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HIGHLIGHTS

e Mobility of MPs increased with
increased sediment size and decreased
particle size.

o Breakthrough curve and retention pro-
file are needed for understanding MPs
deposition mechanism.

e Simple attachment-detachment model
fit well for small microplastics (MPs)
(highest R?).

e Straining plays a significant role in
determining the deposition of large MPs
in fine sediments.
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GRAPHICAL ABSTRACT
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ABSTRACT

Microplastics (MPs) present in terrestrial environments show potential leaching risk to deeper soil layers and
aquifer systems, which threaten soil health and drinking water supply. However, little is known about the
environmental fate of MPs in natural sediments. To examine the MPs transport mechanisms in natural sediments,
column experiments were conducted using different natural sediments and MPs (10-150 ym) with conservative
tracer. Particle breakthrough curves (BTCs) and retention profiles (RPs) were numerically interpreted in
HYDRUS-1D using three different models to identify the most plausible deposition mechanism of MPs. Results
show that the retention efficiency for a given particle size increased with decreasing grain size, and RPs exac-
erbated their hyper-exponential shape in finer sediments. Furthermore, the amounts of MPs present in the
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effluent increased to over 85 % as MPs size decreased to 10-20 um in both gravel and coarse sand columns, while
all larger MPs (125-150 pym) were retained in the coarse sand column. The modeling results suggested that the
blocking mechanism becomes more important with increasing particle sizes. In particular, the attachment-
detachment without blocking was the most suited parameterization to interpret the movement of small MPs,
while a depth-dependent blocking approach was necessary to adequately describe the fate of larger particles.

1. Introduction

It was estimated that 12 Gt of plastic waste will end up in the envi-
ronment by 2050 [23]. Plastic debris in the environment can be broken
down and degraded into microplastics (MPs, < 5 mm) and nanoplastics
(NPs, 1-1000 nm) (Chain (CONTAM), 2016). Its occurrence in the
environment is not limited to marine systems only [14], but is of concern
for terrestrial and other aquatic ecosystems [19], too. MPs accumulated
in agriculture or found in rivers can enter groundwater bodies and affect
directly or indirectly its water quality. This is of particular concern as
groundwater is one of the most important drinking water resources
worldwide [70], requiring a solid understanding of the fate of MPs in
sediments. To date, MPs in groundwater have been detected with vari-
able concentrations within different aquifers, from < 0.7 MP/m® to 40
MP/L [42,45]. Although the particles are probably of little concern
themselves, they are potential adsorbents of pollutants, such as pesti-
cides [32], heavy metals [37], and antibiotics [62]. Furthermore, ad-
ditives incorporated in plastic can be released and impair groundwater
quality [12]. Additionally, sediments act as the major sink of MPs in the
aquatic environment. MPs accumulated in sediments can potentially
contaminate aquifer systems through leaching and surface-subsurface
interaction in the hyporheic zone [18,5]. River bank filtration has
been widely applied in managed aquifer recharge for drinking water
supply in Europe [52]. And sand filtration has been suggested as a
cost-effective approach for removing MPs from wastewater effluent [22,
4,46]. Therefore, a thorough understanding of MPs’ deposition mecha-
nism in sediments is essential to assess the environmental fate of MPs in
natural systems.

MPs/NPs have been applied as tracers to investigate the transport
behavior of colloids or bacteria [13,31,7]. It has been discussed that the
deposition of colloids in porous media is attributed to the van der Waals
force, hydrodynamic interaction, and electrical double layer [21].
Additionally, sorption of colloids was found to decrease exponentially
with depth according to the traditional attachment theory [54]. Column
experiments were conducted to examine the influence of physi-
ochemical factors (particle size, grain size, water chemistry, input con-
centration, and flow rate) on particle transport in porous media [9,7,8].
However, compared to colloids, MPs have a wide size range and many
diverse properties (polymer type, surface charge, changed properties
due to aging, etc), which potentially impact their fate in sediment, and
makes it difficult to assess their pollution risk. To date, the mobility of
MPs within natural sediment remains unclear. Current knowledge on
MPs’ transport in porous media is limited to artificial homogeneous
porous media e.g. glass beads [59] or highly purified quartz sand using
strong acid [25,26]. Experiments using acid-wash processed sand could
change the surface roughness, thus changing the deposition rate [48]. It
was reported that heterogeneous surface charge [58], surface roughness
[50,55] and collector-particle interaction [56] also play a role in
determining MP mobility. In addition, Johnson et al. [28] argued that as
the porous media (glass beads, quartz sands) was highly purified with
strong acids, this mitigates the possibility of physical-chemical interac-
tion between colloids and porous media, thus ensuring straining as the
dominant mechanism for the retention of colloids. Therefore, the
transport ability of MPs in natural sediments needs further investigation.

