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• Fast-settling sediment particles scavenge
slow-settling MP particles.

• The scavenging of MP by sediment in-
creases theMPpollution in sediment beds.

• In calm zones the scavenging of MP by
sediments is greater than in mixing zones.

• Water salinity does not effect the scaveng-
ing of MP by sediment particles.
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Microplastic particles (MP) are emerging pollutants ubiquitously distributed in all aquatic environments, remaining in
suspension in thewater columnor deposited in sediment beds.MP are suspended in thewater column alongwith other
particles with whom theymight interact. The current study presents the results of slow-settlingMP (Polystyrene) scav-
enged by fast-settling sediment particles. The study covers a wide range of salinities (from freshwater to saltwater) and
shear rates (from calm to mixing ecosystems). In calm regions, the scavenging by fast-settling sediment particles pro-
duces the greatest removal of MP from thewater column (42% ofMP in suspension), thus increasing theMP pollution
of sediment beds. In contrast, turbulence reduces the settling of MP and sediment particles (72 % of MP remain in sus-
pension), causing more pollution than in calm regions.
Although salinity increased the buoyancy ofMP, the scavenging by sediment has been found to overcome the increase
in buoyancy. Consequently, MP are transported to the sediment bed independently on the salinity. Therefore hotspots
of MP contamination in aquatic environments need to consider both the MP and sediment interaction and the local
mixing of the water column.
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1. Introduction

In recent decades plastic production has increased exponentially (Ostle
et al., 2019), with plastic packaging, personal care, cosmetic, and industrial
products dominating the plastics in use in our daily lives. MP subsequently
end up as emerging pollutants in rivers, wastewater treatment plants and
023
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Fig. 1. Scheme of the experimental set up: hw is the water height, S is the stroke of
the oscillating grid device, and z0 is the initial position of the grid in the vertical axis
(z). The three reactors were used simultaneously to have three different replicas of
each experimental condition.

T. Serra, J. Colomer Science of the Total Environment 884 (2023) 163720
eventually in marine aquatic systems (Li et al., 2019a; Li et al., 2019b; Mao
et al., 2020; Ostle et al., 2019; Sun et al., 2019),where theymay cause phys-
ical and chemical risk to organisms (Magester et al., 2022; Tosetto et al.,
2016). The quantity of plastic debris is greater near urban centres and
frequented beaches (Thompson et al., 2009), posing a serious problem for
freshwater, coastal and ocean environments.

Due to their density, most of the plastics remain in the top layers of the
oceanwhere wind andwaves, together with sunlight radiation, deteriorate,
break down and erode them into microscopic plastic particles (known as
MP) below 5 mm in size (Li et al., 2019a; Li et al., 2019b). MP particles
have also been found in the sediment of coastal zones ((Andradi, 2011);
Thompson, 2004) and also in deep ocean sediment (Van Cauwenberghe
et al., 2013) as well as shore and lake bottom sediment (Hengstmann
et al., 2021; Mao et al., 2020) and river sediments (Xia et al., 2021). In
both lake and sea waters, MP may form aggregates with other particles
(heteroaggregation) due to continuous mixing (Li et al., 2019a; Li et al.,
2019b), resulting in a complex particle heterointeraction, also impacting
on the vertical transport of MP and their long-term distribution. The pres-
ence of salts and surfactants can alter the surface properties of MP,
neutralising the electric double layer and leading to further aggregation
and the formation of larger aggregates (Li et al., 2019a; Li et al., 2019b;
Serra et al., 1997). Heteroaggregates of MP will be ingested by phytoplank-
ton grazers and higher trophic levels, due to their small dimensions (Long
et al., 2015; Van Cauwenberghe et al., 2013). MP can absorb heavy metals
and organic pollutants from the environment, as well as toxic chemicals
used as additives in the production process (Mao et al., 2020). Biofouling
can also impact on the transport of MP in the water column. For example,
phytoplankton cells attached to buoyant MP particles have been found to
increase the density of plastic debris (Long et al., 2015), thus increasing
the transport of MP to the bottom of the water column. For instance, the
aggregation of polyethylene particles together with organic matter,
cyanobacteria, and iron minerals, resulted in an increase in the sinking
rates of MP in a stratified reservoir (Leiser et al., 2020).

