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Plastics are widely used in every part of life. Microplastics (MPs) are classified as emerging
contaminants in nature. Yet, microplastic transportation parameters in groundwater are
not characterized well. In this study, microplastic transport in saturated homogeneous
media was investigated. For this purpose, one-dimensional column tests were performed
using the fluorescent and microplastic tracers to figure out the hydrodynamic conditions
for the microplastic transport. Large silica, small silica, sand, and coarse gravel were the
tested media. The hydrodynamic transport parameters were calculated by inverse solution
methodology using the experimental and the analytical solution results. Only the coarse
gravel medium with a minimum 1mm and maximum 20mm (5 mm of median) pore sizes
and kinematic porosity 40.2% were found to be suitable for the transport of the used
polyethylene (PE) whose particle size was between 200 and 500 µm. It is not possible to
transport PE particles of selected size from fine-grained media. Transportation occurred in
coarse-grained media such as coarse gravel. The calculated dispersivity values for the
coarse gravel were 2.58 and 3.02 cm by using fluorescent and PE tracers, respectively.
The experiments showed that the used PE particles cannot be transported if the mean flow
velocity is lower than 2.02 cm/min in the coarse gravel medium. The microplastic
accumulation might be an issue for an actual aquifer rather than the transportation of it
considering the actual groundwater flow velocity is generally much lower.
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INTRODUCTION

Groundwater is an important freshwater source that can be directly used as drinking water and
constitutes 97% of global freshwater resources. Contamination of groundwater can be caused by the
natural presence of fluoride and arsenic or by human activities, such as industry, agriculture, etc. The
most common groundwater pollutants that threaten human health are pathogens and chemical
hazards (World Health Organization, 2006).

Plastics have become indispensable in daily life with their easy accessibility and long-term use. At
the same time, its abundant usage and long life make them frequently encountered pollutants in the
environment. The size classification of plastic varies depending on the studies. Microplastics are
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specified as smaller than 5 mm in diameter according to
GESAMP (2015). Windsor et al. (2019) also defined the size
distribution of microplastics as 0.0001–5 mm according to their
review research. Direct releasing of the micro-sized plastic
products and fragmentation of large plastics are the sources of
the microplastics (MPs). These sources are called primary and
secondary, respectively. Primary MPs are used in personal care
products, toothpaste, detergents, and hygiene products.
Fragmentation and gradual deterioration of the large plastics
by various organic and inorganic processes create secondaryMPs.
These processes include ultraviolet radiation-based
photodegradation, mechanical abrasion, and biological effects
(Ivar Do Sul and Costa, 2014; Waldschla€ger et al., 2020; Wu
et al., 2020). The effect of primary and secondary MPs and
current knowledge were compiled in view of the marine
environment (Ivar Do Sul and Costa, 2014). The source of
primary and secondary MPs and the generation of secondary
MPs were explained by Waldschla€ger et al. (2020).

MPs are emerging contaminants. They have been detected in
marine, terrestrial, and atmospheric ecosystems. The first studies
about microplastics were conducted in the marine environment.
The following studies dominantly discussed microplastic
contamination in the marine environment (Thompson et al.,
2004; Law and Thompson, 2014). One of the first studies by
Thompson et al. (2004) presented spatial distribution and
accumulation of polymers while identifying their types in the
marine environment, northeast Atlantic. The rising occurrence of
MPs and their sources in the marine environment was mentioned
and pointed out while concerning the removal of MPs by
reducing their consumption. The mass of the terrestrial-
sourced plastics in the oceans from the major plastic
producing and consuming countries was estimated at 7.7
million tons (MT) at least (Sarkar et al., 2022). MP pollution
in groundwater is not a fully enlightened subject, but studies in
this area are increasing. Panno et al. (2019) calculated the average
concentration of MP as 6.4 particles per liter and the maximum
concentration as 15.2 particles per liter by analyzing the samples
from some karst regions in the USA. Mintenig et al. (2019)
detected a maximum of 7 particles per liter for the groundwater
that was treated and injected through underground.

There are some studies about the migration of MPs in porous
media. Porous media makes possible the migration of small
particles and dissolved materials. Besides the expected
accumulation of MPs in the soil, the particles could migrate
vertically by the physical and chemical effects of water infiltration,
fauna activities, and root growth (Maaß et al., 2017; Rillig et al.,
2017; O’Connor et al., 2019; Li H. et al., 2021). The studies
concerning in fate of MPs in the soil environment are limited and
evaluation requires. More studies are needed on the transport,
distribution, and degradation of MPs in the soil, especially in
terms of environmental impacts in agricultural areas (Kumar
et al., 2020).

