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In this study, we evaluated the suitability of elutriation, a method successfully employed in the extraction of

microplastics from marine sediments, for the extraction of microplastics from freshwater and terrestrial

soils. Five soils were sampled throughout Oklahoma, USA in order to capture a range of sand, silt, clay,

and organic matter composition. Each soil was subjected to microplastic extraction with and without

elutriation, followed by digestion in 7.5% NaOCl, and then flotation in 6 M ZnCl2. The mass of each soil

was measured after elutriation to determine sample mass reduction, and multiple methods including

fluorescence imaging and automated particle counting through ImageJ, Attenuated Total Reflectence-

Fourier Transfor Infrared Spectroscopy (ATR-FTIR), and Pyrolysis-coupled Gas Chromatography/Mass

Spectrometry (py-GC/MS) were used to determine microplastic quantity, mass, and characteristics. T-

test was used to check for statistically-significant differences between methods in terms of mass or

particle quantity. For all tested soils, elutriation resulted in greater sample mass reduction than non-

elutriated samples, and was between 59.0–97.3% for the tested soils. Furthermore, no statistically

significant (p < 0.05) differences were observed in particle quantification or polymer mass between

methods, and no differences were observed for polymer or size distribution. Additionally, 33% more

polymers were positively identified (R2 = 70%) by ATR-FTIR analysis in elutriated samples compared to

non-elutriated soils. The mass reduction provided by elutriation allows for the processing of larger

sample volumes, leading to greater accuracy and sensitivity in detecting microplastics. As such, we

recommend elutriation be performed as a pretreatment step to extract microplastics from soils.
Environmental signicance

The presence of microplastics in the environment and their toxic effects have been well-documented in modern literature; however, the spatial and temporal
distribution of these contaminants remains uncertain. As a major sink of microplastics in the environment, soils are a major factor in their fate and transport, so
a rigorous understanding of soil microplastic concentrations will greatly aid in the modelling of microplastics in the environment and risk-exposure analysis.
Due to the complex nature of many soils, a multi-step extraction protocol is oen necessary to quantify and characterize microplastics in environmental
samples. This study aims to determine if elutriation, a method successfully employed in marine sediment extractions, is viable as a pretreatment step in the
extraction of microplastics from a broad range of soils.
1 Introduction

Microplastics are broadly dened as plastic polymer particles
with a size in the range of 1–5000 mmand exhibit a wide range of
physical and chemical properties.1 The majority of micro-
plastics (91% of land-based output) are produced from the
gineering, Oklahoma State University,
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the Royal Society of Chemistry
breakdown of larger plastic debris and enter the ocean through
freshwater systems such as creeks and rivers.2–4

Once in the freshwater systems, microplastics degrade via
UV radiation as long as they remain suspended in the water
column.1,5,6 Degradation greatly diminishes when microplastics
become entrapped in sediments, therefore, soils are likely
a long-term sink for microplastics.3,7–9 As such, a rigorous
understanding of microplastic fate and transport requires
measurement of microplastic concentrations in soils.

A variety of methodologies are available for the extraction of
microplastics in soils, though no standardized protocol is
currently fully agreed upon.10,11 Optimal extraction of micro-
plastics requires the separation of microplastics from a complex
matrix of organic matter and soil grains. The most common
methods for eliminating organic matter from samples involve
Environ. Sci.: Adv., 2024, 3, 1039–1047 | 1039
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incubation in an oxidizing solution at elevated tempera-
tures.12,13 Among the most successful methods are oxidation
with Fenton's reagent or NaOCl.13–15 Currently, less information
regarding the efficacy of NaOCl for digestion is available
compared with Fenton's reagent. Direct comparisons of the two,
however, show superior organic matter destruction for NaOCl,
with comparable alteration to plastics.13,14 Aer digestion, soil
grains may be efficiently removed through otation in a dense
brine solution. Solutes such as ZnCl2 allow for sufficient density
(at least 1.4 g mL−1) to oat heavy polymers.16–18 The combined
efficiency of these processes has been quantied by multiple
groups, with estimates placing the combined extraction effi-
ciency of both processes between 92–94%.17,19 This extraction
procedure is rather efficient, though still presents some
drawbacks.