The presence of sediment particles in the water column might also en-
hance the transport of MP in the water column, through aggregation or
scavenging of small MP particles by sediments. In such cases, buoyant
and settling MP particles are prone to being transported to the bottom of
a water column due to the heteroaggregation. Recently, Leiser et al.
(Leiser et al., 2020) found buoyant polyethylene MP were incorporated
into sinking-organic aggregates, followed by deposition into sediment
freshwater ecosystems. The accumulation of MP in lakebed and seabed
sediments has been largely reported to affect benthic organisms (Bellasi
et al., 2020; Ivar do Sul and Costa, 2014). Although no effect of MP has
been found in the survival of most benthic organisms (such as, for example,
Gammarus pulex), MP have been found to impact their behavior (Redondo-
Hasslerham et al., 2018). The most spread synthetic plastics are low- and
high-density polyethylene (PE), polypropylene (PP), polyvinyl chloride
(PVC), polystyrene (PS) and polyethylene terephthalate (PET). PS is
the third MP in terms of global waste generation after PP and PE, with
17 million tonnes per year (Yuan et al., 2022). Facial and hand cleansers
containing PS microplarticles are widely used, especially in developed
countries. Since PS are not retained in wastewater treatment plants they
represent a postconsumer product entering in river and marine ecosystems
(Gregory, 1996; (Ivar do Sul and Costa, 2014)).

Considering all the above-mentioned evidence that MP accumulate in
the sediment beds of water bodies, the mechanisms that determine the
vertical transport of MP in the water column need to be better studied. In
particular, the role sediment particles play in the scavenging of MP in
calm or mixing environments and salty or freshwater environments is still
poorly understood. The persistence and transport of MP through the
water column is crucial to determine their fate and their possible impact
on natural environments. Microplastic particles are known to accumulate
in bottom sediments of continental shelfs (Thompson et al., 2004) and
also deep sediment beds in the open ocean (Van Cauwenberghe et al.,
2013). Turbidity currents are known to be important agents in transporting
microplastic particles to the seabed (Pohl et al., 2020) and some models
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predict also accumulation of MP in regions, where there is a higher concen-
tration of suspended fine sediment particles (Shiravani et al., 2023). Al-
though the scavenging of MP particles by sediments has been studied
previously in the laboratory under calm conditions (Li et al., 2019a; Li
et al., 2019b), the effect of turbulence and salinity remains unknown. In
some situations, some of the most abundant and recalcitrant MP persist in
suspension in the water column against what was expected (Erni-Cassola
et al., 2019). High concentrations of salt enhance the buoyancy of particles
and increase the amount of particles in suspension. Furthermore, high tur-
bulence levels are expected to producemore resuspension and also increase
the number of particles in suspension compared to calm zones. Therefore,
the mechanisms that contribute to transporting MP in the water column
are needed to be understood to determine the balance of MP in aquatic
systems. The aim of this study is to find the role sediment play in the
transport of MP (specifically PS microspheres) along the water column
under different environmental salinity and mixing conditions. To fulfil
this objective, the following hypothesis were tested: (1) salinity promotes
heteroaggregation between sediment andMP particles; (2) in environments
with MP only, mixing reduces the settling rates of MP, and (3) in mixing
environments, sedimentation of heteroaggregates dominates over resus-
pension, leading to greater removals of MP due to scavenging by sediment
particles.

2. Methodology

2.1. Calculation of the oscillating grid shear rate

An oscillating grid device (OGT) was used to generate a range of turbu-
lent shear rates (i.e. mixing levels). Oscillating grid devices have largely
been used to mimic turbulence in natural environments since they provide
a power decay of the turbulent kinetic energy with distance from the forc-
ing agent, in this case the grid (Serra et al., 2008). For example, Pujol
et al. (Pujol et al., 2012) used an oscillating grid to study the attenuation
of turbulence inside a submerged aquatic canopy, Serra et al. (Serra et al.,
2008) used an oscillating grid to study the aggregation of microplastic
particles and Colomer et al. (Colomer et al., 2019) used an oscillating grid
to determine the resuspension of sediment from a sediment bed. An OGT
consists of a horizontal grid shaft connected to a motor through a vertical
axis (Fig. 1). To have three replicates of the experiments, in the current
study the motor was connected to a frame holding three grid shafts. As a
result, three replicate recipients could be conducted simultaneously (Serra



Table 1
Experiments carried out in the laboratory for sediment only (Exp1 to Exp24), MP
only (Exp25 to Exp38) and MP and sediment (Exp39 to Exp53). The shear rate
(G, in s−1), the salinity (S, in‰), and the dissipation rate (ε, inWkg−1) are also pre-
sented in the table.

