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ARTICLE INFO ABSTRACT
Editor: Thomas Kevin V The occurrence and persistence of microplastics (MPs) in natural environments are of increasing concern. Along

with this, the transport of MPs in sediments has been investigated mainly focusing on the effect of plastic size and
Keywords: shape, media size effect, and solution chemistry. Yet, the influence of particle density is only partially under-
Micr‘?PlaStiCS stood. Therefore, column experiments on the transport of variably buoyant MPs in saturated natural sediments
?::;;t};n and glass beads were conducted, and transport parameters were quantified using a two-site kinetic transport
Se dimints model with a depth-dependent blocking function (the amount of retained MPs does not decrease at a constant
Glass beads rate with increasing depth, the majority of MPs were retained near the column inlet). Neutral, sinking, and
HYDRUS 1D buoyant MPs within the same size range were selected, with stable water isotope applied as conservative tracer to

explore water and MP movement in the tested sediments. The results showed that 95.5 &+ 1.4% of sinking MPs
remained in columns packed with gravel, followed by buoyant and neutral MPs, thus indicating that particle
density does affect MP mobility. Similar recovered amounts of MPs were found in columns packed with glass
beads, indicating that tested sediment types do not affect the deposition behavior of MPs. The breakthrough
curves of MPs were accurately described by the selected model. However, the simulated retention profiles
overestimated the observed MP amount in layers closest to the column inlet. The coupled experimental and
modeled results suggest an enhanced retention of sinking MPs, while neutrally and buoyant MPs exhibit a higher
mobility in comparison. Thus, neutral or buoyant MPs can potentially pose a higher contamination risk to
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subsurface porous media environments compared to sinking MPs. Discrepancies between observed and simulated
retention profiles indicate that future model development is needed for advancing the MP deposition as affected

by particle density.

1. Introduction

Microplastics (MPs), plastic sizes smaller than 5 mm (Thompson
et al., 2004) have been found in soils (Hu et al., 2021; Liu et al., 2018)
and groundwater bodies with different concentrations (Mintenig et al.,
2019; Mu et al., 2022; Samandra et al., 2022), and they can be trans-
located to other environmental compartments due to water flow (Park
et al., 2023) or soil invertebrates (Zhao et al., 2022a, 2022b). To assess
the potential leaching risk of MPs to groundwater, it is essential to un-
derstand the transport fate and mechanism of MP. The current literature
provides contrasting evidence on the migration of MPs towards deeper
soil horizons, with some studies emphasizing limited downward trans-
port due to the combined effect of sorption and blocking processes in the
unsaturated zone (Fei et al., 2023; Rong et al., 2023), and others
reporting detectable MPs concentrations in deep soils (Hu et al., 2021;
Weber and Opp, 2020). Simultaneously, multiple studies focusing on
column experiments have examined the factors influencing the MPs’
mobility in porous media, specifically, plastic size (Bradford et al., 2002;
Chrysikopoulos and Katzourakis, 2015; Han et al., 2022; Leij and
Bradford, 2013; Li et al., 2024), shape (Ma et al., 2011; Salerno et al.,
2006; Waldschlager and Schiittrumpf, 2020), polymer type (Fei et al.,
2022; Ren et al., 2021), solution chemistry (Bennacer et al., 2017; Zhao
etal., 2022a, 2022b), input concentration (Bradford and Bettahar, 2006;
Zhang et al., 2023), and grain size (Bradford et al., 2005; Li et al., 2024).
However, the impact of plastic density on MP mobility remains largely
unexplored. Additionally, plastic density has been discussed as the most
decisive parameter that control the terminal settling velocities, which
increased with increasing particle density (Ahmadi et al., 2022).
Therefore, it can be hypothesized that higher sinking rates are expected
for denser MPs, resulting in fast vertical transport velocities in porous
media.

Previous studies have mainly focused on comparing the transport of
MPs and other denser particles. For example, experiments conducted by
Sharma et al. (2008), using hydrophilic polystyrene (PS) MPs (1.05 g
cm’3), silica (2 g cm’3), and hematite (5.26 g cm’3), showed that
heavier particles exhibit higher attachment coefficients compared to
lighter PS MPs. Liu et al. (2019) reported flow rate and density-
dependent deposition of particles, particularly, dense glass particles
(2.65g cm™2) deposited more under low flow rates (20 pL min~1) than
under high flow rates (60 pL min’l). In contrast, the deposition of light
PS MPs (1.05 g cm %) increased with increasing flow rate, suggesting
that high Reynolds number enhanced the blocking efficiency. It was also
reported that large flow rates can increase the mobility of MPs by
reducing gravitational sedimentation (Yiantsios and Karabelas, 2003).
This was further confirmed by Chen and Bai (2012), who reported a
strong impact of gravity under low flow velocity. Conversely, experi-
mental data from Waldschlager and Schiittrumpf (2020) showed that
density did not play a significant role in determining the maximum
infiltration depth of fiber fragments in columns packed with glass beads,
despite the fact that tested fibers and fragments were of different poly-
mer types but same dimension (0.5 x 5 mm, 1-2 mm for fiber and
fragment, respectively); worth emphasizing that mechanisms driving
the mobility of buoyant and sinking MPs are still not clear.