Because digestion of organic matter is destructive, this step
has the potential to consume large volumes of reagents;
however, a pretreatment step involving the removal of larger
pieces of organic matter has the potential to reduce the
consumption of reagents. Furthermore, solutes such as ZnCl2,
though reusable, are oen expensive and hazardous, and
otation is oen performed using a centrifuge, where space is
limited.17,19,20 As such, the usage of brine solutions should be
minimized. One possible way of reducing the volume of brine
solution required for separation is by decreasing the sample
mass prior to this otation using some form of pretreatment.
Both of these goals can be achieved through simple elutriation.

Elutriation is the process of separating mixtures of particles
using an upward uid stream. The principle works by exploiting
Stokes' Law, which states that a particle settling in a uid
medium will settle at a given velocity determined by the char-
acteristics of the uid and of the particle.21,22 By suspending
a heterogeneous mixture in an upward uid stream, the upward
velocity can be tuned to such a value that particles can be
effectively separated from one another based on density, shape,
and size.21,23 This method has been applied in many unique
areas of research and industry but most importantly has been
used for microplastic extractions.24–28

Elutriation has been successfully implemented to separate
microplastics from marine sediments. This method was pio-
neered in 2013 using a simple, 15 cm diameter vertical column
elutriator.26 The upow velocity was optimized through experi-
ment, and elutriation was followed by centrifugation in NaI
solution and digestion in different chemicals.26 This method
was improved on by fractionating soils prior to elutriation then
running each mass fraction at a unique owrate, optimized
through experimentation to maximize microplastic recovery.28

Kedzierski et al. were able to achieve 90% recovery of heavier
polymers, without using heavy brine solutions. The method was
also replicated using a small glass column and was able to
achieve 72% recovery for PET.27 Elutriation is a promising
method for the extraction of microplastics from sandy marine
sediments; however, the efficacy of this method for silty, loamy,
or clayey soils is still unclear.

Though microplastics are distributed worldwide, the
spatiotemporal distribution of microplastics, which would
typically be used to determine exposure risks, is not well
1040 | Environ. Sci.: Adv., 2024, 3, 1039–1047
known.3,29–31 The gap in modern knowledge of microplastic
distributions is largely attributable to a total lack of standard-
ized protocols for extraction, identication, and quantication
of these contaminants.10,32,33 Given the prior success in imple-
menting elutriation in marine sediments, the objective of this
study is to investigate the viability of elutriation for the extrac-
tion of microplastics from soils of varying composition. This
study proposes an improved procedure for the extraction of
microplastics from environmental soil samples.26–28
2 Methods
2.1 Quality assurance and control

Prior to usage, all materials were sonicated for 30 min in DI
water. Plastic usage was kept to a minimum, and whenever
possible, procedures were performed in a laminar ow cabinet.
Samples were handled in a clean lab while wearing 100% cotton
lab coats.1,34 Negative controls were also performed to assess the
background contamination during sampling and lab
procedures.
2.2 Location and procedures

Four soils of varying texture and organic matter content were
selected from local sources including creeks, rivers, and elds
amended with applied biosolids. Arkansas River 1 (AR1) and
Arkansas River 2 (AR2) were taken from the Arkansas River in
Tulsa, Oklahoma, with AR2 being taken downstream from AR1.
The Boomer Creek (BC) sample was taken from Boomer Creek
in Stillwater, Oklahoma, and the Applied Biosolids 1 (AB1)
sample was taken from the stillwater benecial land application
site, which contains agricultural soils amended with biosolids
from the stillwater wastewater treatment facility. A h soil
sample, Applied Biosolids 2 (AB2), was an additional sample
produced by increasing the clay content of part of the AB1
sample by adding 70 g lab-grade bentonite to 200 g of AB1
sample. This was then wetted with DI water and thoroughly
homogenized. Each sample was obtained using a shovel to
sample the top 10 cm of soil just above the water line. An
arbitrarily large sample mass was collected and placed in
a clean glass jar, then labeled and sealed until further pro-
cessing. Exact sampling locations are given in Table S1 in ESI.†
2.3 Soil preparation and analysis