Higher MP concentration makes the particle transport higher.
Also, the effect of concentration decreases upon the flow rate
decrease. Researching the effect of changes in the size of MPs on
transport and retention, it has been revealed that for porous
media-saturated in seawater salinity, the transport decreases with

the increase in the size of MPs. Mobility has weakened due to
aggregation. It has been observed that the transport in
environments with different salinities is directly related to the
size of the MPs (Dong et al., 2018).

Chu et al. (2019) and Hou et al. (2020) studied the effect of zeta
potential and ionic strength of the background solution on the
transportation of MPs in saturated media. Zeta potential becomes
less negative for both MP particles and glass balls as porous
media, while the ionic strength of the background solution gets
higher. The higher ionic strength leads to higher attachment
efficiency of MPs. Chu et al. (2019) studied the zeta potential and
ionic strength effect on transportation MPs in saturated media.
Higher MP concentration makes the particles transport higher.
Also, the effect of concentration decreases upon the flow rate
decrease. MP retention is higher in a medium particle-sized
porous media (1–2 mm) than in a large particle-sized porous
media (2–4 mm) because of the decrease in pore sizes. As the size
of the material constituting the porous medium decreases, the
retention/accumulation increases because the surface area that
the transported particles contact with the material during
transport increases. With the increase in the ionic strength of
the background solution, the penetration of the MP particles
decreases in the quartz sand porous media. The transport ability
of the MP particles decreases if there is fulvic acid in the
environment. The presence of fulvic acid strengthens the
double layer repulsive forces of plastic particles and porous
media. On the contrary, the high ionic strength decreases the
double layer repulsive forces of plastic particles and porous media
leading to an increase in the transport ability of the MP (Hou
et al., 2020). The high density of the MPs may cause higher
retention and lower mobility depending on the increase in their
gravitational sedimentation (Dong et al., 2021). In different ionic
strength conditions, the presence of clay and organic matter
(NOM), which are natural colloids in the environment directly
affects the MPs transport. The presence of clay increased the MPs
mobility under low ionic strength conditions. However, as clay
and MPs formed clusters under high ionic strength conditions, a
decrease in mobility was detected. In cases where clay and NOM
exist together, it is NOM that has low ionic strength and
dominantly affects the transport of MPs. At high ionic
strength, clay and NOM affect the MP transport together and
the NOM increases the MPs transport (Li M. et al., 2021b). The
vertical penetration of the particles with water infiltration varies
in saturated and unsaturated porous media. The maximum
penetration depth was experimented with as ~ 7.5 cm
(O’Connor et al., 2019). The results of the MP penetration
column experiment were used in a model to forecast the
potential subsurface transport of MP. The average penetration
depth was found to be 5.24 m by using a historic weather pattern
(O’Connor et al., 2019). The penetration in sandy soil and clay
loam was compared for aged and new MPs. The penetration
depth of MPs was the same (30 cm) for both media, but the
particles reached the same depth faster in sandy soil than in clay
loam. The results indicated that there is a possibility of
groundwater contamination (Ren et al., 2021a; Ren et al.,
2021b). There are also biological agents to help the transport
of the MPs into the soil. It is demonstrated that the presence of
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earthworms and collembolan species in the soil environment
accelerates the vertical transport of MPs (Maaß et al., 2017; Rillig
et al., 2017). The mean vertical velocity of the MPs was 0.5 cm per
day. The small MP particles reached deeper zones (Rillig et al.,
2017). Li H. et al. (2021a) investigated the effects of plant root
growth. They tested several shapes and sizes of MPs particles at
different depths with various types of plants. The roots can
prevent the movement of MPs particles to deeper zones,
which results in the topsoil accumulation of MPs (Li H. et al.,
2021a). The transport of MPs in a shallow alluvial aquifer was
investigated by performing well-pumping tests. Uranine andMPs
tracer experiment was carried out with an injection well and
several observation points at a 200 m distance. The observations
were continued for 6 months. The peak concentrations of MPs
exceeded the peak concentrations of uranine, especially for long
distances. The first detection time for shorter distances was the
same for the uranine solution and MPs. When the distance
increases, MPs’ first arrival time is shorter than the uranine.
Also, MPs can travel much more distances compared with
uranine (Goeppert and Goldscheider, 2021).