Classic colloid filtration theory (CFT) has been applied to model the
transport of colloids in porous media (Harvey and Garabedian, 1991;
Schijven et al., 2003). The CFT model assumes a constant attachment
rate of particles, resulting in monotonic retention profiles, where the
amount of retained particles decreases exponentially with increasing
depth (Logan et al., 1995). However, discrepancies between experi-
mental and simulated results with CFT have been reported for MPs

(Johnson et al., 2018; Tufenkji and Elimelech, 2004). Surface hetero-
geneity of porous media (Johnson and Elimelech, 1995), and colloid
properties (Li et al., 2004) have been discussed to contribute to this
deviation. Besides, particle retention profiles tend to be hyper-
exponential (Li et al., 2004); in this case, the model with a blocking
function was suggested to better describe the transport behavior of MPs/
NPs (Bradford et al., 2002, 2003). The blocking function demonstrates
that the retention of MPs is depth-dependent, and particles were
retained irreversibly within porous media due to size exclusion, with the
rate of particle retention decreasing with increasing migration distance
(Bradford et al., 2002; Li et al., 2004). This refers to straining, a physical
process, and the possibility of straining can be determined by the
particle-to-grain size ratio, which shares similarities with filtration
related to the retention process of particles (Bradford et al., 2006).
However, the straining only occurs within the grain-grain contact re-
gion, thus involving only a small fraction of pore space (Bradford et al.,
2006). Particles cannot travel through when their size exceeds the
critical value. Different critical values were suggested in different
studies, i.e., 0.002 defined by Bradford et al. (2003), 0.005 by Bradford
etal. (2004), and 0.18 by Gerba and Keswick (1981). Thus, a model with
straining was recommended to fit the transport behavior of MPs/NPs
(Bradford et al., 2004). It was shown that the two-site transport model
with a blocking function describes two independent deposition fates of
particles, and it does not decrease exponentially with increasing
migration distance. This was tested in a previous work to successfully fit
the breakthrough curves and retention profiles for relatively larger MPs
(> 20 pm) (Li et al., 2024). However, the two-site transport model has
not been examined to simulate the transport of MPs in terms of particle
density effect, thus the goodness of the current model fit still needs to be
tested.

Previous findings clearly identified the need to further examine the
density effects on MP transport in porous media and to test numerical
models to predict the fate of MPs with different densities in the envi-
ronment. Therefore, the objective of this study is to investigate,
compare, and quantify the transport of MPs with different densities in
porous media. To achieve the objective, observations from laboratory
experiments on the mobility of different MPs in saturated artificial and
natural porous media were combined with the mechanistic model
HYDRUS-1D. First, a tracer solution and PE microspheres (27-35 pm) of
different densities i.e., 0.995,1.0,and 1.12 g cm’s, hereafter referred to
as buoyant, neutral, and sinking MPs to the water density of 1.0 g cm ™3,
respectively - were injected into columns packed with glass beads and
natural sediments. Then, tracer and MPs concentrations in the effluent,
as well as MPs concentrations in the porous media (retention profile,
RPs), were used to calibrate the advection-dispersion equation coupled
with two-site sorption kinetics with first-order attachment-detachment
coefficients and depth-dependent blocking function. Finally, experi-
mental and modeling results were discussed to identify mechanisms
regulating the migration of buoyant, neutral, and sinking MPs in arti-
ficial and natural porous media. The findings in this study will provide
insights into the effect of plastic density on MP mobility in different
porous media.

2. Methodology
2.1. Microplastics
Fluorescent PE microspheres (27-35 pm) of different densities

(Table 1) were obtained from Cospheric LLC (Santa Barbara, CA, USA).
The density of MPs and the mass of individual MP were provided by the
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supplier (buoyant MPs, 0.995 cm™>; neutral MP, 1.0 g cm™>; sinking
MPs, 1.12 g em ™). Fourier-transform infrared spectroscopy (FTIR) was
applied to verify the polymer type of tested MPs (Li et al., 2024). MPs
have a negative surface charge, and the zeta potential was measured
with a Zetasizer (Nano-ZW, Malvern Panalytical). Tween 20 (Sigma-
Aldrich) was employed to prepare well-dispersed MP suspension for
uniform distribution required for injection into the column, with 2 mg
MPs of each density mixed and vortexed with 2 mL 0.1% Tween 20. The
same concentration and amount of surfactant to avoid MP aggregates
and the difference between the set-ups related to the surfactant only in
all column experiments. The presence of cationic and anionic surfactants
could affect the transport behaviors of particles in porous media (Jarvie
et al., 2009; Jiang et al., 2021); however, it needs to be added to avoid
other aggregation. Due to the strong hydrophobicity of applied PE MPs
in this work, the application of surfactant could improve the suspend-
ability and avoid undesirable particle size effects caused by aggregation.
Unlike other ionic surfactants, Tween 20 is an uncharged surfactant,
which does not affect the surface charge of MPs (Jarvie et al., 2009), and
it has been widely used in food, pharmaceutical, and cosmetic industries
(Kralova and Sjoblom, 2009), with its occurrence in the natural envi-
ronment has been reported (Olkowska et al., 2011). Therefore, MP
transport in natural compartments with the presence of surfactant can
be expected. Due to the challenges in representative soil sampling (Yu
and Flury, 2021) and analytic methods (Blasing and Amelung, 2018),
heterogeneous MP concentration in soil has been reported (Biiks and
Kaupenjohann, 2020); the concentration of MPs was 0.01-55.5 mg kg ™!
in Swiss floodplain soil (Scheurer and Bigalke, 2018), and up to
500-67,500 mg kg~! in an industrial area located in Australia (Fuller
and Gautam, 2016). Hence, environmentally relevant, low concentra-
tions of MPs were applied in this work, which is 0.00125% (w:w, 12.5
mg kg™1) for MPs of different densities.