N° of the experiment Type of particles G (s−1) S (‰) ε × 10−5 (Wkg−1)

Exp1 Sediment 0.0 0 0
Exp2 Sediment 0.0 5 0
Exp3 Sediment 0.0 10 0
Exp4 Sediment 0.0 20 0
Exp5 Sediment 0.0 30 0
Exp6 Sediment 0.0 40 0
Exp7 Sediment 5.0 5 2.45
Exp8 Sediment 5.0 20 2.45
Exp9 Sediment 5.0 30 2.45
Exp10 Sediment 5.0 40 2.45
Exp11 Sediment 10.0 30 9.71
Exp12 Sediment 13.0 30 16.4
Exp13 Sediment 20.0 0 39.8
Exp14 Sediment 20.0 5 39.8
Exp15 Sediment 20.0 20 39.8
Exp16 Sediment 20.0 30 39.8
Exp17 Sediment 20.0 40 39.8
Exp18 Sediment 30.0 5 89.5
Exp19 Sediment 30.0 20 89.5
Exp20 Sediment 30.0 30 89.5
Exp21 Sediment 30.0 40 89.5
Exp22 Sediment 40.0 20 155.0
Exp23 Sediment 40.0 30 155.0
Exp24 Sediment 40.0 40 155.0
Exp25 MP 0.0 0 0
Exp26 MP 0.0 5 0
Exp27 MP 0.0 20 0
Exp28 MP 5.0 30 2.45
Exp29 MP 5.0 40 2.45
Exp30 MP 10.0 30 9.71
Exp31 MP 10.0 40 9.71
Exp32 MP 13.0 30 16.4
Exp33 MP 20.0 30 39.8
Exp34 MP 20.0 40 39.8
Exp35 MP 30.0 30 89.5
Exp36 MP 30.0 30 89.5
Exp37 MP 40.0 30 155.0
Exp38 MP 40.0 40 155.0
Exp39 MP+ sediment 0.0 10 0
Exp40 MP+ sediment 0.0 20 0
Exp41 MP+ sediment 0.0 30 0
Exp42 MP+ sediment 0.0 40 0
Exp43 MP+ sediment 5.0 30 2.45
Exp44 MP+ sediment 5.0 40 2.45
Exp45 MP+ sediment 10.0 30 9.71
Exp46 MP+ sediment 10.0 40 9.71
Exp47 MP+ sediment 13.0 30 16.4
Exp48 MP+ sediment 20.0 30 38.8
Exp49 MP+ sediment 20.0 40 38.8
Exp50 MP+ sediment 30.0 30 89.5
Exp51 MP+ sediment 30.0 40 89.5
Exp52 MP+ sediment 40.0 30 155.0
Exp53 MP+ sediment 40.0 40 155.0
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et al., 2019) for each experimental condition. Each recipient had a capacity
of 3.5 L, a radius of 15 cm and a height of 17 cm. To fit into each reactor,
grids were circular shaped, 14 cm in diameter and made of cylindrical
stainless steel bars (Serra et al., 2019). To avoid secondary circulation in
the recipient, the gap between the ends of the grid bars and the walls was
reduced to 5 mm, i.e., the minimum possible (Serra et al., 2008).The grid
had a mesh spacing of M = 1 cm.

In Fig. 1 a schematic view of the oscillating grid system is shown, where
the depth of the working fluid (hw = 20 cm), the distance between the top
of the recipient and the highest position of the grid (z0 = 4 cm), the
recipient diameter (w = 15 cm) and the distance coursed by the grid
(S = 4.5 cm) are shown.

The controlling motor was connected to a variable power supply
that was switched to different voltages, resulting in different oscillating
frequencies (f, in s−1). The mean shear rate along the total working depth
(G, in s−1) was calculated using the grid characteristics, the oscillating
frequency of the grid, and the height of the working fluid hw (Serra et al.,
2008) as follows:

G ¼ 1
h � z0

Zhw

z0

0:0458f
3
2z � 2 ¼ 0:0458f

3
2 hwz0ð Þ � 1 (1)

Hereafter, the mean shear rate G will be known as G. For the frequency
studied and the grid characteristics, G was found to be in the range of 0 to
40 s−1 (Table 1, supplementary material). In accordance with the equation
used by Geyer et al. (Geyer et al., 2008), the dissipation rate (ε, in W Kg−1)
can be calculated (see Table 1, supplementary material) according to:

ε ¼ G2 μ
ρ (2)

where μ was the viscosity (in Pa s) of the water and ρ the density
(in kg m−3). From the range of G, the dissipation rate ranged from 0 to
1.55 10−3 W/kg (Table 1). Arnott et al. (Arnott et al., 2021) and Peters
and Redondo (Peters and Redondo, 1997) found that the dissipation rates
(ε) in the ocean are in a range from 10−3 to 10−5W/kg, which is consistent
with the mixing levels considered in the experiments conducted.

2.2. Measurements of particle concentration

The volumetric particle size distribution of the testing sampleswasmea-
sured by a laser particle size analyser (LISST-100×, Sequoia Inc., US, see
the Supplementary Material for more details on the instrument). Both the
particle volume concentration and the particle number concentration can
be obtained by integrating over a given range of diameters. In the current
study, the range between 6 μm and 30 μm will be considered.