The studies which are focused on the transport of PE particles
in porous media often underline the effects of environmental
factors, porous media properties, and plastic particle properties.
According to Windsor et al. (2019), there is a lack of knowledge
about the residence time of plastics in the surface waters and the
quantitative assessments of the transport pathways from land to
sea. Also, a significant absence of studies onmicroplastic presence
and transport in the soil/porous environment must be underlined
(Bläsing and Amelung, 2018; Li et al., 2020). It is essential to
clarify how the MP particles are transported and dispersed
through porous media. The hydrodynamic transport
parameters of the porous media need to be assessed by using
MPs and compared with those found by using the common
traditional tracers. That will give detailed information on the
possible contamination of groundwater.

This study aims to determine the hydrodynamic transport
parameters of saturated porous media by using PE to understand
the transport mechanism of the plastic particles. The existing
solute transport analytical solutions were used and tested to see
whether they are also valid for MPs transport. For this purpose, 1-
D column experiments were performed with a conventional
tracer (fluorescein) and PE tracer. Then, the solute transport
analytical solutions were applied. The equations were chosen
according to the injection type; instantaneous and finite-duration
injections for uranine and PE, respectively. At last, the inverse
solution was applied to the analytical solutions to achieve the
hydrodynamic parameters.

MATERIALS AND METHODS

Properties of the PE Particles
The type of MP used in this study was polyethylene (PE). The
density of the PE is between 0.88 and 0.96 (Rillig et al., 2017;
Hüffer et al., 2019; O’Connor et al., 2019). The PE grains between
200–500 µm were set apart by using the sieves. The grain sizes of
this PE were measured by Zeiss Primostar optical microscopy and

ZEN 2.6 Primostar software. The grain size statistics and the
histogram of the used PE particles are given in Table 1 and
Figure 1, respectively. Approximately, 7.5% of the grains were
smaller and 3.5% of the grains were higher than the used sieve gap
sizes which were a minimum of 200 µm and a maximum of
500 µm. Scanning electron microscopy (SEM) was used to
identify the shape, and the surface morphology of the PE
particles was irregular and rough, so they can be called
fragments (Figure 2). If the pore size and the grain size of the
saturated porous medium are too small for the movement of the
plastic particles, straining will occur. According to the studies on
pore straining, the diameter of the particles should not exceed
5–10% of the porous medium grain diameter to avoid the pore
straining (DeNovio et al., 2004).

Properties of the Porous Medium Materials
In order to test different grain sizes and porosities, large silica balls,
small silica balls, sand, and coarse gravel materials were used in the
experiments (Figure 3). For the pore size and grain size
measurements of large silica, small silica, and sand, the materials
were mixed with resin in a plastic holder and left to dry. Then the
dried samples were cut horizontally near the bottom. The bottom
sides of the samples were examined with an optical microscope to
measure the pore and grain sizes. The particle size of the coarse gravel
was directly measured with a tape measure. For the pore size
measurements of the coarse gravel, pore sizes were directly
measured on the column filled with the material. Between 40 and
90measurements were performed for each material to obtain reliable
pore/grain size distribution of each used material.

Depending on the magnification of the optical microscopy,
image resolution changes. The smallest measurable pixel sizes for
the images of the large silica, small silica, and sand were 213 μm,
206 μm, and 211 μm, respectively. Approximately, 58% of the
pores were higher than 800 μm and 97% of the pores were higher
than 400 µm for the large silica. 93% of the pores were higher than
300 µm for the small silica. Some 78.6% of the pores were higher
than 300 µm for the sand. Coarse gravel pore size varied between
1 and 20 mm (Table 2 and Supplementary Figure S1).

According to the grain size distributions of the porous
medium, the most dominant grain size intervals for the large
silica, small silica, sand, and coarse gravel are 1700–2000 μm,
1000–1100 μm, 400–800 μm, and 23–28 mm, respectively
(Table 3 and Supplementary Figure S2).