The sediment grain size was found to be the significant factor con-
trolling the transport behavior of MPs. Moreover, greater microsphere
mass retention was demonstrated with decreasing grain size of collector
for a given input concentration [16,25]. A similar conclusion was

reported by Ref. [26] about the mobility of polymer-coated silver
nanoplastics, where the mobility of NPs increased with increased grain
sizes of quartz sand. And this was further predicted by the colloid
filtration theory. It seems possible that these results are due to the
decreased retention locations and surface area with increasing collector
size. Contrary to this finding, no obvious impact of grain size on sodium
dodecylbenzene sulfonate dispersed single-walled nanotubes was
observed under both saturated and unsaturated conditions [53].
Therefore, this discrepancy indicates that further in-depth research
about grain size impact is still needed, to better understand the retention
process of MPs in porous media.

In addition, particle sizes were reported as another dominant factor
controlling the mobility of MPs. Column experiments were conducted to
investigate the size-dependent transport of microspheres under satu-
rated conditions [17,59,62]. Results in these studies showed increased
transport of MPs with decreasing particle size. However, RPs were
missing in previous studies [25,31,60,65], which is essential for un-
derstanding the retention mechanism and reliable environmental risk
[6]. Studies focusing on MPs movement in heterogenous porous media
remain scarce, especially with model analysis from both breakthrough
curves BTCs and retention profiles RPs [7]. Moreover, considering the
broad diversity of MPs in type and size, many of the previous studies use
either relatively small MPs (around 1 to 3 um) or large microplastics (up
to mm), despite the fact that a wide size range of existing MPs has been
found in the environment. Hence, further research is needed to get a
comprehensive understanding of the transport fate of MPs including its
retention and testing size ranges abundant in the environment.

Classical colloid filtration theory (CFT) has been widely and suc-
cessfully used to predict particle retention in porous media under
favorable conditions (particle and collector are oppositely charged)
[57]. However, there is poor agreement between observation and
simulation with CFT observed, which was conducted at low ionic
strength with repulsive interaction energy exist (unfavorable attach-
ment condition) [56]. It was pointed out that the discrepancy between
experimental observation and CFT model prediction may refer to the
lack of consideration of the straining involved in the process [30,41]. In
these cases, a two-site transport model with straining considered was
found to provide a better description of particle transport behavior [40,
71,10]. Though the particle size and grain size impact on particle
transport has been recognized, their combined impact on MPs transport
and the retention mechanism of MPs in porous media, especially in
natural sediments, has received little attention [10,11]. Without
comprehensive knowledge on MPs transport mechanism in porous
media, it’s hard to develop an appropriate model for predicting the
migration depth of MPs in sediment or soil, which then also could be a
challenge for assessing the potential leaching risk of MPs to
groundwater.

Therefore, the main aim of this study is to advance the current un-
derstanding of sediment size-dependent MPs mobility under saturated
conditions. In particular, the main objectives are: (1) to experimentally
examine the impact of particle size and grain size on polyethylene MPs
transport (PE MPs) in porous media under saturated conditions; (2) to
identify main deposition mechanisms and (3) to quantify transport pa-
rameters using different numerical flow and transport models. Small-
sized MPs (10-150 um) were applied in this study, as it was reported
as more abundant in the environment but less well-studied. Natural
sediments collected from Germany without further purification process
were used as porous media. HYDRUS-1D was used to simulate the
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observed tracer and MP concentrations in the leachate and the sediment
column testing three model concepts to identify the most plausible
transport and retention mechanism. It is important to emphasize that
only a few studies have used both, breakthrough curve and retention
profile data, in the model calibration to examine the fate and retention
mechanism of MPs in porous media. Hence, the results of this study
could improve the understanding of MPs’ transport mechanism and
provide valuable information for predicting the leaching risk of MPs in a
saturated water environment.

2. Materials and methods
2.1. Experimental setup and analytical methods

2.1.1. Analytical methods

Fluorescent PE microspheres (10-20 pm, 27-32 pm, 53-63 um,
125-150 pm) were purchased from Cospheric LLC (Santa Barbara, CA,
USA) with densities of 0.99-1.01 g/cm3. The fluorophore is incorpo-
rated homogeneously into the PE matrix as reported by the manufac-
turer, which is also solvent-resistant. The characterization of PE MPs
with Fourier-transform infrared spectroscopy (FTIR, Bruker) is pre-
sented in Fig. S1. Saturated NaCl (density ~ 1.2 g/cm3) was selected as
the density separation solution for sediment samples. The zeta potential
of MPs (Table S1) was measured with a Zetasizer (Nano-ZW, Malvern
Panalytical).

As fluorescent PE MPs are hydrophobic, 0.1 % Tween 20 solution
(Sigma-Aldrich) was applied to form suspensions with PE MPs, for
uniform input of particles on the sediment surface. Stock MP suspen-
sions were prepared by weighing 8 mg of PE MPs (input concentration:
0.005 %, w-w) into 2 mL glass tubes then stirred for 5 min to avoid
possible aggregates before injection.