2.3. Preparation of the samples

All the experiments were carried out with distilled water. Experiments
were performed in 4 L glass beakers filled to 3.5 L (i.e., working volume).
To study the dynamics of particles in both freshwaters and seawaters, six sa-
linities were considered for the whole set of experiments (0‰, 5‰, 10‰,
20 ‰, 30‰, and 40 ‰). The range of salinities were obtained by simply
adding NaCl (PanReac AppliChem, Germany) with the concentration re-
quired to the beaker of distilled water and mixed with a mechanical stirrer
for 5min. To ensure a complete homogeneous dilution of theNaCl, themix-
ture of salt with water was prepared 24 h before starting the experiments.

2.4. Sediment and MP characteristics

The sediment used in this study is a synthetic sediment with ISO 12103-
1, A4 Coarse Test Dust specifications. It is made of 69–77 % of quartz
(Gmbh and Kg, Germany), 8–14 % of aluminium oxide, 2.5–5.5 % of
calcium oxide, 2–5 % of potassium oxide, 1–4 % of sodium oxide, 4–7 %
3

of iron (III) oxide, 1–2 % of magnesium oxide and 0–1 % of titanium diox-
ide. The density of sediment, as indicated by the technical specifications,
ranged between 2500 kg m−3 to 2700 kg m−3. Measurements of the Zeta
potential for sediment particles (of −8.7 mV, Malvern Zetasizer, Malvern
Panalytical, UK) indicated that they are slightly unstable andmight present
aggregation at an initial stage (Chorom and Rengasamy, 1995). In all the
experiments with sediment, 350 mg of sediment were added to the volume
of water with salinity and immediately shaken in a bottle to achieve a good
mixing of the particles, obtaining a sediment concentration of 25.03 ±
2.45 μL L−1 (Fig. 2a). Shortly after shaking the mixture, it was then intro-
duced into each of the three beakers up to the working volume and the
first water samples of 100 mL from each beaker were taken and measured
with the LISST-100× to obtain the initial particle volume distribution.
The MP used in this study are non-functionalized colloidal microspheres



Fig. 2. Scheme of the preparation of the concentrations for the different experiments conducted. a) sediment particles only, b) MP only, c) MP plus sediment.
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of polystyrene obtained from the ALPHANanotech company (Canada). Fol-
lowing the indications by the manufacturer, the Zeta potential of these par-
ticles is −18.2 mV, indicating that they are more stable than sediment
particles. These particles do not destabilize in a saltwater suspension and
therefore they do not aggregatewith themselves. Since they are Polystyrene
particles, their density is 1050 kg m−3. In all the experiments with MP, a
volume of 4 mL of MP was taken from the stock bottle and introduced
into the beaker with the previously prepared saltwater, and stirred together
to obtain a homogeneous distribution of the MP particles obtaining a con-
centration of 13.93±2.40 μL L−1 (Fig. 2b). As in the previous experiments
with sediment, a 100 mL sample from each beaker was collected and the
initial particle volume distribution was measured and then returned to
the beaker.

2.5. MP and sediment experiments

A total of 53 experiments were carried out in the study (Table 1, supple-
mentary material). These experiments encompassed six salinities (from 0 to
40 ppm) and seven shear rates (between 0 and 40 s−1) for each type of par-
ticle: sediment-only, microplastics (MP), and sediment plus microplastics
(MP + sediment). For all the experiments with MP and sediment, four
mL of MP from the stock solution were introduced and mixed into half of
the total working volume (of 1.75 L) and then 350 mg of sediment were in-
troduced andmixed in the other half of the working volume (of 1.75 L), see
Fig. 2c. After reaching a homogeneousmixture, both volumes weremerged
and mixed again. The initial particle volume distribution was also mea-
sured and returned to the beaker as had been previously done for the
other with sediment-only and MP-only experiments. Shortly after the mea-
surement, the grid was situated in the beaker, the frequency adjusted ac-
cordingly, and the experiment initiated.

2.6. Particle size distribution of sediment and MP

Measurements of the particle size distribution indicated that sediment
ranged from 10 μm to 100 μm (Fig. 3a) and that polystyrene MP particles
range from 6 μm to 30 μm, with a maximum in the particle size distribution
centred at 10 μm (Fig. 3a). The cumulative particle size distribution of
sediment and MP indicated that MP had a median of 11.15 μm (Fig. 3b)
while sediment presented a larger median of 53.5 μm (Fig. 3b), also in ac-
cordance with the technical characteristics of these particles. The median
of the sediment used in the current study is close to that observed in
suspended sediment in coastal river plumes (Pitarch et al., 2019). In their
case, d50 varied in the range 65 μm to 40 μm, decreasing with distance
from the coast. The MP particles are spherical that can be ubiquitously in
many aquatic ecosystems and in the range of sizes ingested by aquatic
4

organisms (Cole et al., 2013). In addition, polystyrene is the fourth most
commonly produced polymer and its presence in aquatic ecosystems has
been frequently reported (Hidalgo-Ruz et al., 2012; Browne et al., 2010).