2.3.1 Soil drying. Approximately 1 kg of the total sample of
each soil was spread out onto a sheet of aluminium foil and
then placed into an oven at 50 °C. This temperature was
selected in order to avoid surface oxidation of microplastics.35,36

Oven vents were fully opened and the samples allowed to dry for
24 h. Samples were then removed from the oven and manually
worked through a 12in-diameter, 4.75 mm sieve to break up
aggregates and remove large rocks and plant debris. Samples
were then placed back into the oven at 50 °C for another 24 h.
Once dried, samples were weighed out into 10 g aliquots.
Samples were stored in glass beakers and capped with
aluminium foil.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.3.2 Texture analysis. Approximately 300 g of dry soil as
described in Section 2.3.1 from each sample was sent to Okla-
homa State University's Soil, Water, and Forestry Analytical
Laboratory (SWFAL) for a soil texture analysis. This provides the
amount of clay, silt, and sand as a percentage of the mineral
fraction of the soil.

2.3.3 Organic matter analysis. Organic matter content was
determined by loss on ignition. Three 10 g aliquots of each soil
were weighed out in small aluminium dishes. The soil was then
placed into an oven to dry at 105 °C for 24 h.37 The masses of
each soil were recorded, and then placed into an oven at 550 °C
for 30 min.37 The masses of each soil were again recorded, and
the percentage of organic matter calculated.

2.3.4 Negative controls. Fiy (50) mL of DI water was sub-
jected to the extraction and quantication procedures as out-
lined in Section 2.3.5–2.5.1 in order to assess microplastic
contamination during extraction.

2.3.5 Soil disaggregation. Each 10 g sample was added to
a 100 mL glass beaker. Fiy (50) mL of DI water was then added
to achieve a mass-to-volume ratio of 1 g dry soil to 5 mL DI
water.38 The mixture was stirred then allowed to sit overnight in
order to thoroughly wet and soen soil aggregates. A probe-type
sonicator was then lowered into the water to roughly half the
depth of the water and centered in the beaker. In order to avoid
fragmentation of microplastics, the sonication energy was
selected such that organic matter integrity would be preserved,
while still dispersing clay aggregates.38 At 20% power, 400 J were
applied for every 1 g of dry soil.38 Once sonicated, the probe was
lied out of the sample and rinsed into the beaker with a wash
bottle of DI water, and the sample was immediately transferred
to pretreatment.
2.4 Extraction procedure

2.4.1 Pretreatment. Each sonicated soil sample was sub-
jected in triplicate to one of the following pretreatment steps:

Method 1, sieving: sonicated samples were each thoroughly
rinsed through a 45 mm sieve. The passing fraction was
discarded.

Method 2, elutriation: sonicated samples were added to
a glass elutriation column (diameter = 5 cm, height = 30 cm)
and elutriated using cold tap water at an upow velocity of
1.3 cm s−1 for 15 min. The effluent of the column was passed
through a 45 mm sieve, discarding the passing fraction. The
sonicated samples were added while the column was in the
process of lling, and the time was recorded from the point at
which all sample had been added to the column. A time interval
of 15 min was selected as this was sufficient to allow thorough
separation of soil constituents.

The retained fraction of all samples was rinsed three times
from the 45 mm mesh into a 250 mL beaker and capped with
aluminium foil until further processing. Soils at this stage are
referred to as “pretreated soils”. “Fully-extracted samples” were
subsequently subjected to digestion and otation as outlined in
Section 2.4.2–2.5.4.

2.4.2 Digestion. The pretreated sample was vacuum-
ltered through a 47 mm diameter, 20 mm stainless steel
© 2024 The Author(s). Published by the Royal Society of Chemistry
mesh, and the beaker was thoroughly rinsed into the ltration
apparatus three times with DI water to minimize losses. Once
fully ltered, the funnel and mesh were rinsed into a 250 mL
Erlenmeyer ask using a rinse bottle containing 7.5%
NaOCl.13,14 The Erlenmeyer ask was then lled to 50 mL with
7.5% NaOCl, and the ask was capped with aluminium foil. The
sample was then placed into an orbital incubator at 50 °C and
300 rpm for 24 h.