2.2. Porous media

Gravel (2-4 mm) was obtained by sieving the sediments collected
from a gravel pit located in Bruckmiihl (Germany). Sediments were air-
dried with debris removed, and then further sieved into the desired
fraction without additional purification. Uniform soda-lime glass beads
with a diameter of 3 mm were purchased from Avantor®.

2.3. Column experiment
Column experiments were conducted in duplicate. The protocol

applied in this study is similar to what was reported in Li et al. (2024).
The diagram of the experiments set up was provided in Supporting

Table 1
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Information SI Fig. S1. Briefly, porous media were introduced into the
column (inner diameter, 5 cm) to a height of 5 cm under saturated
conditions, with a tube connected between the column bottom and sy-
ringe to maintain the water level above the porous media during the
packing process. To avoid trapped air bubbles and layering, a stainless-
steel spoon was used to mix after filling the column to an increased
height of 1 cm. The porosity (0.39) was the same for all columns with
different treatments. Packed columns were then equilibrated to steady-
state flow conditions by pumping tap water overnight with a constant
flow rate (1 mL min ).

Deuterated water was applied as a conservative tracer to characterize
the hydro-dispersive properties of porous media. Two milliliters of
tracer solution were pulse-injected into the column, followed by tap
water pumped into the column in the downward direction for 120 min.
A fraction collector equipped with 25 mL glass vials was used to collect
the effluent every 3 min. A total of 40 effluent samples were collected
from each column and then analyzed for §°H with Cavity Ring-Down
Isotope Spectrophotometer (Picarro L2130-i) with a precision of +1
%o. Relative deuterium value (in delta) was converted to mg L' (Becker
and Coplen, 2001).

After the tracer experiments were completed, MP suspension was
added to the column surface with a glass pipette, and the effluent was
collected every 10 min. Effluent samples were filtrated directly with
regenerated cellulose filters (47 mm diameter, 0.45 pm pore size) by a
vacuum pump. The packed column was then sacrificed by transferring
every 1 cm porous media into 400 mL beakers, to obtain the spatial
distribution of MPs retained in the porous materials. Density separation
(saturated sodium chloride NaCl solution) was selected for extracting
MPs from gravel and glass beads, and the collected supernatant was then
filtrated. Considering the detection limits of other instruments (e.g.
UV-Vis spectrophotometer, particle counter) and low input concentra-
tion applied in this work, all filtrated samples were quantified with
confocal microscopy (SP8, Leica). The number of MP per sample was
obtained from microscopy scanning and ImageJ software counting.
Fluorescent MPs of different densities with different dyes, hence it can
be differentiated by applying different fluorescent cubes during micro-
scopy scanning, as shown in SI Fig. S2. Based on the table (particle mass
to particle number calculation) provided by the supplier, particle
number concentration (particle mL’l) was converted to mass concen-
tration (mg mL~!) with the sample volume known. This could ensure
precise detection of MP concentration though under low concentration
(SI Fig. $2).

Properties of microplastics and sediments packed into the columns (bulk density, 1.625 g cm™3; flow rate 0.05 cm min~}; saturated water content, 0.39 and summary of
mass balance information in all column experiments. (dso = median grain size of porous media, o;, = the dispersivity from conservative tracer experiment, Mg =
recovered microplastics mass from effluent, Mg = recovered microplastics mass from porous media, Mt = total recovered microplastics mass).

MPs Input concentration

Particle Particle Zeta
Experiment Porous dso size density potential Mass  Concentration Particle Mg Ms Mz
set media number
(mm) (pm) (gem™) (mV) (mg) mg mL~! - % % %
86.34 + 9233 +
27-35 0.995 -19.3 2 1 149,535 6.0 +1.10 0.74 1.84
Density 22.89 + 72.94 + 95.82 +
impact Gravel 3 27-32 1 -10.3 2 1 148,787 4.34 2.04 798
0.09 + 95.51 + 95.60 +
27-32 1.12 -9.07 2 1 132,846 0.012 1.43 1.44
86.91 + 92.01 +
27-35 0.995 -19.3 2 1 149,535 5.1 £0.47 0.14 0.61
Density 20.09 + 76.38 + 96.47 +
impact Glass beads 3 27-32 1 -10.3 2 1 148,787 0.31 0.76 1.07
27-32 1.12 —9.07 2 1 132,846 012+ 9386 & 9399 &

0.006 2.8 2.81
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2.4. Modeling theory

2.4.1. Tracer transport

The tracer transport was described by the one-dimensional (1D)
advection and dispersion model (ADE):
oc_ oC _dC

- Vax + DLﬁ (@D)]
where C is the tracer concentration in the liquid phase [ML’B], t is time
[T1], v is the pore water velocity [LT’l], v = q/n (q is darcy velocity, g =
Q/A (A is the cross area), n is the effective porosity), x is the flow length
[L], which is 5 cm in this work, and Dy, is the longitudinal dispersion
coefficient [LZT_l], defined as follows:

DL =ary (2)
where ¢ is the dispersivity [L]. The effect of the molecular diffusion is
considered negligible (Gramling et al., 2002). Here, stead-state flow

condition with constant water content and water flux was assumed, the
analytic solution for Eq. (1) is as follows (Wang et al., 2000):

2
-9
- 3)

t
apL

ol P —

Qto 3
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where tp is the mean transit time (typ = x/v), P is the dispersion parameter
Pr= DLto/xz). M is the mass of injected tracer amount [M], Q is the flow
rate [L~3 T~!] The dispersivity is inversely estimated using the measured
tracer breakthrough curves from the column experiments, by mini-
mizing the root mean square error (RMSE).

exp

RMSE = 4

where P; is the predicted tracer concentration [ML’3], O, is the observed
tracer concentration [ML’B], and n is the number of observations [—].
The transport parameter values information for simulating tracer ex-
periments was provided in the SI Table S1.