2.1.2. Sediments

Sediments were collected from a gravel pit in Bruckmiihl (Germany),
air-dried in the oven and sieved into different fractions without further
purification process. Speccifically, gravel (G, 2-4 mm), coarse sand (CS,
0.63-2 mm), medium sand (MS, 0.2-0.63 mm), fine sand (FS, 0.063-0.2
mm), and sandy soil (SS, < 2 mm, with 70.3 % medium sand) were used
as porous media (Table S1). The first set of columns were packed with
sediments of different grain sizes (from G to SS) individually and
injected with MPs in the range 27-32 pm, to assess the influence of grain
size on MPs mobility. MPs of different sizes (10-20 pm, 53-63 pm,
125-150 um) were injected in a second set of columns filled with gravel
or coarse sand sediments to better understand MP mobility as function of
MP size. Duplicate columns were set for each treatment, thus in total, 22
column experiments were conducted to investigate the transport
behavior of MPs in natural sediments.

2.1.3. Column experiments

Polymethyl methacrylate columns were used to investigate tracer
and MPs transport in saturated porous media. Stainless steel wire mesh
with an opening of 200 um (IBS GES, MBH, Austria) was applied to
prevent soil loss from the bottom and to ensure uniform flow distribu-
tion at the top. Sediments were weighted and wet-packed to a height of
5 cm. The resulting porosity was 38.7 % for all sediments (known mass
of input dry sediments and packed column volume, the density of
sediment was set as 2.65 g/cm®). During packing, the columns were
saturated from the bottom and sediment was step-wise filled with
avoidance of layering and air entrapment by carefully stirring. Equi-
librium conditions were achieved by pumping (peristaltic pump) tap
water through columns at a constant flow rate of 1 mL/min (0.73 m/d)
in a downward direction. Deuterated water (2 mL, 49.29 mg/L) was
applied as a conservative tracer to investigate the conservative transport
properties of the packed columns. MPs and tracer were applied as a dirac
pulse. A fraction collector with 25 mL glass vials was applied to collect
leachates from the outflow for further analysis of tracer and MPs. Tracer

Journal of Hazardous Materials 468 (2024) 133772

samples were analyzed with Cavity Ring-Down Spectrometer Picarro
L2130-i Isotope analyzer with a precision of + 1 %o for 52H. All the
samples were measured 11 times to eliminate the memory effect. The
tracer concentration is normalized to the inject concentration Cp and
then plotted as a function of time.

MPs effluent samples were filtrated using Whatman polycarbonate
membranes (25 mm diameter, 8 um pore size, Sigma-Aldrich), which
was then measured with a fluorescent microscope (Axio Imager2,
ZEISS). Column experiments for tracer and MPs were run for 140 min
individually. Afterwards, sediments were sampled per 1 cm-thick layers
and transferred into a 250 mL glass beaker. Then 200 mL saturated NaCl
and 2 mL hydrogen peroxide HyO5 (30 %, Sigma-Aldrich) were added
into the beaker, and stirred for 10 min to ensure density separation ef-
ficacy. Mixtures were settled for 24 h, and supernatants were collected,
the whole process was repeated 3 times to extract all MPs from sedi-
ments. Collected supernatant was filtrated with a 0.45 um regenerated
cellulose filter (47 mm diameter, 0.45 pym pore size) by a vacuum pump,
which was then further analyzed with confocal laser scanning micro-
scope (SP8, Leica). A schematic diagram of the experimental setup can
be found in SI (Fig. S2).

2.1.4. Mass balance

The mass balance of PE MPs was determined by the amount detected
in both leachates and sediment segments. The recovery rate was
normalized based on the detected particle amounts in samples and
injected mass. After soil sampling, the columns were washed with water,
and effluent was collected to minimize the loss of MPs adsorbed on the
column wall. For the modelling, the mass balance was adjusted by
assuming that the MPs’ mass balance error primarily occurred in the
analysis of the leachate. Therefore, the measured concentration of MPs
in effluent was multiplied by (1-Mg)/Mef to account for the mass balance
errors; where Mg and M are the measured particle mass fraction in the
sediment and effluent, respectively. The average value of results from
the duplicate columns was applied for modeling.

2.2. Modeling theory

2.2.1. Tracer transport

The one-dimensional advection-dispersion equation (ADE) was
applied to simulate the transport of the conservative tracer. Based on
Darcy’s law and data from a constant head experiment, the hydraulic
conductivity was determined as 0.051 cm/min. The dispersivity was
optimized by inverse modeling in HYDRUS 1D [51]. For tracer trans-
port, concentration flux boundary condition and zero concentration
gradient were selected as upper and lower boundary conditions. The
equation for tracer transport under steady-state flow with constant head
can be written as:
%f:fy?)—iJrDL%# @

Here C is the tracer concentration in the liquid phase [mL’B], t is time
[T,], x is the flow length [L], v is the pore water velocity [LT™1, Dy is the
longitudinal dispersion coefficient [L2T"] with

Dy = o v# 2

ar, is the dispersivity [L], which was then used as input value to
model the BTCs of MPs.