2.4.3 Flotation and ltration. Aer digestion procedures,
the digested sample was vacuum-ltered through a 47 mm
diameter, 20 mm stainless steel mesh. Once completely ltered,
the sample was rinsed thoroughly with DI water to remove any
remaining NaOCl. The funnel and mesh were then rinsed into
two 15 mL polypropylene vials (Falcon) using approximately
30 mL of 6 M ZnCl2 solution. Each vial was then vortexed until
the soil was thoroughly dispersed. The vials were then placed in
a centrifuge at 4900 rpm for 5 min.17,19 The vials were removed
from the centrifuge, taking care to not agitate or invert the
tubes. The supernatant of each vial was then vacuum-ltered
through a 47 mm diameter, 20 mm stainless steel mesh. The
vials were then relled with 6 M ZnCl2 solution, dispersed, and
the process repeated a total of three times. The 20 mmmesh and
47 mm funnel were then rinsed into a 13 mm vacuum ltration
apparatus with a 25.4 mm diameter, 0.2 mm Al2O3 membrane.
The walls were then rinsed with DI water to ensure the sample
was retained on the Al2O3 membrane and not the lter funnel.
The apparatus was then carefully disassembled, and the Al2O3

membrane placed in a glass Petri dish and labelled with name,
date, and description.
2.5 Quantication

2.5.1 Nile red quantication. Three to four drops of 2 mg
mL−1 Nile red-methanol solution were placed onto the extracted
microplastics to thoroughly wet them.39 Next, the microplastics
were stained for 10 min, and then the lter was carefully
transferred to a 47 mm glass frit lter unit with no funnel. The
vacuum was turned on and 300 mL of 95% ethanol was used to
rinse the excess Nile red dye from the lter. This was achieved
by dropping the ethanol around the perimeter of the lter in
such a way as to not disrupt the microplastics. Once dry, the
lter was then transferred to a 6-well plate (Greiner) and capped
with aluminium foil to avoid the disturbance of microplastics
due to static charge on the acrylic plate lid. Each lter was then
imaged at 4× magnication with the RFP channel using
a uorescence microscope (Cytation 5 Imager; Biotek). The
images of the lters were then exported as PNG les at 1 : 1 pixel
resolution. The particles in each image were then counted using
the Microplastic Visual Analysis Tool (MP-VAT) through
ImageJ.39 The average number of particles and standard error
for each method and soil was calculated, and then t-test was
then used to check for statistically-signicant differences
between methods.

2.5.2 Pyrolysis gas chromatography/mass spectrometry.
Each of the pretreated soils described in Section 2.4.1 was
analyzed by py-GC/MS aer pretreatment and aer full extrac-
tion for both protocols. Pyrolysis gas chromatography/mass
Environ. Sci.: Adv., 2024, 3, 1039–1047 | 1041
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spectrometry (py-GC/MS) was conducted using an Agilent 6890
GC/5975 MS system (Agilent, Santa Clara, CA) with an EGA/PY-
3030D Pyrolysis unit (Frontier Labs, Koriyama, Japan) in “single
shot” mode and a UAMP column kit for microplastics analysis.
The system was calibrated and congured according to Agilent's
guidelines and integrated with the Frontier pyrolysis unit.
Microplastic samples of interest (z1 mg) were placed in
a stainless steel Eco-cup SF sample cup (Frontier Labs, Kor-
iyama, Japan), loaded into the pyrolysis unit and subjected to
dened pyrolysis parameters. The pyrolysis process heated the
sample to 600 °C, generating volatile and semi-volatile products
for GC separation over a 45 min runtime. The UAMP column
separated the products to target twelve polymers of interest:
Polyethylene (PE), Polypropylene (PP), Polystyrene (PS),
acrylonitrile-butadiene-styrene (ABS), Styrene-butadiene rubber
(SBR), polymethyl methacrylate (PMMA), polycarbonate (PC),
polyvinyl chloride (PVC), polyurethane (PU), polyethylene tere-
phthalate (PET), nylon 6 (N6), and nylon 6,6 (N66). Quantica-
tion was performed using F-Search MPs 2.1 soware (Frontier
Labs, Koriyama, Japan), cross-referencing mass spectra and
retention times with calibration curves constructed from poly-
mer standards (MPs-CaCO3 Calibration standard) at ve
different weights (0.1 mg, 0.2 mg, 0.5 mg, 2 mg, and 4 mg) for
each tissue sample.

