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Abstract: Microplastics (MPs) are considered an important stratigraphic indicator, or ‘technofossils’,
of the Anthropocene. Research on MP abundance in the environment has gained much attention
but the lack of a standardized procedure has hindered the comparability of the results. The de-
velopment of an effective and efficient method of MP extraction from the matrix is crucial for the
proper identification and quantifying analysis of MPs in environmental samples. The procedures of
density separation used currently have various limitations: high cost of reagents, limited solution
density range, hazardous reagents, or a combination of the above. In this research, a procedure
based on density separation with the use of potassium formate water solution (H2O/KCOOH) in
controlled conditions was performed. Experimental sediment mixtures, spiked with polyethylene
(PE), polystyrene (PS), polyurethane (PUR) and polyethylene terephthalate (PET) particles were pre-
pared and an extraction procedure was tested in the context of a weight-based quantitative analysis
of MPs. This article discusses the effectiveness and safety of the method. It additionally provides
new information on the interactions between MP particles and the mineral matter of the sediment.
Results were acquired with the use of instrumental methods, namely thermogravimetry (TG), Fourier
Transform Infrared (FTIR) spectroscopy, Field Emission Scanning Electron microscopy and Energy
Dispersive spectrometry (SEM/EDS), as well as X-ray fluorescence (XRF) analysis.

Keywords: microplastic extraction from experimental mixtures; potassium formate; sediment–microplastic
aggregates

1. Introduction
1.1. Microplastics in Sediments

Materials made with synthetic polymers have characteristics that are interesting from
a geological perspective. Plastic is always of anthropogenic origin [1] so all its forms (e.g.,
MPs) can be traced back solely to human activity. In the year 2000, Crutzen and Stromer
proposed a new geological epoch, the Anthropocene. The Subcommission on Quaternary
Stratigraphy tasked the Anthropocene Working Group with introducing that geological
unit and setting its boundary. Synthetic polymers were immediately noticed as a visible
record of global scale human dominance [2,3]. Other stratigraphically useful traits are their
durability and versatility. Synthetic polymers were invented to serve the need for a cheap
and resistant material [4] but their persistence also resulted in them becoming an emerging
pollutant [5]. The omnipresence of MPs provides an example of how the atmosphere,
hydrosphere and lithosphere are penetrated by anthropogenic materials [6]. In comparison
to anthropogenic macro-objects, the relatively small size of MP particles (a maximum less
than five millimeters along the largest diameter; [7] Thomson et al., 2004), allows them to
accumulate unnoticeably and easily penetrate different media [8]. Particles much smaller
than the millimeter size range are also considered microplastics—down to 1 µm. Due to
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this wide size range for particles, there are subdivisions of MPs for identifying for e.g.,
small MPs in the 201,000 µm size range [9].

The current discussion concerning MP classification often emphasizes the need for
harmonizing size categories as well as making them less arbitrary and founded on a
physical or biological basis instead [10,11]. The main difficulty encountered in this area lies
in the fact that the first, broader definition has already been widely adopted and research
papers in the thousands have used this definition. Therefore, changes in classification
can potentially add to problems of research incomparability that already exist due to
methodological challenges [12].

The amount of plastic produced yearly is alarmingly high and rose from 359 million
tonnes to 368 million tons between 2018 and 2019 (Plastic Europe 2020). The most recent
comparable data on plastic production and consumption are from before the COVID-19
pandemic. This crisis affected global production [13] and possible pathways of single-use
plastic into the environment [14,15]. A significant part of the plastic produced is never
properly treated after the end-of-life of the product. Almost every plastic that is not utilized,
recycled or subject to waste treatment procedure, e.g., incineration, will, in turn, become
a ‘technofossil’ in sediment or part of the anthropogenic sediment layer as a whole—the
material record of human activity.

Apart from its role as pollutant or ‘technofossil’, methods of microplastic research in
sediment must be improved to accurately describe those phenomena. Moreover, emphasis
must be put on interactions between the sediment and microplastic particles. In terms of
MP preservation and the efficiency of MP separation, there is a visible lack of not only a
unified method but also research standards [16]. The presence of microplastics in sediments,
their toxicity, degradation patterns, their ways of penetrating the environment and how
they themselves change during this process cannot be thoroughly examined without the
proper procedures [17–20]. These allow an assessment of the dangers behind microplastic
abundance as well as its stratigraphic potential.