2.4.2. Microplastic transport

Previous studies have shown that MPs are mostly retained on the
surface layer and the deposited amount decreases gradually (Bradford
etal., 2005; Dong et al., 2018). This transport mechanism is described by
coupling the advection-dispersion equation with two-site sorption ki-
netics with first-order attachment-detachment coefficients and depth-
dependent blocking function:

oC ~dS;  0Sy °C _oC

0% TP TPy = G(DW “Vox )
S

Py s = OKan G 6)
dS

Py, = OKaz¥C — PrKaazS: @)

4
v — (dso + X) ( 8)
d50

where 6 is the volumetric water content [L3L 3], Dy is the soil bulk
density [M L’3], S is the MPs concentration in solid phase [M M1 a
and 2 indicate the kinetic sorption site), v is the pore water velocity [L
T~ 1. K,y is the first-order attachment coefficient [T~'], Kge is the first-
order detachment coefficient [T~'], dso is the median diameter of sed-
iments [L], g is the empirical factor that controls the shape of the MPs

Science of the Total Environment 935 (2024) 173429

Retention Profiles (RPs) [—], which is set as 0.432 (Bradford et al.,
2003). ¥ modulates the MP blocking in the porous medium [—]. The
deposition in the first kinetic site is assumed to be irreversible with K,
= 0. For the second site, reversible deposition is considered with a
depth-dependent blocking function applied to control the transport
behavior of MPs (Li et al., 2024).

The finite element model HYDRUS-1D was used to solve Eq. (5), and
combined with the observed breakthrough curves and RPs to inversely
estimate the MPs transport parameters using the Levenberg-Marquardt
nonlinear least squares optimization algorithm. In particular, the dis-
persivity of the MPs, the attachment coefficient for both sites and the
detachment coefficient for the second site were optimized. The optimi-
zation algorithm minimizes the sum of squared residuals between ob-
servations and model predictions. Finally, the model fitting accuracy
was evaluated using the determination coefficient R?).

2.5. Quality assurance and control

Glass vials and beakers were well-cleaned and checked under a UV
lamp to ensure no cross-contamination. Cotton lab coats and leather
gloves were worn during the entire lab experiments, sample prepara-
tion, and analysis. A stainless-steel spoon was used to collect soil sam-
ples and glass stickers were applied to stir the samples with filtrated
NacCl solution (no applied MP found) during density separation. Density
separation was operated in a fume hood with aluminum foils employed
to cover the samples until processed to the filtration process.

An extraction recovery test was conducted to examine the applied
MP analytic methods; details can be found in SI Table S2. Briefly, a
known amount of MPs was introduced into beakers packed with gravel
or glass beads, and then followed the extraction and filtration process as
described above. The number of MPs was counted with confocal mi-
croscopy and the software ImageJ. The extraction efficiency was ob-
tained based on the number of extracted MPs compared to the spiked
MPs number. The recovery rate was 85.47 + 5.31%, 101.83 + 6.55%,
and 95.59 + 2.36% for MPs of density of 0.995 cm™>; 1.0 g cm™>; and
1.12 g em ™, respectively from gravel. In beaks spiked with glass beads,
the recovery rate was 93.40 + 1.19% (0.995 cm’e'), 95.03+4.61%(1g
em™2), and 100.21 =+ 4.52% (1.12 cm ™).

3. Results
3.1. Transport of deuterium tracer

The observed and simulated tracer breakthrough curves in columns
packed with gravel and glass beads are shown in Fig. 1 (A, B). The
concentration data were normalized to the input tracer mass to facilitate
the comparison between column experiments. The recovery of tracer is
97.95 + 2.25% and 97.91 + 3.09% in columns with gravel and glass
beads, respectively (Fig. 1B). The simulated tracer concentrations agree
with observations with a minimum RMSE value of 0.018 and 0.0013 L™?
for tracers in columns packed with gravel and glass beads, respectively,
thus suggesting a good fitting accuracy of the model. The mean transit
time for the tracer in the glass beads column (35 min) is slightly earlier
than it is in columns packed with gravel (40 min), and the observed
maximum normalized concentration of deuterium is higher in column
with glass beads (21.06 + 3.14 L™!) compared to gravel columns (16.87
+ 2.25 L™Y). This agrees with the tracer-derived dispersivity, which was
found to be smaller in the uniform glass bead columns (o, = 0.275 cm)
compared to the gravel (o, = 0.45 cm) showing a wider distribution of
pore water velocities.