The measured masses of microplastics were normalized by
original sample mass to give units of mg (microplastics) kg (dry
soil)−1.

2.5.3 Mass reduction. Each of the pretreated soils
described in Section 2.5.2 was dried overnight at 50 °C, and the
dry mass of each soil was determined using a digital balance.
Taking care to assure that each soil is well-mixed, both methods
will result in identical soil mass reductions due to the passing
fraction through the 45 mm sieve, denoted by DmSieving.
However, pretreatment with elutriation will also result in an
additive mass reduction due to the retention of heavy sediments
within the column, denoted by DmElutriation. Mass reduction by
elutriation primarily acts on high-density, large-diameter
particles, and mass reduction by sieving affects small-
diameter particles, so it can be assumed that mass reduction
by sieving and mass reduction by elutriation are mutually
exclusive. As such, the mass removal of each method, DmTotal, is
given by the equation.

DmTotal = DmSieving + DmElutriation

where DmElutriation is equal to zero for sieved soils, and DmSieving

is constant for each soil sample and equal to DmTotal for sieved
soils. All Dm values are reported as a percentage of the original
sample mass.

2.5.4 Characterization. One extracted sample from each
soil and method was analyzed using Scanning Electron
Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy
(EDS), at a primary energy of 20 keV, collection time of 5 min,
and working distance of 10 mm.

Attenuated Total Reectance – Fourier Transformed Infrared
(ATR-FTIR) spectroscopy analysis was performed on one sample
from each full extraction protocol following similar steps
1042 | Environ. Sci.: Adv., 2024, 3, 1039–1047
carried out by Quiambao et al.40 That is, for each particle of
interest, the aperture was set to encompass the largest area of
the particle possible without including the lter background or
other nearby particles. Using the cooled detector, a background
spectrum was collected before each particle, followed immedi-
ately by a 1.5 min, high-resolution scan while applying 2 psi to
the germanium tip ATR. The number of particles analyzed was
set at 10% of the total particle quantication from Section 2.5.1,
with a minimum set at 5 particles and a maximum set at 30
particles. The threshold for positive identication was set at R2

= 70%. An image and IR spectrum was saved for each particle.
3 Results and discussion
3.1 Soil characteristics

The ve soils differed in texture and organic matter content,
and generally followed a trend whereby sandy soils were low in
organic matter and clayey soils were higher in organic matter.
That is, the AR2 sample contained the highest percentage of
sand and minimal organic matter (96.3% sand, and 0.1%
organic matter). Conversely, the sample AB2 showed the highest
percentage of clay and a higher content of organic matter as well
(50% clay and 6% organic matter). Finally, the AB1 sample
contained the highest amount of organic matter (8.6% organic
matter). The selected soil types were classied by soil texture as
sand (AR2), sandy loam (AR1), loamy sand (BC), clay loam (AB1),
and clay (AB2). Exact soil compositions are shown in Table S1.†
3.2 Sample mass reduction from elutriation

Elutriation resulted in greater soil mass reduction in all
samples compared to sieving alone and this discrepancy was
most pronounced in sandy samples (Fig. 1A–C). All samples
experienced mass reduction under both sieving and elutriation.
For sieving, this reduction was solely due to the passing fraction
through the 45 mm sieve (Fig. 1A). As such, ne-grained soils
experienced greater mass reduction than coarse-grained soils.
For example, the most clayey soil, AB2, experienced an 87.6%
reduction in mass from sieving alone, while the sandiest
sample, AR2, only experienced a 2.50% reduction.