2.2.2. Microplastics transport

Numerical simulation was conducted to understand the retention
mechanism of MPs. In particular, three modified models based on ADE
were supplemented to account for MPs’ transport. For all model appli-
cations, we assume that there are two kinetic sorption sites for MPs
retention, in which the first sorption site accounts for MPs deposition on
the sediments. The attachment, detachment model (M1) was applied to
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consider the retention of MPs only due to attachment, the sorbed con-
centration of MPs decreases exponentially with depths. The attachment,
detachment, and Langmurian blocking model (M2) [1] was used to
consider the decreasing attachment coefficient due to decreased sorp-
tion sites. The attachment, detachment, and depth-dependent blocking
model (M3) was chosen to account for reduced attachment coefficient
with increasing depth. The latter assumes that blocking occurs as
deposited MPs cover the surface of porous media, which prevents further
attachment [13,44].
The total mass balance equation for all models can be written as:

ac  0S, S, ’c  oC
- oc ¢ 3
0% TP TPy, 0<DL6x2 T )* ®
aS
Pry = 0KV C — ppKaSH 4

Here 6 is the volumetric water content [L3L'3], C is the MPs con-
centration in the effluent [M L'3, t is time [T], p is the bulk density of
packed columns [M L'3], S is the MPs concentration in solid phase [M M~
1@ and 2 represent two kinetic sorption sites), Dy is the dispersion
coefficient [L.2 T'l], x is the distance from column inlet [L], q is the pore
water velocity [L ™. K is the first-order attachment coefficient [T'l],
Kgetis the first-order detachment coefficient [T™]. ¥ is the dimensionless
MPs retention function, which is flexible and can be used to describe
different blocking phenomenon:

Sas = § S\ (dso+x\ "
YV=—>—"=|(1- # 5
Smax < Smax) ( d50 ) ( )

Smax 18 the maximum MPs concentration in the solid phase [M M'l],
dsp is the median diameter of sediments [L], § is the empirical factor that
controls the shape of RPs [-].

For the first sorption site, ¥ was set as 1 in all models with the
assumption that attachment and detachment dominate the deposition of
MPs on clean sediments.

0S,

Ph? = OKun C — ppKaen Si# (6)

For the second site, which can be described by Eq. (7). ¥ was defined
as 1 in M1. For M2, g was set as 0, ¥ is given as Eq. (8). For M3,  was
initially chosen as 0.432 [11] and further optimized (see 2.2.3.), and Eq.
(9) for M3

a8
I’/;(Tt2 = 0KV C — ppKaenSa#t 7
M
Y=(1- # 8
( Smax) ( )
s
v <dso + JC) # 9)
dso

2.2.3. Parameter estimation and model comparison

The HYDRUS-1D inverse solver [39] was used to calibrate the un-
known MPs transport parameters (Table 1), which were estimated by
fitting to the observed BTCs and RPs. To evaluate the goodness of model
fit, the coefficient of model determination R? was checked. Additionally,
the Akaike information criterion (AIC) was applied to compare the
performance of alternative models [2]. The AIC accounts for both model
complexity and model fitness:

AIC = —2In(L) + K# (10)

K is the number of model parameters. L is the maximized log-
likelihood of the model. The AIC can help mimic the overfitting poten-
tial of the model used for simulation, as AIC increase with the increasing
number of parameters. Therefore, the model with minimum AIC value
has the optimal balance between model fitness and model parsimony.
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Table 1

Process assumptions for the two kinetic sorption sites of the three tested model
complexities M1, M2, and M3 and fitted parameters for each assumption.
(attachment and detachment (M1); attachment, detachment, and Langmuir
dynamics blocking (M2); attachment, detachment, and depth-dependent reten-
tion (M3)).

Model  Process Fitted parameters

Site 1 Site 2

M1 attachment- attachment- Kat, Kaetr, Kanz, Kaerz
detachment detachment

M2 attachment- Langmuirian blocking Katt1, Kdet1» Smaxz, Kaz,
detachment Ketz

M3 attachment- depth-dependent Kat1, Kdett, P, Kaz, Kderz
detachment blocking

Additionally, particle detachment was assumed to occur as the
tailing effect was observed in the BTCs of tracer and MPs during the
grain size experiments. Therefore, K4, was simulated for all simulations
except for experiment results without BTCs (Kg. was set as 0).

3. Results and discussion
3.1. Tracer breakthrough curves

Fig. la presents the normalized deuterium concentration in the
effluent collected from columns packed with gravel (G) and coarse sand
(CS). All tracer breakthrough curves were uniform indicating that
packed columns with one type of sediment were homogeneous and that
transport can be approximated with the ADE. Variations between
duplicate columns were considered from the difference in packing,
although the same packing technique was applied for all columns. The
peak time is different between G and CS, with earlier arrival in G due to
relatively larger pores in G compared to CS. A similar trend was found
with a delayed peak time in columns packed with fine sediments
(Fig. S3).

3.2. Model selection

Total mass balance information of MPs in effluent and solid phase is
provided in Table S1. High particle mass recovery (Mt = 89-110 %) in
all experiments indicated confident and reliable measurement. The 110
% mass recovery might be due to the conversion between particle mass
and particle number, thus the actual input particle number would be
slightly different than as calculated. To better understand the deposition
mechanism of MPs in porous media, observed results were simulated
with various models. Table 2 provides the summary of the fitted pa-
rameters and model performance (R2 and AIC).