3.2. Density-dependent MP transport in porous media
3.2.1. Mass balance

The MP mass recovery rate was obtained by combining MP con-
centration in effluent and porous media (Fig. 2A). As shown in Table 1,
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Fig. 1. Observed (symbols) and fitted (lines) conservative tracer (deuterium) breakthrough curves (A) and recovery rates (B) in columns packed with gravel and glass
beads. Observed and fitted breakthrough curves of tracer and MPs (27-32 pm, 1.0 g cm™>) in columns packed with gravel (G). The sampling interval was 3 min for
tracer and 10 min for microplastics. The error bars represent the standard deviation between duplicate column experiments.

more neutrally buoyant MPs (1 g cm ™3, 22.9 + 4.3%) are present in the
effluent compared to buoyant (0.995 g cm ™3, 6.0 + 1.1%) and sinking
MPs (1.12 g cm’3, 0.1 £ 0.0%). Furthermore, results show that sinking
MPs are mainly retained in the packed columns (95.5 + 1.4% in gravel).
A similar behavior was also observed in columns packed with glass
beads (Fig. 2B). Finally, it is worth mentioning that significant amounts
of all types of MPs (> 70%, Table 1) were retained in the columns even
though both MPs and porous media are negatively charged (unfavorable
attachment condition with electrostatic repulsion energy).

3.2.2. MPs breakthrough curves

The observed breakthrough curves of MPs of different densities in the
effluent indicate that MP transport is sensitive to changes in particle
density (Fig. 2 C and D). In columns packed with gravel, the peak con-
centration decreased from 12 =+ 0.54 pg mL ™! for neutral to 3.2 + 0.11
pg mL™! for buoyant, to 0.044 =+ 0.002 pg mL™! for sinking MPs. As
expected from mass balance information, similar breakthrough curves of
MPs with certain densities were observed as presented in Fig. 2D.

3.2.3. Retention profile

The observed RPs of MPs of different densities were plotted in Fig. 2
(E, F) for gravel and glass beads columns, respectively. Consistent with
mass balance information, more sinking MPs were deposited within the
packed columns, followed by buoyant and neutral MPs. Additionally,
greater mass retention of sinking MPs was observed near the column
inlet compared to neutrally and buoyant MPs, then decreasing with
depth to a more constant concentration. For all MPs, the majority of the
input MPs remained in the first 2 cm of packed columns. The amounts of
deposited MPs then decreased gradually or more or less constant with

increasing travel distance. The MP (1 g cm’3) concentration in columns
packed with porous media changed from 3.43E-06 + 2.04E-07 at 3 cm,
to 3.29E-06 + 1.16E-07 at 4 cm and 2.90E-06 + 1.42E-08 at 5 cm.
Similar trends were observed for MPs of different densities in different
porous media. The detected concentration of MPs of different densities
within columns packed with different porous media can be found in SI
Table S3.

3.3. Modeling results

The two-site kinetic transport model with a depth-dependent
blocking function (Bradford et al., 2002; Li et al., 2024) was employed
to simulate the breakthrough curves and retention profiles (Fig. 2C-F).
The value of simulated dispersivity for MPs in different porous media is
listed in Table 2. The resulting dispersivity is similar for MPs of specific
density in columns packed with gravel and glass beads, except for
sinking MPs. The fitted Ky and Kge were different for the tested MPs
(Fig. 3, Table 2). The Kg is associated with the experimental results,
neutral MPs with the lowest K7 (0.05 & 0.0017 min~ 1) value indicate
that neutral MPs are most mobile in comparison with 0.095 + 0.0019
min~! for buoyant MPs and 0.25 + 0.0057 min " for sinking MPs. K2
for MPs of different densities follow the same order (sinking > buoyant
> neutral MPs) in columns packed with gravel and glass beads. Addi-
tionally, both attachment coefficients (Kqy; and Kgyz) had the same
order of magnitude (Table 2) with Kg; (irreversible attachment) being
slightly greater than the reversible attachment (Kg2) except for the
sinking MPs. Furthermore, the fitted K47 values were similar in gravel
and glass bead columns for MPs with a specific density. Interestingly, the
detachment coefficient Kge for the sinking MPs was high, though wide
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Fig. 2. Recovered microplastic mass in effluent and solid phase in saturated columns packed with gravel (a) and glass beads (b). Observed (noted as Obs, symbols)
and fitted (noted as Fit, curves) MP breakthrough curves (c, d) and retention profiles (e, f) of MPs in different densities. Note the unit of MP (1.12 g cm 3, in blue)
concentration changed from mg mL~! to pg mL~! within the subgraph of (C) and (D).

confidence intervals suggest high uncertainty in the estimation of this
parameter (Fig. 3B, Table 2).

4. Discussion
4.1. Transport of tracer and MPs

The peak of neutral MPs (1.0 g cm™3) arrived earlier compared to the
conservative tracer mainly for the experiments using gravel (Fig. 1C),
which is consistent with previous studies due to size exclusion (Bradford
et al., 2002; Li et al., 2024). As suggested by earlier findings (Bradford
et al., 2002; Keller et al., 2004), the tracer and colloids might follow
different flow paths. Therefore, we followed the recommendations by
Chrysikopoulos and Katzourakis (2015) and fitted MP-specific dis-
persity. Indeed, the resulting dispersivity is different for MPs (0.06-0.20
cm) and tracer (0.45 cm) in the gravel sediment. This can be explained
by the fact that the tracer flows through the entire pore system
(including also diffusion), thus exhibiting a larger dispersivity compared

to MPs, which follow only those flow paths through larger pores and are
excluded from smaller pores due to MPs’ size (Niehren and Kinzelbach,
1998; Sirivithayapakorn and Keller, 2003). This effect is less pro-
nounced in the glass beads with more uniform pore size distributions
resulting in slightly different dispersivities for MPs (0.17-0.33 cm) and
tracer (0.275 cm). Conversely, larger dispersivity of suspended silt
particles (2-30 pm) was observed compared to conservative tracer
(fluorescein) by Ahfir et al. (2007). This inconsistent finding might be
attributed to the larger size distribution of the suspended silt particles.