Fluorescent Tracer Column Tests
The fluorescent tracer experiments were performed by vertically
placed columns under a steady flow rate within the saturated
medium to investigate the hydrodynamic parameters of the
porous medium materials used in this study. The experimental
setup is given in Figure 4. The X indicates the distance from the
injection point to the top of the material. L1 indicates the height of
the material. L2 is for the length of the small outlet tube, which
indicates the distance from the top of the material to the water
sampling point. R1 and R2 are the diameter of the column and the
diameter of the small outlet tube, respectively. The experimental
system was cleaned after each experiment. The parameters of the
experimental setup are given in Supplementary Table S1.
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The experiment started with calculating the density of the
materials and their total porosities to determine the mean transit
time of the water in the column. A volumetric flask was used for
the density measurements. The material of known volume was
filled with water and the volume of the used water was measured,
then the ratio between these volumes was calculated for the total
porosity measurements. The mean transit time was calculated by
Equations 1, 2 in order to decide the start time and the intervals
of the water sampling/fluorescent measurement (Fetter, 2014).

T � X
u

(1)
where T, mean transit time (time); X, distance from injection
point (distance); and u, mean velocity (distance/time).

u � Q
A*n

(2)

where u, mean velocity (distance/time); Q, flowrate (volume/
time); A, cross-sectional area (area); and n, total porosity
(dimensionless, ratio).

AquaFluor® Handheld Fluorometer (Turner Designs) was
used for the fluorescent measurements of the samples. At the
beginning of each experiment day, the fluorometer was re-
calibrated and the fluorescein (uranine) injection solutions
were prepared. For the calibrations, 300 μg/L solutions were
used and equaled 300 units on the fluorometer. The injection
solution was prepared at 0.2 g/L concentration. Minimum three
injections/experiments were done for each material. The
experiments were implemented by different flow rates and
volumes of the injected tracer. The flow rates (Q) and injected
volumes (Vinj) are given in Table 4.

The longitudinal dispersivities and the kinematic porosities of
the porous medium materials were calculated using the inverse
solution method. One-dimensional advection–dispersion
equation (ADE) was used to have analytic breakthrough
curves (BTC) (concentration/time). Then these analytically
calculated curves were fitted to the BTCs that were created by
the fluorescent measurements of the outlet samples. The fitting
process was applied by Solver Add-in of Excel application. This
application allowed to modify the dispersivity, kinematic
porosity, and mean velocity to get the best fit by an iterative
process. The dispersivity and kinematic porosity were achieved by
calculating the average of the results of the multiple experiments
for each material and condition.

Under steady-state flow and saturated conditions in a
homogeneous porous medium, the transport of suspended
particles can be described by the advection and dispersion
equation (Eq. 3) (Bear and Cheng, 2010).

zC
zt

� DL
z2C
zx2

− u
zC
zx

(3)

TABLE 1 | General descriptive statistics of the grain size of the used PE, in µm.

Maximum Quartile 3 Mean Median Quartile 1 Minimum St. Deviation

601 357 308 294 233 163 91

FIGURE 1 | The grain size histogram of the used PE.

FIGURE 2 | SEM micrographs of the MP: (A) shape and size distribution; (B) detail of rugged PE particles.
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where zC/zt, solute concentration change over time
(concentration/time); C, solute concentration (mass/volume);
DL, longitudinal dispersion coefficient (area/time); X, distance
(distance); u, average linear water velocity (distance/time).

The longitudinal dispersion coefficient is a linear function of
the average velocity and dispersivity of the porous medium. It was
defined as under saturated conditions by Bear (1988) and is given
in Eq. 4.

DL � De + αLv (4)

where DL, longitudinal dispersion coefficient of the medium
(area/time); De, effective dispersion coefficient of the medium
(area/time); αL, longitudinal dispersivity (distance); and v,
average flow velocity (distance/time).

The velocity of the groundwater ranges between 1 cm/day to
1 m/day. The effect of diffusion in the transport of solutes is
negligible for the flow in a saturated porous medium for most of
the studies (Raaijmakers, 2018). The tracer injection was
implemented instantaneously. The length of the small outlet
tube from the top of the material to the outlet where the

FIGURE 3 | The porous medium materials for the column tests: (A) large silica balls; (B) small silica balls; (C) sand; (D) coarse gravel.

TABLE 2 | General descriptive statistics of the pores size of the porous medium materials.

Maximum Quartile 3 Mean Median Quartile 1 Minimum St. Deviation

Large silica (µm) 2634 1658 1144 1079 510 298 677
Small silica (µm) 1295 791 655 612 408 282 289
Sand (µm) 763 450 405 398 318 214 117
Coarse gravel (mm) 20.0 7.0 6.0 5.0 3.0 1.0 3.5

TABLE 3 | General descriptive statistics of the grain size of the porous medium materials.