2.7. Measuring technique

The grid was situated at its position at the top of the beaker and the os-
cillating movement was initiated at the frequency required for each exper-
iment. To observe the structural characteristics of the settled particles, three
microscope glass cover plates were fixed on the bottom of the beaker with
double-sized tape. Their small thickness ensured a reduced interference in
the hydrodynamics of the flow. These glass cover plates were removed at
the end of each experiment and observed using a scan electron microscope
at the University of Girona (UdG) facilities.

Each experimentwas run for 120min. During thefirst hour of the exper-
iment, a sample of 100 mL of each replicate was pipetted every 15 min and
measuredwith the LISST-100× to obtain the temporal evolution of the par-
ticle size distribution and concentration. The pipette used was cut midway
in order to reduce the effect of the water sampling (Serra et al., 2008). The
sample was measured and then carefully introduced back into the beaker
without switching off the OGT in order to maintain the same working
volume throughout the experiment. After the first hour, measurements
were taken every 30 min until the 120 min that experiments lasted. In all
the cases except for those corresponding to G= 0 s−1 (Fig. 1 of the supple-
mentary material), the steady state was reached after 90min of running the
experiment. However, for the purpose of comparison between experiments
the same t = 90 min was considered also for G = 0 s−1.

To determine the volumetric concentration of MP particles at a certain
time (c), the concentration measured by the LISST-100× for all the parti-
cles in the range of 6 μm to 30 μm was calculated. For the sediment parti-
cles, the concentration of sediment for the same range was considered as
a proxy to determine the temporal evolution of sediment particles in the
system. Likewise, the MP + sediment concentration was also calculated
for the same range. SinceMP have amuch higher concentration of particles
in this particle range than sediment, it is expected to represent the behavior
of MP. The ratio between c (the concentration at time t) and c0 (the initial
particle volume concentration) was calculated.

2.8. Theory

The rate of particle decrease in the water column (c/c0) is expected to
follow an exponential decay with time (t) according to the equation:

c
c0

¼ ekt t (3)



Fig. 3. a) Particle volume concentration versus the particle diameter for bothMP and sediment particles measured at t=0 s. b) Cumulative particle size distribution for both
MP and sediment particles obtained fromdata in the Fig. (3a). The horizontal line represents the threshold of 50%of the cumulative particle size distribution. Vertical dashed
lines represent the median of the diameter for MP (d50 = 11.15 μm) and sediment particles (d50 = 53.5 μm).
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Fig. 4. Temporal evolution of c/c0 versus t (in min) for the different suspensions of only sediment, only MP, and MP+ sediment particles. These results correspond to the
experiments carried out at G = 20 s−1 and S = 30 ‰. Vertical error bars represent the standard deviation of the measurements among the three replicas performed.
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Where kt is the total rate of decay (in s−1). In the cases where there was no
turbulence (i.e., experiments without shear, i.e., G = 0 s−1), the total rate
of decay will be kt = −ks, where ks is the sedimentation rate of decay. In
experiments with turbulence (i.e., with G ≠ 0 s−1), the total rate of
decay kt = kres-ks, where kres is the resuspension rate of decay. All the
rates of decay have units of s−1.

2.9. Quality control and quality assurance

Three replicates of each experimental case were carried out to check for
the replicability. The results presented are the average among the three rep-
licates and the standard deviationwill be considered the error carried out in
the measurement.

Experiments without salt or without shear represent the control experi-
ments that will allow comparison with other experiments conducted with
salinity and shear rate.

3. Results

The ratio c/c0 decreased gradually with time for all three types of parti-
cles, presenting an exponential decrease that reached a plateau in all the
cases studied (Fig. 4). The temporal decrease of c/c0 for sediment was faster
than that forMP. For the case ofMP+sediment, the temporal decreasewas
lower than for sediment particles, but higher than for MP particles (Fig. 4).

The ratio of the sediment concentration at the steady state (c/c0)ss in-
creased with the shear rate for all the particles studied (Fig. 5). The highest
values of (c/c0)ss were for the MP-only experiments for all the shear rates
tested. In contrast, the lowest values of (c/c0)ss corresponded to those car-
ried out with sediment only. For experiments conducted with a mixture
6

of MP and sediment, (c/c0)ss was below that of MP and above that of sedi-
ment for all the range of shear rates tested.

The ratio of the sediment concentration at the steady state (c/c0)ss in-
creased with the salinity for the case of MP. However, for the case of sedi-
ment and MP + sediment, (c/c0)ss remained nearly constant with the
salinity (Fig. 6). The ratio (c/c0)ss for MP presented the highest values com-
pared to the sediment and MP + sediment experiments. MP + sediment
presented ratios (c/c0)ss below those found for MP and above those found
for sediment.