Compared to the high recovery of the tracer (97.95 + 2.25%), fewer
MPs (22.89 + 4.34%) were recovered, which can be explained by
different retention mechanisms within the porous sediments. This again
suggests that the tracer and MPs were not transported in the same flow
path, supporting the choice of fitting a MP specific dispersivity from the
observed experimental results.
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Table 2
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Summary of results from HYDRUS-1D simulations using a two-site kinetic transport model with a depth-dependent blocking model (first site: attachment, second site:
attachment-detachment with depth-dependent blocking function; Kq ; and Kg » represent the attachment coefficient in the first and second kinetic sites. K 2 is the
detachment coefficient in the second sites; S.E.Coeff is the standard error coefficient for the estimated parameters).

First site Second site
Density  Dispersivity S.E. Ko 1 95 % Confidence Kot 2 95 % Confidence Keet 2 95 % Confidence R
Coeff S.E. limits S.E. limits S.E. limits
e Coeff Coeff Coeff
g cm ™3 min min~! Lower Upper min~ Lower Upper min~ Lower Upper
0.995 2.01E-01 4.15E- 9.55E- 1.85E- 9.15E- 9.95E- 5.89E- 8.69E- 4.02E- 7.75E- 8.39E- 2.08E- 4.02E- 7.75E-  0.99707
03 02 03 02 02 02 03 02 02 02 02 02 02
1 1.99E-01 9.80E- 5.07E- 1.73E- 4.70E- 5.44E- 3.96E- 5.82E- 2.71E- 5.21E- 5.50E- 1.60E- 2.08E- 8.92E-  0.99218
03 02 03 02 02 02 03 02 02 02 02 02 02
1.12 5.90E-02 1.18E- 2.47E- 5.72E- 2.34E- 2.59E- 5.43E- 2.11E- 8.96E- 9.97E- 3.33E- 1.40E- 3.32E- 6.33E-  0.87448
02 01 03 01 01 01 01 02 01 01 01 02 01
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Density  Dispersivity S.E. Ko 1 95 % Confidence Ko 2 95 % Confidence Kier 2 95 % Confidence R?
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Fig. 3. Fitted Ky (A) and Ky, (B) with two-site sorption kinetics with first-order attachment-detachment coefficients and depth-dependent blocking function for
MPs of different densities flowing through columns packed with gravel and glass beads. K,,; represents the attachment coefficient in the first kinetic site, and Kge,
represents the detachment coefficient. Note different Y-axis scales in Panel (A) and Panel (B).

4.2. Transport of MPs in natural sediments and uniform glass beads

The high mass recoveries of MPs (Fig. 2A, B) indicate that applied
measurement and analytic methods were reliable. The small difference
between results from duplicated columns can be a reason for the packing
difference. A similar amount of retained MP mass in columns packed
with gravel and glass beads suggests that surface properties (e.g.,
roughness) do not significantly influence the transport of MPs in this
work. This agrees with results from an earlier studies showing that
surface roughness heterogeneity cannot explicitly account for MP
retention in the presence of energy barrier (Pazmino et al., 2014). This is
further supported by previous findings that reported similar break-
through curves of PS microspheres in quartz sand and glass beads at 0.01
and 0.001 M (molarity, moles L’l) (Shen et al., 2011). Surface rough-
ness plays a significant role only at high ionic strength conditions (Shen
et al., 2011), which is not the case for this work, as the experiment was
conducted at low ionic strength applying tap water. The equivalent
breakthrough curves of MPs of certain densities (Fig. 2C, D) further

support that the surface roughness of porous media did not obviously
influence the transport of MPs under tested conditions. However, these
findings are different from those from Tong and Johnson (2006), who
observed higher collision efficiency of PS MPs in quartz sand compared
to that in glass beads under favorable attachment conditions (both MPs
and porous media were oppositely charged). These different findings
further suggest that other, unknown factors might impact the fate and
deposition of MP in different porous media.

The recovered mass of sinking MPs at the first 1 cm in gravel is
slightly more than it is in glass beads, and the form of the retention
profiles was more clearly of hyper-exponential shape. This result can be
explained by a rougher surface of natural sediments, which reduce the
mobility of MPs with potentially increased interactions between MPs
and porous media (Shen et al., 2011). However, a comparable total mass
of remaining MPs was observed in columns packed with glass beads and
gravel, indicating that surface roughness does not play a main role in
determining MP mobility in this work.
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4.3. Transport of MPs of different densities