Maximum Quartile 3 Mean Median Quartile 1 Minimum St. Deviation

Large silica (µm) 3075 2038 1950 1865 1716 1205 404
Small silica (µm) 1366 1109 1051 1055 989 705 127
Sand (µm) 1372 710 627 613 505 212 204
Coarse gravel (mm) 47.0 31.0 27.4 27.0 23.0 16.0 6.5
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samples were taken was measured and considered as only
advective transport was valid there.

The recovered mass was calculated with the assumption of
zero-mass loss. The recovered mass was used in the analytical
solution of the 1D advection–dispersion equation as initially
injected mass. Eq. 5 was used to calculate the recovered mass
(Goldscheider and Drew, 2007).

mR � Q∫∞

0
c(t)zt � Q × ∑[c(t) × Δt], (5)

where Q, flow rate (volume/time); c(t), tracer concentration by
time (mass/volume); Δt, timestep (time).

The ADE for instantaneous injection under the assumptions of
the 1D, semi-infinite, isotropic, and homogeneous porous medium
was used to create analytical BTCs (Kreft and Zuber, 1978) (Eq. 6).

Ci(x, t) � M0 x

A n ux

������
4πDxt3

√ exp( − (x − uxt)2
4Dxt

), (6)

where Ci, concentration at the sampling point (mass/volume);
M0, recovered mass (mass); x, distance between the sampling

point and the injection point (distance); u, mean velocity
(distance/time); D, dispersion coefficient (area/time); t, time
(time); A, cross-sectional area (area); n, total porosity
(dimensionless, ratio).

Microplastic Tracer Column Tests
A new Plexiglass column and experimental setup were built for
this study. The length and the inner diameter (R2) of the column
were 100 and 8 cm, respectively (Figure 5). The column was filled
with the materials and then saturated. The PE particles were
injected for a finite duration with a constant flow rate. The porous
mediums were assumed as isotropic and homogenous. When the
column is filled, X indicates the length of the porous medium. L1
is the distance between the sampling point and the outlet of the
column. L2 is the distance between the PE suspension reservoir
and the inlet of the column. Only advective transport was
considered for L1 and L2.

The density of the PE particles is lower than the distilled water.
A suspension was needed for the homogenous injection of the
MP. Ethanol and distilled water were used to create a lower
density liquid. The ethanol and distilled water ratio were
determined as 56 and 44%, respectively. The density of this
liquid mixture was around 0.87 g/cm3. PE particles were
successfully suspended within this liquid matrix. The column
and the circulation system were built considering to minimize the
evaporation of the ethanol.

The column was filled with the material and the
ethanol–distilled water mix (Reservoir 1) was circulated for a
while to saturate the porous medium. After the steady-state flow
conditions were achieved, the valve of Reservoir 1 was closed, and
the valve of Reservoir 2 was opened at the same time to start the
finite-duration MP injection. The experimental system was
cleaned after each experiment.

The PE concentration of the injection suspension injected
volume and the mean flow rate for each experiment are given in
Table 5.

TD-700 Laboratory Fluorometer (Turner Design) with a blue
channel was used to measure the plastic concentrations of the
samples. A fluorometer was used because it was determined that
the PE particles have a certain level of reflectance for the blue
channel. Yet, this was an indirect measurement. So, the inversion
of the fluorometer measurements was performed. The inversion
equations were found to convert the device measurements to the
plastic concentrations. Six PE suspensions of known
concentrations were prepared. These suspensions were
measured by the fluorometer. The PE concentrations were

FIGURE 4 | Experimental setup for the fluorescent tracer tests.

TABLE 4 | The flow rates (Q) and injected tracer volumes (Vinj) for the fluorescent tracer tests.

Large silica Small silica Sand Coarse gravel

Exp. No Q (cm3/min) Vinj

(ml)
Q (cm3/min) Vinj

(ml)
Q (cm3/min) Vinj

(ml)
Q (cm3/min) Vinj

(ml)

1 29.13 0.19 42.20 0.21 50.82 0.17 31.86 0.19
2 49.29 0.27 22.30 0.10 39.83 0.26 60.21 0.39
3 21.02 0.30 54.36 0.27 29.15 0.15 103.31 0.29
4 44.32 0.15 29.42 0.14 20.78 0.12 — —
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plotted versus device measurements. A trendline with an
equation was defined (Figure 6). These equations were used to
convert the device measurements to the PE concentrations. The
samples were collected in tubes with a cap to avoid the
evaporation of the ethanol. PE concentrations of the samples
were measured after the end of the experiment.