The percentage of difference between the concentration of MP in exper-
iments with MP only and those with the combination of MP and sediment
particles (MP + sediment) has been calculated and called MP-removal (in
percentage):

MP � removal %ð Þ ¼ cMP � cMPþSEDð Þ
cMP

x100 (4)

MP-removal decreased from 40 % to 20 % as G increased from G =
0 s−1 (non-sheared) to 40 s−1 (Fig. 7a). No difference was found between
the experiments with the different salinities of 30 ‰ and 40 ‰. The re-
moval percentage decreased with G following a power trend, reaching a
plateau at G = 30 s−1 with a removal of 20 %, indicating that for
G > 30 s−1 the MP-removal percentage remained nearly constant. Photo-
graphs of the settled particles at the bottom of the reactors reveal the pres-
ence of heteroaggregates between sediment andMP particles at the bottom
of the beaker (Fig. 7b).

Following the theory mentioned in the Methodology (Section 2.7) for
the cases with G = 0 s−1, the sedimentation rate of decay, ks has been de-
termined by fitting the experimental data to the model and considering
kres = 0. For all the salinities studied, ks for MP (Fig. 8a) is three times



Fig. 5. c/c0 in the steady state, (c/c0)ss versus G for S=40‰ for the different types of suspended particles (MP, sediment, andMP+ sediment). Vertical error bars represent
the standard deviation of the measurements among the three replicas performed.

Fig. 6. c/c0 in the steady state, (c/c0)ss versus S for G = 0 (s−1) for the different
types of suspended particles (MP, sediment, and MP + sediment). Vertical error
bars represent the standard deviation of the measurements among the three
replicas performed.
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7

lower than ks for sediment (Fig. 8b). For MP, ks presents a slight decreasing
trend with salinity (Fig. 8a). In contrast, for sediment particles ks remains
constant with salinity (Fig. 8b).

Experimental results were fitted to the model for all the G, for MP and
sediment. The total rate of decay was determined and has been plotted in
Fig. 9. For both casesMP and sediment, kt< 0; indicating that ks was greater
than kres (Fig. 9). For experiments withMP, kt was smaller than that for sed-
iment. For both particle types, kt followed a linear trend with G with a
greater slope for the sediment experiments than for MP experiments.

4. Discussion

In this study, we measured the scavenging of MP by sediment particles
in calm (non-sheared) and mixing (sheared) fresh and salty water environ-
ments to investigate the effects on their removal through both sedimenta-
tion and mixing. Suspended sediment particles in the range of 6 μm
to 30 μmpresented a greater decrease in c/c0 thanMPparticles for the same
particle range, which can be attributed to the different sedimentation
rates caused by the sediment having a greater particle density
(2500–2700 kg m−3) compared to the polystyrene MP (1050 kg m−3).
For experiments with a mixture of MP and sediment, the rate of decrease
in c/c0 in the range of 6 to 30 μm is smaller than sediment only, but larger
than MP only. This result is attributed to the scavenging of MP by sediment
particles through the process of differential particle sedimentation. In this
case, fast-settling sediment particles would scavenge slow-settling MP par-
ticles during their sedimentation, i.e., increasing the transport of MP to the
bottom. The transport of MP by fast settling sediment particles was also ob-
served by Li et al. (Li et al., 2019a; Li et al., 2019b). In their work,
heteroaggregates of sediment and polystyrene MP and polyethylene MP



Fig. 7. a) Removal of MP (in %) by sediment particles versus G (in s−1) for S= 30 (‰) and S= 40 (‰). b) Images obtainedwith the scanning electron microscope (SEM) of
settled heteroaggregates of MP and sediment particles at t=120min for an experiment carried out with MP and sediment particles at a shear rate of 20 s−1: the upper panel
corresponds to an image amplified x500, and the lower panel corresponds to an image amplified ×1500.
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formed, thus increasing the transport of MP to the bottom of the water col-
umn. However, they conducted all their studies in calm conditions. In the
work here conducted, the scavenging of MP by sediment has been found
for all the experimental conditions tested, i.e., different salinities and differ-
ent shear rates. However, c/c0 increases with the shear rate, indicating that
there is particle resuspension in sheared waters compared to non-sheared
waters. Then, in environments where the fluid is calm (non-sheared), the
removal of particles from the water column is expected to be higher than
the removal of particles in turbulent (sheared) environments. For experi-
ments with MP + sediment, the ratio of c/c0 in the steady state is 0.42
for non-sheared experiments, indicating that fewer MP in suspension than
settled at the bottom of the water column are expected to be found, con-
firming the first hypothesis of the study. Likewise, in the Elbe River Scherer
Fig. 8. Sedimentation rate (ks, in s−1) versus S for G = 0 s−1 and f
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et al. (Scherer et al., 2020) found that the abundance of MP in sediments
was 600,000 times that in the water column. However, in sheared environ-
ments mixing reduces the settling of MP, with c/c0 = 0.72 for G= 40 s−1,
indicating thatMPwill remainmainly in thewater column, thus confirming
the second hypothesis of this work. Chubarenko et al. (Chubarenko et al.,
2018) also pointed the important role hydrodynamics has in the transport
of MP particles in the water column, showing that mixing in coastal areas
can produce the resuspension of deposited MP that can then be transported
to other areas by ocean currents. Scavenging has been also observed to en-
hance the transport and accumulation of heavy metals in the bottom sedi-
ments of the Nakivubo Stream (Sekabira et al., 2020), posing a potential
pollution hot spot after sediment disturbance. Balistrieri and Murray
(Balistrieri and Murray, 1984) found that the scavenging depended on the
or the two different particle types: MP in a) and sediment in b).