For elutriation, however, the mass was removed by two
mechanisms: the rst is due to the passing fraction though the
45 mm sieve, and the second is due to the retention of heavy
sediments in the elutriation column. Therefore, all samples
experienced greater sample mass reduction with elutriation
compared to sieving alone, with the difference being most
pronounced for sandy samples, resulting in high sample mass
reduction in both sandy and clayey soils, and lesser reduction
for loamy soils. For example, the sandiest soil, AR2, experienced
a 97.3% reduction in sample mass, and the most clayey soil,
AB2, experienced a 90.1% reduction in mass. The lowest sample
mass reduction with elutriation was recorded for AR1 (59.0%)
which was still 4.96 times greater than the reduction achieved
from sieving alone (11.9%).

Sample mass reduction by sieving alone, DmSieving, was
tightly negatively correlated to sand content (R2 = 0.997)
(Fig. 1B). This is to be expected as the 45 mm mesh used for
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Total samplemass removal by pretreatment for each sample andmethod (A), and samplemass removal solely by elutriation (B) and sieving
(C) as a function of soil sand content. Arkansas River 2 (AR2), Arkansas River 1 (AR1), Boomer Creek (BC), Applied Biosolids 1 (AB1), and Applied
Biosolids 2 (AB2).
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sieving is close to the 53 mm lower limit for what constitutes
sand grains. Because the sieve size was so close to this cutoff,
nearly all soil grains retained must have been sand grains.
Therefore, soils with 100% sand content should demonstrate no
mass removal by sieving alone, whereas soils with 0% sand
content should experience nearly 100%mass removal. The tight
correlation also conrms that the power and amplitude of
sonication was sufficient to fully disrupt clay aggregates at least
down to the size of 45 mm, or else this correlation would be
broken due to the retention of clay aggregates in the sieve.
Furthermore, this correlation supports the hypothesis that
elutriation primarily acts on the sand fraction. Because sand is
the main constituent le aer sieving, the large discrepancy in
mass reductionmust be due to removal of some fraction of sand
grains.

The sample mass removed solely by retention within the
elutriation column was greatest for sandy samples (Fig. 1C). For
example, elutriation alone removed 94.7% of the soil mass of
the sandiest sample, AR2, but only removed 2.52% of the soil
mass of the least sandy sample, AB2, with the remaining 87.6%
reduction being solely attributable to the ner fraction passing
through the 45 mm sieve. This is still a 20.3% decrease in sample
mass compared to sonication and sieving alone. The hypothesis
that sand content is responsible for mass reduction by the
elutriation mechanism is further supported by the strong
positive correlation between sample mass reduction by elutri-
ation, DmElutriation, and soil sand content (R2 = 0.807). Unlike
sieving, however, grain size is not the only important factor in
elutriation performance, as other properties such as density,
sphericity, and surface roughness all play important roles in
settling behavior. Furthermore, the grain size distribution
would need to be considered to predict the mass removal of this
process. A more precise analytical model of mass reduction by
© 2024 The Author(s). Published by the Royal Society of Chemistry
elutriation would likely follow a more complicated function
than a simple line of best t.
3.3 Effects of elutriation on particle quantity and size
distribution

No statistically signicant differences were observed between
the two extraction methods (sieving + digestion + otation and
elutriation + digestion + otation) with regards to extracted
particle quantity, size distribution, or visual presentation
(Fig. 2A–C). In most samples, elutriated soils resulted in slightly
greater particle yield compared with the elutriated soils
(Fig. 2A). The BC sample was a notable exception as it showed
a modest improvement over the sieving (p = 0.085). The results
here suggest that pretreatment with elutriation prior to a typical
extraction protocol involving digestion and otation does not
signicantly affect the extracted quantity of microplastics
across a wide range of soil types, provided sufficient upow
velocity.

Particle size distributions reveal little to no difference
between methods (Fig. 2B). Similar numbers of particles were
observed across all samples (n = 15 292 for sieving and n = 15
135 for elutriation). The distribution of particle sizes for both
methods was skewed toward large particles and displayed
nearly identical medians (0.641 mm for sieving and 0.637 mm
for elutriation). Furthermore, the variation was similar between
methods with almost identical interquartile ranges (0.591 mm
for sieving and 0.581 mm for elutriation). These data suggest
that this elutriation method does not bias samples toward
smaller particles as may be expected from a gravity-based
separation technique.