All tested models describe the BTCs of the smallest MPs (10-20 um)
in columns packed with gravel (G) well, with R? > 0.99 (Fig. 2a). The
similar AIC value (Table 2) indicates that the simple attachment and
detachment model (M1) provides good agreement with the experi-
mental results. Also, the BTCs between the stable tracer and MPs
(10-20 um) were similar indicating similar transport like a conservative
tracer (Fig. 1b); even though 13.7 & 0.3 % of MPs still remained in the
sediments indicating sorption as additional process in contrast to the
tracer. This observation is consistent with a previous study, which re-
ported that polystyrene nanoplastics (50 nm) show similar behavior as
tracers in quartz sand columns [49]. As can be seen from Fig. 2e, the
model with depth-dependent blocking function (M3) describes the RP of
the smallest MPs in G best compared to M1 and M2. This suggests that
simulations in BTCs and RPs are needed to provide more comprehensive
insight regarding the distribution pattern of MPs in porous media. As
shown in Fig. 2¢-d and Fig. 2g-h, with increasing particle size, M1 and
M2 failed to reproduce the tailing effect in BTCs and hyper-exponential
RPs. Instead, improved agreement with both BTC and RP was observed
in simulation with a depth-dependent blocking function (M3). A similar
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Fig. 1. Observed BTCs of (a) tracer (deuterium) and (b) MPs (10-20 pm) in gravel under the same pulse injection mode and flow velocity. The tracer concentration in

(a) is normalized to the inject concentration Cq. G: gravel, CS: coarse sand.

Table 2

Comparison of model performance and summary of fitted parameters with three different models, including attachment and detachment (M1); attachment,
detachment, and Langmuir dynamics blocking (M2); attachment, detachment, and depth-dependent retention (M3). (Particle size, dyp; Dispersivity, o).

Porous media dum o, Model Kau1 Kier1 Kauz Kieez Smax2/P R? AIC
pum cm min” min” min? min” mg mg’1
Gravel 10-20 0.22 M1 3.59E-03 2.92E-03 3.59E-03 2.92E-03 - 0.995 -139.5
M2 3.66E-03 2.66E-03 3.51E-03 3.19E-03 1.00E+02 0.995 -137.5
M3 2.86E-03 3.23E-03 4.36E-03 2.72E-03 5.91E-03 0.995 -137.5
27-32 0.21 M1 7.81E-03 4.84E-03 7.81E-03 4.84E-03 - 0.986 -121.1
M2 7.69E-03 5.01E-02 1.09E-02 9.32E-06 2.50E+01 0.997 -146.9
M3 9.67E-03 6.56E-02 1.39E-02 3.45E-04 9.44E-02 0.999 -171.3
53-63 0.21 M1 4.87E-02 8.94E-09 4.87E-02 3.96E-03 - 0.867 -80.1
M2 4.54E-02 6.71E-08 4.54E-02 2.88E-03 2.21E+00 0.876 -71.2
M3 2.59E-02 1.07E-01 6.31E-01 2.77E-04 1.12E+00 0.998 -152.3
125-150 0.23 M1 1.11E-01 1.15E-03 1.08E-02 2.86E-04 - 0.746 -67.4
M2 1.16E-01 1.26E-03 1.72E-02 3.91E-06 5.50E+01 0.758 -64.1
M3 1.29E-01 2.19E-04 1.38E-01 2.07E-01 3.32E-02 0.980 -112.4
Coarse Sand 10-20 0.21 M1 2.33E-01 1.98E+00 9.28E-03 5.04E-04 - 0.968 -105.9
M2 9.52E-03 4.84E-04 1.74E-01 1.46E+00 1.00E+03 0.968 -103.9
M3 4.12E-03 4.48E-06 8.80E-03 1.84E-02 1.80E-02 0.896 -81.7
27-32 0.19 M1 2.80E-02 4.88E-05 2.84E-02 2.85E-02 - 0.840 -76.2
M2 2.30E-02 1.99E-02 2.32E-02 6.05E-06 4.99E+02 0.806 -62.4
M3 3.99E-02 1.12E-03 4.23E-01 1.52E+00 1.79E+02 0.976 -108.8
53-63 0.13 M1 6.88E-02 2.68E-03 6.88E-02 1.40E-07 - 0.172 -36.0
M2 - - - - - - -
M3 1.39E-01 3.21E-04 5.41E+00 4.24E+00 1.00E+04 0.989 -122.5
125-150 0.21 M1 1.68E-01 - 1.68E-01 - - 1.000 -19.4
M2 1.42E-01 - 1.97E-01 - 1.00E+06 1.000 -17.7
M3 3.04E-01 - 6.19E-05 - 1.00E+06 0.999 -17.5
Medium Sand 27-32 0.21 M1 1.58E-01 - 1.58E-01 - - 1.000 -37.3
M2 1.13E-01 - 2.01E-01 - 1.00E+04 0.992 -36.7
M3 4.07E-01 - 4.29E-05 - - 0.999 -134.9
Fine Sand 27-32 0.21 M1 1.96E-01 - 1.96E-01 - - 0.988 -15.9
M2 1.96E-01 - 2.00E-01 - 7.78E+04 0.989 -14.1
M3 3.47E-01 - 9.63E-07 - - 0.983 -15.9
Sandy Soil 27-32 0.19 M1 1.67E-01 - 1.67E-01 - - 1.000 -21.2
M2 1.73E-01 - 1.63E-01 - 1.00E+04 1.000 -19.5
M3 2.74E-01 - 3.30E-05 - - 0.997 -20.4