The same principles with the solution method of the
fluorescent tracer experiment were used also for the tests with
PE (Eqs 3–5) (Bear, 1988; Goldscheider and Drew, 2007; Bear and
Cheng, 2010). Only the longitudinal dispersion was considered.
The porous media were assumed as isotropic and homogeneous.
The 1D ADE equation for finite-duration injection by Ogata and
Banks (1961) with the assumptions of the 1D, semi-infinite,
isotropic, and homogeneous porous medium was used (Eq. 7).
A similar procedure–the fluorescent tracer tests solution for the
inverse modeling by using Solver Add-in on Excel–was applied

for the PE tests with the additional modifiable parameters
(concentration injected and injection time).

C � C0

2
[erfc (L − vxt

2
���
DLt

√ ) + exp(vxL
DL

) erfc(L + vxt
2

���
DLt

√ )], (7)

where C, solute concentration (mass/volume); C0, initial solute
concentration (mass/volume); L, flow path length (distance); vx,
average linear water flow velocity (distance/time); t, time since the
injection of the solute (time); DL, longitudinal dispersion
coefficient (area/time).

RESULTS AND DISCUSSION

Fluorescent Tracer Column Tests
The fitted experimental and the analytical fluorescent tracer
concentration BTCs for each medium and each column test
were given in Supplementary Figure S3. The recovered mass
was calculated with Eq. 5 and was used as an injected mass while
doing analytical solution (Table 6). The results of the fluorescent
tracer column tests, kinematic porosity (nk), and dispersivity (α)
values for each medium are given in Table 7.

Concentration measurements were initiated at the beginning
of the first sample collection. However, the sampling was faster
than the measurements. This caused a waiting time for most of
the samples up to 10 min. It is expected that a certain level of
fluorescent activity might have diminished during this period
depending on the sensitivity of the fluorescent to the light.

The injected mass and the recovered mass were accepted as
equal, based on the assumption that there was not any mass lost.
The recovered mass was calculated using the sample
measurements. The above-mentioned error in the sample
measurements might have been valid for the calculations made
by using recovered masses also.

Microplastic Tracer Column Tests
The PE particles did not transport up to the outlet of the column
in the materials of small silica and sand. The MPs settled down at
the very beginning of the inlet of the column and they clogged the
inlet. The MPs were transported successfully through the column
in the materials of large silica and coarse gravel.

For experiment P1 for large silica, the pumping flow rate was
70 cm3/min, the injection duration was 16 min, the injection
concentration was 0.024 g/cm3, and the injection volume was
1120 cm3 which was lower than the pore volume (1996.04 cm3).
The injected PE particles clogged the column entrance. There

FIGURE 5 | Experimental setup for the microplastic tests.

TABLE 5 | Parameters of the tests with PE.

Large silica Coarse gravel

Exp. No Q (cm3/min) Vinj (cm
3) Cinj (g/L) Q (cm3/min) Vinj (cm

3) Cinj (g/L)

P1 70 1120 24 40.59 2029.5 20
P2 104.8 524 10 153.84 2307.6 20
P3 206.3 2062.8 10 — — —
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were not any PE particles in the samples and on the filter. The PE
particles did not transport throughout the column.

In experiment P2 for large silica, the pumping flow rate was
104.8 cm3/min, the injection duration was 5 min, and the
injection concentration was reduced from 0.024 g/cm3 to
0.01 g/cm3, and the injection volume was 524 cm3. The PE
particles were transported up to the first 10 cm from the
bottom of the column and then stopped there. There were a
very low number of particles found on the filter and in the
samples.

In experiment P3 for the large silica, the pumping flow rate
was 206.28 cm3/min, the injection duration was 10 min, the
injection concentration was 0.01 g/cm3 same as experiment P2,

and the injection volume was 2062.8 cm3. The PE particles were
transported up to the first 10 cm from the bottom of the column
and then stopped there same as experiment P2. The amounts of
the observed PE particles on the filter and in the samples were
higher than those for experiment P2. Yet, the increase in the
pumping flow rate did not create a significant change in the
transport of the PE particles.