Particle density affected the transport behavior of MPs in saturated
porous media. In particular, the mobility of MPs followed the order of
particle density 1.0 g em ™3 > 0.995 g cm > > 1.12 g em ™2 in all columns
(Fig. 2B, C). Therefore, the assumption that higher mobility of high-
density MPs in porous media systems due to higher settling rates in
aquatic environment does actually not hold true. Buoyant forces influ-
enced the transport of buoyant MPs (0.995 g cm ™) by acting against the
downward movement of MPs in saturated media. This is further sup-
ported by the lower amount of buoyant MPs leached from the columns
than neutral MPs (1.0 g cm™3). Conversely, sinking MPs (1.12 g cm™~>)
have higher settling velocities based on Stokes’ law, thus enhancing
retention with increased contact possibility (gravitational sedimenta-
tion) within the porous media in the columns. This agrees with a pre-
vious modeling study, in which Polyethylene terephthalate (PET) MPs
with high density were more likely to deposit in riverine systems (Lu
et al., 2023). Field observations conducted by Soltani et al. (2022) also
found that PET MPs were the dominant polymer type retained in sedi-
ment samples. However, this differs from what Lin et al. (2018)
observed, that light PE and polypropylene (PP) MPs were the dominant
polymer types found in the water and sediment samples. This might be
explained by the selected density separation solution with density
around 1.2 g cm 3, which then eliminated the detection possibility of
dense MPs (PET, Polyvinyl chloride PVC and etc.).

In addition to particle density, flow velocity has been discussed as an
influencing factor in MP transport patterns (Fei et al., 2022; Torkzaban
et al., 2008). In column experiments, an increased mass of PS MPs was
recovered in the effluent when water velocity increased from 0.35 to
0.87 cm min ! (Torkzaban et al., 2008). Additionally, decreased depo-
sition efficiencies of PS MPs with increasing flow velocity under con-
ditions that electrostatic repulsion exists, have been reported in several
publications (Johnson et al., 2007; Keller et al., 2004; Tong and John-
son, 2006), implying that water flow influences MP mobility which was,
however not tested in our study as we wanted to focus on density only.
Still, more experiments would be required to systematically test the
density-impacted transport of MPs for different flow rates and in
different sediment types.

Besides, gravity has been discussed to influence the transport of
engineered nanoparticles (metal-oxide NPs), because slightly lower
peak concentrations were observed under down-flow compared to up-
flow orientation (Cai et al., 2015). However, a negligible effect of
gravity on carbon-based NPs (lighter in density, and smaller in size) was
noticed in both flow directions (Cai et al., 2015). This indicates that
gravity has a more pronounced impact on the transport of denser, larger
particles (Ma et al., 2011). In our study, gravity acted in the same di-
rection of flow, and therefore, it can be concluded that the decreased
mobility of sinking MPs (1.12 g cm ™3, 27-32 um) is mainly caused by the
gravitational sedimentation, which favors the entrapment of particles in
soil pores due to the interaction between MPs and the surface of porous
media, thus reducing the amounts of MPs transported with the water
flow. Moreover, longer residence time under a lower flow rate can also
reduce the transport of sinking MPs, which was observed by 3-4%
higher deposition rate of PS MPs with flow rate changes from 3 to 0.06
ml min~! (Chen et al., 2010). Conversely, buoyant forces act as lift force
against gravitational sedimentation, drive MPs away from collector
surface to bulk fluids, and thus reduce the entrapment of MPs in soil
pores. This can be the reason why we found that more buoyant MPs were
transported through packed columns compared to sinking MPs in our
study.

4.4. Retention of MPs of different densities
Fine particles (< 10 pm) are controlled by Brownian diffusion, van

der Waals forces, and electrostatic effects (Bennacer et al., 2017; Frey
et al., 1999), whereas sedimentation and interception contribute to the
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retention of larger particles (Bradford et al., 2003). This is consistent
with other observations from a flow chamber system where the depo-
sition of PS MPs (> 1 pm) was mainly driven by gravity (Chen and Bai,
2012) and from experiments on the deposition of PS MPs and bacteria
larger than 1 pm which were dominated by gravity, and not diffusion-
based (Chen et al., 2010). Furthermore, it was shown that sedimenta-
tion dominated the deposition of silt particles (2.65 g cm™>) under low
flow rates, and the increased hydrodynamic forces with increasing flow
rate inhibited the deposition of particles by overcoming gravity forces
(Ahfir et al., 2007). This indicates that gravity is a considerable mech-
anism for MP deposition, which should also be the case for our study;
especially under low flow rates (0.05 cm min™!) that are typical for
groundwater and used in our study. Still, we only tested one constant
flow rate in this work, and coupled effects of multiple processes in
dependence on flow rates would need to be tested in the future studies,
to identify the mechanisms of density-related retention for sinking or
buoyant MPs in porous media.

The general form of the retention profiles is consistent with previous
observations finding that a significant mass of MPs was retained in the
upper sediment layer decreasing with depth (Bradford et al., 2002).
Also, the deposition rate of micro-sized glass particles (2.4 g cm™3)
decayed with flow distance, then became constant (Yiantsios and Kar-
abelas, 1998). The determination of straining in influencing MP mobility
can be supported by looking at the ratio between particle diameter and
diameter of porous media (dp/dso) (Bradford et al., 2006). This ratio is
0.96% in our study, which is larger than the threshold value (0.2%)
defined by Bradford et al. (2003) and 0.5% suggested by (Bradford et al.,
2004). This suggests that straining is one of the main mechanisms for MP
retention due to size exclusion, which prohibits the movement of MPs by
pore sizes, thus MPs can only bypass through larger pores (Bradford
et al., 2003). Besides straining, attachment can also be an important
mechanism for the deposition of MPs; mainly in deeper layers, as a more
uniform change of retained MPs mass with depth >2 cm was observed in
our study. This is supported by previous findings of a similar magnitude
of retained MP mass in the region with constant retention (Bradford
et al., 2002).