trend was also observed in coarse sand (Fig. S4). This demonstrates that
M3 provides the best descriptions of both BTCs and RPs for larger MPs,
particularly capturing the tailing effect well in BTCs. This was supported
by high R? and low AIC values. Although there are some discrepancies
between observed and fitted RPs, this might contribute to the
non-uniform particle and pore size distribution and heterogeneities in
surface roughness and surface charge of natural sediments used in this
study, which has been reported to influence the mobility of MPs [58].
Compared to M3, M1 and M2 tend to underestimate the deposited
concentration of MPs in the surface layer (0-2 cm). Improved agreement

between experimental data and simulated results with M3 was noticed
in finer sediments as well (Figs. 3 and 4). Therefore, M3 describes the
BTCs and RPs better than M1 and M2, particularly for larger MPs in finer
sediments, and the assumption that the deposition rate of MPs in both
sorption sites is independent (M1 and M2) does actually not hold true.

3.3. Transport of MPs in different sediments

To understand the impact of grain size on MPs’ mobility, the trans-
port behaviors of PE MPs (27-32 ym) at varying textured sediments
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Fig. 2. Effect of particle size (10-150 um) on the transport of MPs under pulse injection mode in gravel (G). Observed (noted as Obs) and fitted (noted as Fit)
breakthrough curves (a-d) and retention profiles (e-h) with three different models including attachment and detachment (M1); attachment, detachment, and
Langmuir dynamics blocking (M2); attachment, detachment, and depth-dependent retention (M3). The standard deviation was represented as error bar between
duplicate experiments. Note different Y-axis scales in all BTCs and X-axis in all RPs.
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Fig. 3. Observed (scatters, noted as Obs) and fitted (solid lines, noted as Fit) BTCs (a, b) and RPs (d-i) of MPs (27-32 pm) in gravel (G), coarse sand (CS). medium
sand (MS), fine sand (FS), and sandy soil (SS) respectively. Summary of mass recovery of MPs in effluent and solid phase (c). Note different Y-axis scales in all BTCs
and X-axis in all RPs. The standard deviation was represented as error bars between duplicate experiments.

(gravel, coarse sand, medium sand, fine sand, sandy soil) under satu-
rated conditions were investigated. The observed and simulated BTCs
and RPs with different models are present in Fig. 3, with mass balance
data shown in Fig. 3c.

MPs showed higher mobility in the gravel column (G) than in the
coarse sand column (CS), with mass percentages presented in the
effluent of 85.75+1.14 % and 43.82+15.06 %, respectively
(Table S1). All MPs were deposited in the columns with fine sediments,
and no PE MPs were detected in the effluent collected from columns
with medium sand (MS), fine sand (FS), and sandy soil (SS). This sug-
gests that finer sediments contribute to the increased deposition of
27-32 um PE MPs. Similarly, no BTCs of carboxylated PS MPs were re-
ported in other fine sands [30]. Simulation with M3 (model with a
depth-dependent blocking function) in HYDRUS-1D describes the
observed BTCs and RPs well, which was further verified with high R? >
0.98) and lower AIC values (Table 2). The decrease of PE MPs in the
effluent was consistent with the changes in the Ky (Fig. 4€); Kyg in the
CS (3.99 x 102 min'l) was greater than in G (9.67 x 103 min'l). This
was further confirmed by the accordingly increased Kge in G. Similar
results were found in previous experiments showing that the Ky of
negatively charged latex microspheres (1.0 and 3.2 um) decreased with
increasing grain size for a given input concentration [7]. Compared with

the conservative tracer BTCs, earlier peak times of MPs BTCs were
noticed in both gravel and coarse sand columns (Fig. S5), indicating that
size exclusion is important here. Due to their size, MPs can be excluded
from small pores, resulting in transport through larger pores only, and
thus an apparent earlier detection peak in the effluent compared to the
tracer peak. Similar observations were reported in studies on MPs,
bacteria, and viruses transport in soil and/or sediments [31,3].

The observed and fitted RPs with M3 of MPs (27-32 um) within
different sediments (from gravel to sandy soil) are presented in Fig. 3i.
For a given MPs size, the RPs tend to be more hyper-exponential in finer
texture with most MPs deposited in the inlet of the column, which was
also observed by previous lab studies [8,34,33]) as well as a field
investigation by (Liu et al.,, 2018) who found that more MPs were
observed in the topsoil (0-3 cm) collected from 20 agricultural fields.
Given the grain size is the only change in this set of experiments, the
main explanation is that the pore size is smaller in finer sediments
inhibiting the transport of MPs due to the reduced pore size and
increased retention sites. Hence, the majority of MPs were trapped near
the inlet of the column. This indicates that the grain size of porous media
plays a significant role in determining the transport fate of MPs under
saturated conditions: fine sediments (<0.63 pm) can be employed to
remove MPs (27-32 pm) under tested flow velocity. This finding is
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Fig. 4. The observed (scatters) and fitted (solid lines) BTCs (a, b) and RPs (c, d) with M3 of MPs (10-20 um, 27-32 pm, 53-63 um, 125-150 pm) in gravel (G), coarse
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consistent with the previous study conducted by Hou et al. [25], which
suggested that the mobility of PE MPs is positively correlated with the
size of quartz sand. However, the mobility of PE MPs (27-32 um) in this
study (Mg = 85 %) is higher than in earlier research, in which PE MPs
(40-48 um) were used, and less MPs (Mg = 75 %) were present in the
effluent under the same flow rate (1 mL/min) in gravel (2-4 mm) [25].
Despite the fact that the particle size (27-32 um) in this experiment is