The injection concentration could not be decreased more
because the lower values than 0.01 g/cm3 cannot be detected
by the fluorometer used in this study. When the pore sizes of the
porous media are evaluated, it is seen that the distribution graphs
are not symmetrical. Therefore, when talking about pore sizes,
they should be evaluated by considering maximum, minimum,
and standard deviation values instead of average values.
According to the pore size measurements of the large silica, it
was seen that 97% of the pore sizes were higher than 800 µmwhile
the PE particle size was between 200 and 500 µm. It is determined
that the PE particle size and the pore size of the large silica were
not suitable for the transport of the particles. The pore size
measurement method might have caused a certain level of
error. Also, there were not enough amount of PE particles
smaller than 200–500 µm to perform further experiments.
When column experiments are evaluated, Dong et al. (2021)
and Chu et al. (2019) used a combination of 0.25–5 µm diameter
MPs for 0.35–0.45 mm porous media and 1 µm diameter MPs
with 0.25–0.30 mm grain size, respectively. Considering the study
of Hou et al. (2020) as the experiment using larger sizeMPs, it was
seen that MPs with 40–48 µm diameter and two different porous
media with 1–2 and 2–4 mm grain sizes were used. In this study,
MPs with a larger diameter were used. 200 and 500 μmMP were
tested with 1.7–2.0 mm and 23–27 mm porous media.

Considering the previous results, the experiments were
continued with the coarse gravel, which had larger particle
and pore sizes than the other materials. In experiment P1 for
coarse gravel, the pumping flow rate was 40.59 cm3/min, the
injection duration was 50 min, the injection concentration was

FIGURE 6 | The equation for the inversion of the fluorometer measurements to PE concentrations.

TABLE 6 | Fluorescent tracer column test results: Recovered Mass, Mrec (µg).

Recovered Mass, Mrec (µg)

Exp. No Large silica Small silica Sand Coarse gravel

T1 52.6 39.4 51.4 76.2
T2 57.9 17.5 75.3 149.3
T3 63.6 82.4 44.2 100.3
T4 32.5 31.2 35.3 —

TABLE 7 | Fluorescent tracer column test results: the kinematic porosity (nk) and
dispersivity (α) values for the media.

Exp. No

Large silica Small silica Sand Coarse
gravel

α

(cm)
nk
(%)

α

(cm)
nk
(%)

α

(cm)
nk
(%)

α

(cm)
nk
(%)

T1 0.31 41.3 0.10 43.0 0.060 32.3 2.79 40.3
T2 0.25 40.8 0.11 39.5 0.060 31.5 2.67 39.6
T3 0.27 43.1 0.12 40.7 0.058 31.1 2.29 40.6
T4 0.26 42.1 0.09 39.8 0.056 29.5 — —

Mean 0.27 41.8 0.10 40.7 0.06 31.1 2.58 40.2
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0.02 g/cm3, and the injection volume was 2029.5 cm3 which was
slightly higher than the pore volume (1910.09 cm3). The particle
movement in the column was very slow. The particles mostly
stopped at the bottom half of the column. The pumping flow rate
was too low, thus the mean velocity of the injection liquid in the
column was too slow. The mean velocity of the injection liquid in
the column was 2.02 cm/min. It can be said that the 2.02 cm/min
and lower velocities are not enough for the transport of the PE
particles.

In experiment P2 for coarse gravel, the pumping flow rate was
increased to 153.84 cm3/min, the injection duration was 15 min,
the injection concentration was 0.02 g/cm3, and the injection
volume was 2307.6 cm3 which was higher than the pore volume
(1910.09 cm3). The PE particles were successfully transported
throughout the experimental system.

Eq. 7 was used for the analytical solution of the P2 experiment
to estimate the transport parameters. The analytical BTC was
fitted to the experimental BTC by the manipulation of the
injected concentration (C0), injection duration (Tinj),
dispersivity (α), and mean velocity (u). These four parameters
had to be changed by the Solver Add-in in order to get a
reasonable fit. The fitted BTC are shown in Figure 7. The
results of the parameters are given in Table 8.

The PE experiments resulted in 3.02 cm for the dispersivity of
the coarse gravel while the fluorescent tracer experiments resulted
in 2.58 cm for the same medium. These values are in the same
decimal value, and they are quite similar in terms of assessing the
dispersivity of a medium.