The qualitative similarities between methods are further
corroborated by SEM imaging, indicating no visual differences
Environ. Sci.: Adv., 2024, 3, 1039–1047 | 1043
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Fig. 2 Fluorescent particle quantity measured by fluorescence microscopy and automated particle counting (A), microplastic size distribution
for all particles for each method, measured by longest dimension (B), and SEM images comparing extraction methods for AR2, BC, and AB1
samples, scale bar in each picture denotes 1 mm. Error bars denote standard error. Arkansas River 2 (AR2), Arkansas River 1 (AR1), Boomer Creek
(BC), Applied Biosolids 1 (AB1), and Applied Biosolids 2 (AB2).
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between elutriated and non-elutriated extracted samples
(Fig. 3). No marked differences are noted in terms of lter
cleanliness, polymer size, polymer shape, or abundance.

3.4 Comparison of extraction methods

3.4.1 Microplastic concentration. The measured concen-
trations of microplastics (mg microplastic kg dry soil−1) were
greater, sample variability was lower, and polymer distribution
was more representative in the extracted samples (both in terms
of mass and quantity) compared to bulk samples (Fig. 3A–B).
The calculated soil microplastic concentrations were, on
average, 32 times greater when samples were extracted prior to
analysis with py-GC/MS, and of the ten samples, six of these
values were statistically signicant (Fig. 3A). Furthermore, the
coefficient of variation was 58% for extracted samples and 83%
for only pretreated samples. The greater variability was likely
due to the relatively low concentration of microplastics and
small sample mass which was analyzed by py-GC/MS, leading to
unrepresentative measurements of polymer mass in pretreated
soils.

No statistically signicant differences in concentration were
observed between methods in fully extracted samples (Fig. 2A).
Unlike particle quantity, however, sieved soils generally yielded
1044 | Environ. Sci.: Adv., 2024, 3, 1039–1047
more microplastic mass than elutriated soils with the exception
of AB2, though the high standard error makes this difference
difficult to meaningfully discern. Though no statistically
signicant (p < 0.05) differences were observed, it is worth
mentioning that sieving outperformed in nearly all samples,
especially AR1 (p= 0.068) and BC (p= 0.097), but our study may
be underpowered for such conclusions.

3.4.2 Polymer distribution. The relative abundance of
polymers in fully extracted samples more closely resembled
global production of polymers (Plastics Europe, 2023) than did
pretreated soils, though neither matched exactly (Fig. 3B).
Differential half-lives of polymers in the environment may
explain some discrepancy between production and environ-
mental contamination. The observed distributions in extracted
samples show some departure from global production, but are
similar to one another. It should be noted that current global
production is only a proxy for what may be expected in the
environment and is not necessarily representative of the
distribution of polymers present in the selected locations. Pre-
treated soils showed little resemblance to either global
production or the extracted samples. This is likely due to the
small mass of sample analyzed by py-GC/MS, leading to results
not representative of the bulk soils.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Soil microplastic concentration (mg kg−1) measured by py-GC/MS for all methods (A). Relative abundance for all methods in terms of
concentration (py-GC/MS) and number of identified polymers (ATR-FTIR) compared to 2022 global polymer production (B). * denotes p < 0.05,
** denotes p < 0.01, *** denotes p < 0.005. Error bars denote standard error.
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More polymers were identied and a more representative
distribution was observed in elutriated samples than sieved
samples with ATR-FTIR analysis (Fig. 3B). It should be noted
that ATR-FTIR could only be performed on fully-extracted
samples. Across all samples, 33% more polymers were
conrmed through ATR-FTIR analysis (n = 24 for sieving and n
= 32 for elutriation). Furthermore, the distributionmore closely
mirrored that of expected concentration, and ATR-FTIR failed to
identify any PVC particles in sieved samples, whereas four PVC
particles were identied in elutriated samples.41 One hypothesis
is that sample cleanliness (in terms of Si/C ratio) impacts the
ability of ATR-FTIR to accurately identify polymers, as silicon
dioxide has the potential to interfere with ATR-FTIR measure-
ments. This hypothesis is supported by the negative correlation
(R2 = 0.59) between Si/C ratio and percentage of particles
positively identied by ATR-FTIR analysis (Fig. S1†). This would
directly imply that elutriated samples contain a lower quantity
of silicon; however, it was observed that both extraction
methods exhibited broad, overlapping ranges of Si/C ratios,
though the mean was higher for elutriation (Si/C = 0.140)
compared to sieving (Si/C = 0.095) (Fig. S2†).
4 Conclusions