smaller, this could be also attributed to the different column lengths,
which were not reported in the previous study [25].

It was demonstrated that straining occurs when the pore throats are
too small to allow MPs to pass through. This process was found to be
important for the retention of particles when its size was larger than 5 %
of the grain size of porous media (McDowell-Boyer et al., 1986). The
possibility of straining was determined by the particle-to-grain size ratio
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(dmp/dso), which is 0.01, 0.022, 0.069, 0.082, and 0.222, in G, CS, MS,
SS, and FS, respectively. Therefore, straining needs to be considered as
the responsible mechanism for the increased deposition of MPs in MS,
SS, and FS, as straining increased with decreasing grain size of sediments
[9]. Improved model performance with M3 in RPs further supports this
finding (Fig. 3e-h). Moreover, PE MPs used in this experiment are
negatively charged (Table S1), likewise natural sediments also have a
negative charge [61]. Thus, existing electrostatic repulsion inhibits the
interaction between MPs and porous media. As suggested by [68] the
contribution of physicochemical deposition for the retention of MPs can
be negligible when the ratio of dyp/dsg is larger than 0.005. However,
the sediments applied here were not purified, and shape, roughness and
pore size were not measured. These were reported to affect the deposi-
tion pattern of microsphere under unfavorable conditions [34]. Thus, we
considered the contribution of both physicochemical deposition and
straining to determine MPs deposition. This also indicates the filtration
theory is not appropriate for describing the retention profile in this
work, as straining played an important role in MPs deposition, but was
not counted in CFT [11]. Specifically, PE MPs were only detected in the
first 1 cm in FS, which suggests that FS could be used as filter media to
remove MPs from water in wastewater treatment or for water purifica-
tion in general, like it was suggested in combination with the use of
limestone or biochar in other studies [27,35]. Therefore, sand filtration
can help to retain large MPs and, thus lower the risk for exposure to large
MPs for living organisms in water body. It is assumed that this holds true
for MPs of other shapes (such as fragments, pellets, and fibers) too, as
spherical MPs have even higher mobility compared to other shapes [29,
59].

3.4. Size-dependent transport of MPs in porous media

The second set of column experiments was conducted to investigate
the joint influence of particle size and grain size on MP transport.
Observed and simulated BTCs and RPs with M3 are presented in Fig. 4
comparing the transport of four-sizes of MPs (10-20 um, 27-32 pm,
53-63 um, 125-150 ym) in G and CS. These results show that the
mobility of MPs was sensitive to the change of particle size in a given
input concentration, and the maximum effluent concentration of MPs
decreased dramatically with increasing particle sizes (Fig. 4a and b).
This finding is consistent with that of Ma et al., [38] who also found
increased peak concentration of PS microspheres from 16 um to 3 ym
under constant flow condition. Additionally, the released percentage of
MPs in effluent decreased with size fractions from 85.27 % for the
10-20 um fraction to 28.5 % for the 125-150 um fraction in the gravel
column, and no BTCs were observed with MPs at 125-150 uym in the
coarse sand column. This observation agreed with the RPs (Fig. 4c and
d); there was an increase in retention of MPs with increasing particle size
and grain size. Moreover, with increasing particle size, the majority of
MPs deposited in the topsoil layer, thus potentially altering its structure
and hydraulic properties[64]. In particular, soil water holding capacity
and saturated hydraulic conductivity can be altered due to the combined
effects of pores’ clogging and MPs’ hydrophobicity [43,47,64]. The
impact of accumulated MPs in soil systems and its effect on soil physical
properties depends on MP concentration [66], size [67] and soil texture
[24] though, thus different impact of MPs on soil hydraulic properties
has been reported. As a consequence of change in soil water storage,
nutrient cycling and microbial processes can be altered, thus affecting
soil health [69]. The RPs of larger MPs showed a more
hyper-exponential shape, which has been reported in previous research
[60,7]. This indicates that straining attributed to the larger amount of
large MPs (53-150 pm) retained in the first centimeter from the column
inlet, as larger particles can’t be transported through some of the pore
throats (size exclusion). The possibility of straining was determined by
the particle-to-grain size ratio (dyp/dsg), which is 0.007, 0.01, 0.02,
0.04 for MPs in 10-20 pym, 27-32 pm, 53-63 um, 125-150 um, respec-
tively (Table S1). The ratio for MPs (53-150 pm) is significantly larger
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than the threshold value (0.005)[11]. Hence, we conclude that blocking
is an important mechanism for MPs from 53 um to 150 um. This implies
that focus on top-layer remediation at contaminated sites can help to
control the migration risk of MPs into aquifer systems. In contrast, for
smaller MPs (10-20 ym) more than 85 % of MPs were present in the
effluent from gravel and coarse sand columns. The high mobility of small
MPs observed for these types of sediments (0.63-4 mm) suggests an
exposure risk of water resources to MPs pollution and associated
chemical contamination that originated from MPs-bound additives and
MPs-sorbed pollutants[20]. The same magnitude of Ky in both gravel
and coarse sand columns (Table 2) further supports it. Similar mass
retained of MPs (10-20 um) in gravel (1.12 mg) and coarse sand column
(1.10 mg), with similar retention patterns, suggesting that the retention
of tested smallest MPs is independent on the porous grain size. These
results are in agreement with earlier research which found that there
was a similar transport pattern (deposited MPs amount decreased
monotonically with packed column depth) for 1.0 and 0.45 pm carboxyl
colloids in various-sized Ottawa sands, with the same magnitude of the
particle-to-grain size ratio [9].

