,

fate, and impacts of microplastics. Ecotoxicology and Environmental
Safety, 184, 109612. https://doi.org/10.1016/j.ecoenv.2019.109612

Wu, T., Yang, Z., Hu, R., Chen, Y.-F., Zhong, H., Yang, L., & Jin, W.
(2021). Film entrainment and microplastic particles retention dur-
ing gas invasion in suspension-filled microchannels. Water Research,
194, 116919. https://doi.org/10.1016/j.watres.2021.116919

Xu, S., Liao, Q., & Saiers, J. E. (2008). Straining of nonspherical colloids
in saturated porous media. Environmental Science & Technology,
42(3), 771-778. https://doi.org/10.1021/es071328w

Zhao, W., Jiang, J., Liu, M., Tu, T., Wang, L., & Zhang, S. (2024).
Exploring correlations between microplastics, microorganisms, and
water quality in an urban drinking water source. Ecotoxicology and
Environmental Safety, 275, 116249. https://doi.org/10.1016/j.ecoenv.
2024.116249

Zhuang, J., Qi, J.,, & Jin, Y. (2005). Retention and transport of
amphiphilic colloids under unsaturated flow conditions: Effect of par-
ticle size and surface property. Environmental Science & Technology,
39(20), 7853-7859. https://doi.org/10.1021/es050265j

SUPPORTING INFORMATION
Additional supporting information can be found online in the
Supporting Information section at the end of this article.

How to cite this article: Ameen, A., Stevenson, M.
E., Kirschner, A. K. T., Jakwerth, S., Derx, J., &
Blaschke, A. P. (2024). Fate and transport of
fragmented and spherical microplastics in saturated
gravel and quartz sand. Journal of Environmental
Quality, 53, 727-T42.
https://doi.org/10.1002/jeq2.20618

BSUB01T SUOWILIOD SAIE81D 3|qed!jdde au) Aq pauenob ke sappiie WO ‘88 JO s3I 10} Arelq 1 aul|uo 8|1 UO (SUOIIPLOD-PUE-SWLBIW0D AB 1M ALeIq 1 UO//SANY) SUONIPUOD PUB SULB L U1 39S *[9202/y0/9T] U ARiqiauliuo A8|iIm eLisnyeueIio0D Ad 81902 Zbsl/200T 0T/10p/wiod Ao |imAseiq 1 putjuo ssasde//sdiy WOy papeo|umod ‘G ‘Y202 ‘LESELEST


https://doi.org/10.1021/es034049r
https://doi.org/10.1021/es049789u
https://doi.org/10.1016/j.scitotenv.2022.155657
https://doi.org/10.1016/j.scitotenv.2022.155657
https://doi.org/10.1016/j.wroa.2021.100110
https://doi.org/10.1021/acs.est.0c01722
https://doi.org/10.1021/acs.est.0c01722
https://doi.org/10.1098/rsta.1987.0016
https://doi.org/10.1098/rsta.1987.0016
https://doi.org/10.1021/acsestwater.1c00017
https://doi.org/10.1021/acsestwater.1c00017
https://doi.org/10.1016/j.ecoenv.2019.109612
https://doi.org/10.1016/j.watres.2021.116919
https://doi.org/10.1021/es071328w
https://doi.org/10.1016/j.ecoenv.2024.116249
https://doi.org/10.1016/j.ecoenv.2024.116249
https://doi.org/10.1021/es050265j
https://doi.org/10.1002/jeq2.20618

	Fate and transport of fragmented and spherical microplastics in saturated gravel and quartz sand
	Abstract
	Plain Language Summary
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Preparation of microplastics
	2.2 | Properties of influent water
	2.3 | Tracer preparation and analysis
	2.4 | Porous media
	2.5 | Column experiments
	2.6 | Microplastic enumeration

	3 | THEORETICAL CONSIDERATIONS
	3.1 | Filtration efficiency
	3.2 | Transport modeling

	4 | RESULTS
	4.1 | Microplastic fragmentation
	4.2 | Microplastic transport in natural gravel and quartz sand
	4.3 | Effect of particle shape on microplastic transport
	4.4 | Filtration efficiency of microplastics

	5 | DISCUSSION
	5.1 | Role of different aquifer materials in microplastic transport
	5.2 | Microplastic shape affects its environmental fate and transport
	5.3 | Microplastic response to filtration mechanisms
	5.4 | Implications for groundwater management

	6 | CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