Fig. 9. Total rate of decrease (kt, in s−1) versus G for S = 40 (‰) and for the two different particle types: MP and sediment.
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pH and both sediment andMP concentrations. The sediment characteristics
was also found to determine the scavenging of some metals by sediment
particles (Baruah et al., 1996). Not only this, but our experiment also de-
scribes that the scavenging of MP observed in the water column may
mimic the dynamics of snowfall in the atmosphere (Abbasi et al., 2022)
with snowfall increasing the vertical transport of atmospheric MP particles
(in suspension) that are then transferred to the soil and surface waters.

The scavenging of MP was also investigated for different salinities. For
the case of MP only, the concentration of suspended particles increased
with the salinity. This was mainly attributed to the fact that these particles
becamemore buoyant in waters with high saline levels as opposed to fresh-
water environments. It must be noted that the higher water salinities stud-
ied produced waters with densities closer to those of MP (1050 kg m−3 for
MP compared to 1040 kgm−3 for the highest level of saline water studied).
Jiang et al. (2022) reported the presence of MP in the sediments of Lake
Qinghai, with regions with a high salinity presented low abundances of
MP in bottom sediments, indicating that they become more buoyant. As
such, one can expect to find a higher concentration of MP in freshwater
beds than in seabeds. In contrast to this, sediment particles presented a con-
stant concentration for the different salinities tested. Since sediment has a
much greater density than water (2500–2700 kg m−3 compared to
1040 kg m−3 for the highest salinity tested), the effect of salinity on the
buoyancy of sediment particles is expected to be negligible. The MP plus
sediment mixture showed the rate of decrease in particles remaining con-
stantwith the salinity, indicating that the rate ofMP transport to the bottom
layers depended mainly on the transport of sediment particles. Further-
more, in salt waters, the flux of MP due to the scavenging of sediment is
greater than the flux of MP in freshwaters. This is due to the fact that
MP + sediment remains constant with salinity whereas in experiments
with MP only the concentration of MP increases with salinity. This makes
evident the important role of sediment particles in clearing MP from the
water column of aquatic ecosystems.
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In all the cases tested in the current study, the total rate of decrease kt
was negative. This indicates that kres-ksed < 0, i.e., kres < ksed. Therefore,
for the range of shear rates tested, sedimentation dominates over the resus-
pension produced bymixing, thus confirming the third hypothesis outlined
here.However, kt was smaller forMP than for sediment particles, indicating
that the transport of MP to the bottom sediments was lower than that for
sediment particles. For MP, the shear rate for which kres > ksed would be
59.11 s−1. In contrast, for sediment particles, that rate would be
66.27 s−1. That is, the shear rate required to produce resuspension is
greater for sediment particles than for MP particles, aligning with the fact
that since sediment particles have a higher density and a larger mean diam-
eter than MP particles, they would require a higher shear rate to be able to
be resuspended (Roberts et al., 1998). Likewise, in calm conditions, the rate
of sedimentation of MP was lower than that of sediment particles, i.e., ksed
for sediment was three times that for MP particles.