A lower maximum effluent concentration of MPs (from 10-150 um)
in the coarse sand column than in the gravel column was observed
(Fig. 4b). Moreover, there is a clear trend showing higher peak effluent
concentration for smaller MPs in gravel. This result can again be
explained due to the enhanced straining with increasing particle size and
decreasing grain size. Increased K, (Table 2) with increasing MPs and
decreasing grain size was observed, indicating straining dominantly
attributes to the retained MPs. This finding is consistent with previous
work reported that the ratio of diameters of MPs and porous media is the
dominant factor influencing the retention of MPs larger than 1 um[36].
Furthermore, improved agreement between experimental results and
simulation with M3 further supports it. It can be seen from Fig. 4e and
Fig. 4f, that the value of Ky for certain MPs size decreased with
increased grain size and decreased MPs size (for certain sediment).
Recall that the mobility of MPs increased with decreasing grain size of
sediments and increasing of particle size. This finding was also reported
by Bradford et al. [9]. Additionally, previous study found that the
impact of particle size on particle mobility varies between mass-based
concentration and particle number-based quantification, in which
larger NPs had lower retention ([60] P. on C. in the F [15]; roboDabros,
Van de Ven [44]; Wang et al. [63]). As shown in Fig. S6, the results of
our experiment presented in both concentration units confirmed the
impact of particle size, with smaller MPs within the tested particle size
range showing higher mobility.

4. Summry and conclusions

The main goal of this study was to investigate the impact of grain size
and particle size on MPs’ transport in saturated porous media. It was
important to combine the information of both, BTCs and RPs, for iden-
tifying the importance of different transport processes by using different
model simulations in HYDRUS-1D. The results demonstrated that the
mobility of MPs increased with decreasing particle size and increasing
grain size of sediments. Additionally, for small MPs (10-20 pm), the
simple attachment and detachment model was sufficient to simulate the
experimental BTCs and RPs well. However, for larger MPs and finer
sediments, the blocking function was necessary to consider in the model
for describing the retention pattern of MPs well. This indicates that the
model selection for assessing the MPs mobility depends on particle size
and porous media. In addition, our results highlight the importance of
combining BTCs and RPs to get a precise description of MPs’ transport
behavior. According to the retention profile results, MPs accumulated in
sediments are likely to migrate into deeper layers. The high mobility of
PE MPs in natural sediments observed in this study suggests a high
groundwater pollution risk for those particles and their additives.
Hence, more research is needed not only to understand the risks of the
MP particles in groundwater but also the chemical additives that are
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incorporated into the plastic polymer or persistent pollutants sorbed to
the MPs. The observed effect of plastic size on MPs mobility in different
grain size sediment can have many environmental implications in water
treatment and remediation of polluted systems. In particular, the iden-
tified transport parameters can be applied in designing filtration system
to improve the retention of different -sized MPs. However, it must be
highlighted that the transport of MPs in natural environments is influ-
enced by multiple properties such as shape, surface charge, and hy-
drophobicity, which were only partially investigated in the present
study. Moreover, natural atmospheric conditions (i.e., alternation of
drought periods and precipitation) are likely to trigger more complex
interplays between MPs and soil, which were not analyzed in this work.
Thus, future studies should focus on MPs with different properties,
combined with long-term field experiments to understand the fate of
MPs in real conditions. Nevertheless, laboratory experiments remain a
necessary preliminary step to reduce uncertainties, before evaluating
the fate of MP in the field.

Environmental implication

Previous studies examined the fate of microplastics in saturated
systems using highly purified artificial porous media. In this paper, we
use natural sediments without eliminating the sediment surface impu-
rity to investigate the transport of differently sized microplastics
(abundant but rarely tested size range) with low, environmental rele-
vant, concentration. The observed size-dependent impact on the
microplastics’ mobility indicating higher risk of groundwater to smaller
microplastic. In addition, experimental results were further combined
with different models to discuss the most plausible deposition mecha-
nism of microplastics. The identified transport parameters can be used in
future studies to assess groundwater pollution risks.
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