4.5. Model limitation

Results from HYDRUS-1D indicate that the model can describe MP
effluent concentration for different densities and porous media (Fig. 2C-
F), with the tails of MP breakthrough curves well predicted. The good-
ness of model fit can be further supported by the high R? values. The Ky
value increase with particle density, indicating that the particle density
influenced the transport behavior of MPs under saturated conditions.
Kgee were higher for sinking MPs compared to others which was neces-
sary to explain the observed tailing effect of experimental data, indi-
cating a higher likelihood of detachment of sinking MPs from the
collector surface to bulk fluids. Also, the higher value of standard error
(S.E) of Kger of sinking MPs suggests that the output of the model is
insensitive to changes in Kg. Note that the same order of magnitude of
Kai and Kger was observed, which is in line with another study focusing
on PS MP mobility in different sands (Leij and Bradford, 2013). These
results suggested that the attachment of MPs on both sites approached
equilibrium as suggested by Xing et al. (2020). This differs from another
finding, that Kg is several orders of magnitude higher than Ky, (Brad-
ford and Bettahar, 2006).

The two-site kinetic transport model with a depth-dependent
blocking function provides a reasonable description of the concentra-
tion in the effluent. However, the retention profiles from the experi-
mental data did not fit with model predictions, especially for the mass of
MPs in the upper layers. The applied model overestimated the retained
mass of MPs near the column inlet. One reason might be the fact that MP
mixtures were introduced into the same column simultaneously, and
therefore, competition on deposition sites cannot be excluded. Further,
other factors like density-driven transport are not included in the model
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description, and we are not aware of any other model that does so.
Nevertheless, the two-site kinetic transport model with a depth-
dependent blocking function describes the effluent concentration of
MPs fairly well but does not satisfactorily describe MPs retention for
different densities in porous media. This indicates that more rigorous
modeling approaches are required to explore the role of particle density
on MP mobility.

4.6. Environmental implication

We have examined the fate of MPs of different densities in different
porous media and quantified processes with a transport model. The
experimental data demonstrate that particle density does affect the
transport behavior of MPs. And the higher sinking rate of denser MPs in
aquatic systems does not hold true for higher mobility in porous media
systems. Neutral MPs were more mobile compared to buoyant MPs,
which again were more mobile compared to sinking MPs. This further
suggests that (i) differently dense particles can behave differently in
porous media and (ii) MPs can change their transport behavior in porous
media if the density is altered during their lifetime. The latter has
already been shown in previous studies. For example, long-term colo-
nization by microorganisms can alter the apparent density of plastic
particles (Lobelle and Cunliffe, 2011), thus changing the distribution
pattern of MPs in environmental compartments and resulting in the
predominantly finding buoyant PE and PP polymer types in surface
water systems (Schwarz et al., 2019). Also, biofouling has been dis-
cussed to influence plastic properties (surface charge, hydrophobicity,
density), thus altering their fate in the environment (Kooi et al., 2017; Ye
and Andrady, 1991). Previous study found that the sinking rate of MPs
incorporated with phytoplankton aggregates was significantly increased
compared to free PS beads (Long et al., 2015). Another potential density-
altering mechanism is the sorption of persistent organic pollutants (e.g.,
pesticides, antibiotics) on MPs (Li et al., 2021; Rong et al., 2023; Wang
et al., 2022), which can facilitate their mobility in the environment
(Grego et al., 2022; Mistri et al., 2017; Wang et al., 2017; Yang et al.,
2021).

The density-dependent effect on the mobility of MPs could also be an
option to actually mitigate their transport distances in porous media.
Based on the observed high retention of sinking MPs in our work, the
mobility of MPs could be reduced by increasing MPs’ density. This
would be possible by identifying suitable agents that can be applied at
contaminated sites. The remediation technique would rely on using
agents that increase the density of MPs or decrease the density of the
fluid, resulting in the demobilization of MP and preventing further MP
downstream pollution in subsurface systems. Additionally, findings
from our work could provide insights into removing MPs from sewage
during wastewater treatment processes. Adequate coagulants or floc-
culants can be utilized during the primary and secondary treatment to
alter the density of MPs, hence promoting the settling of MPs. This could
reduce the risk of reintroducing MPs to other environmental compart-
ments through direct discharge or application of treated wastewater.

5. Summary and conclusion

Experimental and simulated results were presented to describe the
effect of particle density on the transport of MPs under saturated con-
ditions. Results show that density does influence the transport of MPs in
two tested sediment types. Sinking MPs are mainly retained in the
sediment, and neutral MPs were more mobile compared to sinking and
buoyant MPs under the tested flow rate, which is representative of
porous groundwater media. If these density-dependent findings change
with flow rate remain to be tested. The two-site kinetic transport model
with a depth-dependent blocking function described the observed MP
transport; particularly the effluent concentrations. However, this model
does not account for processes related to the particle density, and
therefore, discrepancies between observed and fitted RPs with the
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applied model were noticed. This emphasizes the importance of
analyzing not only MP concentrations in the effluent but also in the
sediment. Those data are required to systematically identify mecha-
nisms influencing the density-impacted retention of MPs in porous
media and to develop adequate models describing those processes and
thus the fate of MPs in porous media; not only for spheres but for any
type of MPs and by considering processes that alter the MPs’ density
during their lifetime in the environment.
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