The percentage of removal of MP in experiments withMP and sediment
was always higher than in experiments with MP alone because of sediment
scavenging MP, as observed in the photographs of the heteroaggregates
between sediment particles andMP particles settled at the bottom of the re-
actors. Polystyrene MP were actively transported to the bottom by fast-
sinking sediment. Scherer et al. (Scherer et al., 2020) found that the concen-
tration of MP in the water column was lower than their concentration in
sediments. Therefore, sediments are proven to sinkMP in the water column
to the bottom, thus aligning with the results of Scherer et al. (Scherer et al.,
2020). The percentage of MP particle removal by sediment has been deter-
mined to decrease with the shear rate. That is, the transport of MP to the
bottom of the water column in mixing environments is expected to be
lower than in calm environments. In calm environments, an extra 40 % re-
moval of MPwas found due to the presence of sediment, whereas inmixing
environments this was 20%. In this case, mixing reduced the scavenging of
MP by sediment, i.e., likewise reducing the transport ofMP to the bottom of
the water column. No difference was found for the removal of MP by
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sediment particles for experiments with different salinities. Therefore, the
particle resuspension in sheared environments has been found to be a crit-
ical parameter in the removal of MP by sediment particles in the water col-
umn, which according to Malli et al. (Malli et al., 2022) can add to other
factors such as sedimentation, biofouling, aggregation, salinity gradient
and resuspension. In addition, as pointed out by Pinheiro et al. (Pinheiro
et al., 2021), differences between plastic particle density and water density
are expected to cause buoyancy changes and determine the transport ofMP
in the water column. Likewise, Vaughan et al. (Vaughan et al., 2017) noted
that the distribution of MP particles is dependent on their buoyancy which,
in turn, is regulated by biofouling. However, since sediment particles have a
density far above the water density, when MP particles are in suspension
with sediment particles, the scavenging ofMP by sediment particleswill de-
termine their vertical transport in the water column.

Therefore, sinking sediment particles play a crucial role in increasing
the transport of MP particles in the water column and accumulating them
at the bottom sediments. Woodall et al. (Woodall et al., 2014) found that
the bottom sediments of ocean basins accumulate four times the observed
concentration in the water column. Furthermore, Pohl et al. (Pohl et al.,
2020) found that microplastics can also be transported by turbidity cur-
rents. However, the current study reveals that MP alone may remain for
longer times in the aquatic environment compared to the case where sedi-
ment particles are present, inwhich case the residence time is reduced. Low
shear rates produce a higher removal of MP from the water column, i.e., in
the absence of turbulence, high amounts of MP are easily transported to the
bottom. Likewise, Vianello et al. (Vianello et al., 2013) found that the distri-
bution of MP in bottom sediments was affected by the local hydrodynamics
of a lagoon in such a way that MP tended to accumulate in low-dynamic
areas, i.e., in the inner areas of the lagoon. The observed interaction be-
tween MP particles and suspended sediment particles can also bring clues
to understand the patterns of depositedMP in natural environments. For ex-
ample, river plumes can be a longitudinal transport mechanism for MP par-
ticles. However, the presence of suspended sediment might enhance their
transport to the bed, explaining the accumulation of small MP particles in
river mouths (Bailey et al., 2021). The current manuscript also provides in-
formation on the impact of mixing in the transport of MP in the water col-
umn in both freshwater and sea, indicating that calm regions along the
ecosystems like wetlands or river floodplains are potential hotspots for
MP accumulation ((Zhang, 2017).)

Coppock et al. (Coppock et al., 2017) found an effective portable system
to extract MP particles from marine sediments based on the flotation of
polymers. Therefore, although fine MP particles might be difficult to re-
move from the water column, MP particle deposited onto sediment might
be able to be eliminated effectively. Decontamination of microplastics in
aquatic systems needs to be addressed further in the future to find effective
technological methods to remove microplastics (Chellesamy et al., 2022).
In addition, microplastic litter controls, as well as educational and aware-
ness strategies need to be established to prevent further increases in con-
tamination (Garcés-Ordóñez et al., 2020).

5. Conclusions

The current study demonstrated the interaction between microplastic
particles and sediment particles when they are subjected to different salin-
ities and turbulence levels. Sediment particles settle faster and scavenge
microplastic particles as theymove through thewater column, thus produc-
ing additional removal of microplastic particles. In calm (non-sheared)
environments, greater scavenging of microplastic particles will hold. How-
ever, in mixing (sheared) environments, mixing will reduce sediment parti-
cle settling and so more microplastic particles will remain in suspension in
the water column. Consequently, coastal zones polluted by microplastics
and dominated by mixing processes, might represent a source of settled
microplastic particles, with more plastics than would be expected. In con-
trast, calm zones (such as the open ocean, wetlands or the centre of lakes)
polluted by microplastics are expected to be a sink of microplastics with a
higher microplastic pollution in the bottom sediments.
10
On the other hand, salinity increased the buoyancy of microplastics in
thewater column, i.e. reduced the removal ofMP.However, in experiments
where microplastics were combined with sediments, sediment particle
scavenging of microplastics overcame buoyancy, resulting in a constant
concentration of suspended microplastics for the different salinities tested.
Therefore, microplastic particles that would be expected to remain in sus-
pension with a higher concentration in saline environments were instead
transported downwards by fast-sinking sediment particles independent of
the water salinity.

Therefore, fast-sinking sediment particles need to be considered in de-
termining the flux of suspendedMP particles in both freshwater and seawa-
ter ecosystems. In turn, the scavenging of microplastics by sediment is
expected to increase the microplastic pollution of sediment beds especially
in calm environments independently of the water salinity.
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