The data provided here demonstrate that pretreatment with
elutriation provides greater soil mass reduction compared to
© 2024 The Author(s). Published by the Royal Society of Chemistry
sieving. Furthermore, elutriation did not result in any
statistically-signicant differences in extraction efficiency
across a broad range of soil textures and organic matter
contents, nor did it affect the particle size or polymer distri-
butions compared to non-elutriated soils. These data also
emphasize the importance of extracting microplastics from
samples prior to analysis with py-GC/MS, uorescent imaging,
or ATR-FTIR. More positive identications of polymers were
made with ATR-FTIR analysis for elutriated samples compared
to sieving as well. The mass reduction provided by elutriation
allows for the processing of larger sample volumes, leading to
more representative samples, greater sensitivity, and the
potential to lessen reagent usage in subsequent extraction steps
due to the decrease in sand grains and large pieces of organic
matter.
Author contributions

Kyle Forsythe: conceptualization, data curation, formal anal-
ysis, investigation, methodology, validation, writing-original
dra, visualization; Mason Egermeier: investigation; Marcus
Garcia: investigation; Rui Liu: Investigation, Matthew Campen:
resources; writing – review & editing, Matteo Minghetti:
resources, writing – review & editing; Andrea Jilling: method-
ology, writing – review & editing; and Jorge Gonzalez-Estrella:
conceptualization, data curation, formal analysis, funding
Environ. Sci.: Adv., 2024, 3, 1039–1047 | 1045

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4va00087k


Environmental Science: Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
m

ei
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

-3
-2

02
6 

21
:2

9:
53

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
acquisition, project administration, resources, supervision,
visualization, writing – review & editing.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

This study was funded by the National Institute on Minority
Health and Health Disparities (Award Number P50MD015706),
the Center for Metals in Biology and Medicine (Award Number
NIGMS P20GM130422), and the U.S. Geological Survey (Grant/
Cooperative Agreement G21AP10597). The content is solely
the responsibility of the authors and does not necessarily
represent the official views of the National Institutes of Health
nor of the U.S. Geological Survey. Marcus Garcia was supported
by ASERT number K12 GM088021. The content is solely the
responsibility of the authors and does not necessarily represent
the official views of the National Institutes of Health nor of the
U.S. Geological Survey.

References

1 A. A. Koelmans, N. N. H. Mohamed, E. Hermsen, M. Kooi,
S. M. Mintenig and J. De France, Microplastics in
freshwaters and drinking water: Critical review and
assessment of data quality, Water Res., 2019, 155, 410–422.

2 L. An, Q. Liu, Y. Deng, W. Wu, Y. Gao andW. Ling, Sources of
microplastic in the environment, In Microplastics in
terrestrial environments: emerging contaminants and major
challenges, The Handbook of Environmental Chemistry,
2020, vol. 95, pp. 143–159.

3 Q. T. Birch, P. M. Potter, P. X. Pinto, D. D. Dionysiou and
S. R. Al-Abed, Sources, transport, measurement and impact
of nano and microplastics in urban watersheds, Rev.
Environ. Sci. Bio/Technol., 2020, 19(2), 275–336.

4 M. A. Browne, Sources and Pathways of Microplastics to
Habitats, In Marine Anthropogenic Litter, ed. M. Bergmann,
L. Gutow and M. Klages, Springer International Publishing,
Cham, 2015, pp. 229–244.

5 P. Kay, R. Hiscoe, I. Moberley, L. Bajic and N. McKenna,
Wastewater treatment plants as a source of microplastics
in river catchments, Environ. Sci. Pollut. Res., 2018, 25(20),
20264–20267.

6 K. Zhang, A. H. Hamidian, A. Tubić, Y. Zhang, J. K. H. Fang,
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