The ethanol–water-PE suspension was prepared for the injection
in order to avoid the sedimentation of the PE particles in reservoir 2
and the column. The experimental setup was built as close as possible

to minimize the evaporation of the ethanol to sustain the stable
suspension of the injection. Yet, the experimental setup was open to
the atmosphere during the sampling. This might have caused a
certain level of evaporation of the ethanol which might change the
suspension stability.

For the P2 experiment, the recovered mass was calculated by
Equation 5 using the measured concentration of the samples. The
recoveredmass was 26.7 g. According to the Solver Add-in fitting,
the injected PE amount was calculated as 23.1 g. It was known
that the injected/pumped PE mass was 46.2 g. The coherence
between the recovered mass and the Solver calculated mass
indicates the consistency between the results. The difference
between the known injected mass (46.2 g) and the calculated
masses (26.7 and 23.1 g) points out that 58–50% of the PE
particles must be retained in the porous medium. Also, the
relative method for the measurements of the PE samples
might have a certain level of error margin on the PE mass
calculations even though the recession coefficient of the
calibration was found to be 0.97.

The ADE (Eq. 6) employed for the PE tracer test results is
often used for the investigation of the transport of very small
particles like fluorescents. In the present study, the PE particle
sizes were much bigger than those. The BTCs don’t fully/well
overlapped/fitted may lead to a discussion of the appropriateness
of the ADE for the PE transport.

The transport of the PE particles might have also been affected
by the zeta potential (electric charge) between both PE–PE and
PE-media. If the particle and porous media have the same electric
charge (positive–positive or negative–negative), that would make
the PE particles easier to move through the porous medium. The
change in ionic strength and pH and the presence of humic acid

FIGURE 7 | BTCs of plastic particle experiment P2 for coarse gravel.

TABLE 8 | The calculated values of the parameters for the plastic particle experiment P2 for coarse gravel.

Exp. No C0 (g/Cm3) Tinj (min) α (cm) u (cm/min) D (cm2/min)

P2 for coarse gravel 0.01 16.4 3.02 7.50 23
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in the environment are the factors that directly affect the zeta
potential (Chu et al., 2019; Dong et al., 2021). The zeta potential
of the particles and porous media was not examined within the
scope of this research.

CONCLUSION

The investigation of the transport of MPs in groundwater is quite
uninvestigated and thus new. According to the literature, the
underlying fundamental consequence is that the vertical
movement of microplastics may lead to the contamination of
the groundwater.

In this study, fluorescent and MP tracers were used in 1D
column experiments with different kinds of porous media. The
PE particles of 200–500 µm size were expected to pass through the
large silica whose 97% of the pore size is higher than 800 µm.
However, the PE particles were not transported in the experiment
of the large silica with various parameters. The small silica and
sand media had smaller size pores and they were found to be not
suitable for the PE particle transport. However, the fact that the
porosity distribution graphs are not symmetrical, and the
presence of small pores should be taken into account. When
evaluating the pore size, it needs to be considered by using the
maximum, minimum, and standard deviation values.

The coarse gravel with a much larger pore size was used with the
same size PE particles. The results of fluorescent tracer andMP tracer
were compared. The dispersivity results showed that the values were
quite close. It is found that the mean velocity (u) is an important
parameter for the transportation of the PE particles in a saturated
porous medium. The experiments showed that the PE particles
(200–500 µm size) cannot be transported if the mean velocity is
lower than 2.02 cm/min. When natural conditions like groundwater
in an actual aquifer are considered, the mean velocities are usually
quite lower than those in the experiments performed in this study. So,
the accumulation of the PE particles in aquifers might be an
additional issue and requires further investigation.

For a future perspective, the retention parameters caused by
electrical charge need to be studied. Different media, solution
mixtures, changes in pH, the presence of organic material, and the
size of plastic particles need to be taken into consideration in the
transportation or accumulation of microplastics. The effect of the
change in these factors on transport and accumulation should be
considered individually or according to their co-existence. 1D
tracer experiments using a smaller size of PE particles with
artificial (large silica and small silica) and natural media (sand
and gravel) will be performed to further understand the transport
processes of the MPs in a saturated porous medium. The ratio
between the PE particle size and the pore/grain size of the
medium will be investigated to assess the suitable conditions
for PE particle transport. Advanced numerical modeling will be
implemented to better analyze the experimental data.
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