1.2. Density Separation Methods

Research on microplastic pollution has been conducted simultaneously by a vast
number of research teams [21–23]. It is also a popular subject of citizen science [24–26].
Thus, protocol safety, both towards people and the environment, must be thoughtfully
taken into consideration. Prioritization of the principles of green chemistry in MP research
is key, as this research is often performed for environmental protection reasons. Apart from
some far-reaching conclusions, the phenomenon of MP abundance in the environment is
still rather poorly known [27]. Based on large scale reviews [28,29]) density separation is
the most widespread approach, either as a part of a multistep extraction and analytical
procedure or combined with a solely optical inspection. It was originally proposed with
the first formal definition of a microplastic [7] and has been developing ever since. There
are differences in the quantity of sediment, the volume and type of solution used and
the chemical composition and laboratory equipment involved. These different solutions
are not cost-effective enough, are possibly hazardous, are not time-effective or omit some
popular higher density synthetic polymers [30]. There has been a constant search for better
solutions and improved procedures [16,31,32] with cost-effective, fast and environmentally
friendly approaches being the most desired.

Density separation has already been described in 124 research papers to date [30]. In a
comparative perspective [30] H2O/KCOOH has not been mentioned among the solutions
used for density separation. NaI has been found to be problematic as it blackens the
cellulose filters, making visual inspection borderline impossible and ZnBr2 is hazardous.
Using NaCl is cheapest but the most time consuming as it requires careful sediment washing
(e.g., three times according to [32]) and has a wide error margin since it does not allow
for the recovery of low-density microplastics. Using high-density solutions is crucial to
raising the recovery rate and obtaining slim error bars [32]. However popular high-density
solutions are classified as harmful and toxic by GHS (Globally Harmonized System) Hazard
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Statements: NaI (hazard code: H303, H315, H319, H400), ZnCl2 (H302, H314, H400, H410),
or contain elements the identification of which is important for environmental pollution
analysis and it is preferable to not be forced to omit them. The answer for those challenges
could be H2O/KCOOH.

1.3. Density Separation with Potassium Formate Solution (H2O/KCOOH)

Formic acid potassium salt (potassium formate—KCOOH) biodegradation in the
environment is a fast and very effective process [33]. Its effectiveness is not diminished in
low temperatures and both aerobic and anaerobic conditions. As such, it has been proposed
as a safer alternative to popular but less biodegradable chloride salts (NaCl and CaCl2)
for road winter de-icing purposes [33]. Potassium formate, as well as cesium and sodium
formate solutions, has been used in massive amounts in the oil and gas drilling industry
as a major component of drilling fluids for at least three decades [34–36]. The major
advantage of these solutions is their capability of stabilizing polymers (such as polyglycol
or polyanionic cellulose polymer) added to the mud, which makes the drilling fluids more
temperature resistant. The other important reason to use them, apart from their good
performance in a wide range of conditions, comes from the positive parameters in terms of
the toxicological and ecotoxicological properties of KCOOH [37]. Drilling fluids based on
(H2O/KCOOH) and containing synthetic polymers, have been classified as temperature
resistant (up to 200 ◦C) and meeting biological toxicity discharge requirements/criteria for
the first level sea area [38] KCOOH is also being used in the design of water harvesters as
a non-corrosive and more environmentally friendly alternative [39] (Ayyagar et al., 2021).
The non-corrosivity is additionally important because in plastic research all the equipment
used for experimental needs to be plastic free and is thus often made of steel.

There has been a mention of using ~1.5 g/cm3 H2O/KCOOH in studies from China
regarding MP [40,41]. It was also simply described as being too expensive [42], which is
refutable, as prices of the pure reagent differ vastly. For this research procedure, KCOOH
was purchased in retail, at a price of around 20 USD/kg (Krakchemia S.A, Kraków, Poland).
There seems to be no reason not to use the H2O/KCOOH solution of the same density
instead of a NaCl/NaI mixture in a closed-loop setting.

In this study, experimental mixtures of sand-dominated mineral material mixed with
different types of polymer grains were used as MP-polluted sand analogues. The efficiency
of separation was verified using TG, ATR-FTIR and SEM-EDS.

2. Materials and Methods
2.1. Sediment with Microplastic

The environmental sample analogue was obtained by adding prepared microplastics to
a pure sediment sample. The sampling site for the sediment was a sand mine in Jadowniki
(Southern Poland). This sand deposited in the Pleistocene is of fluvioglacial origin. The top
layer of sand was freshly removed by a hydraulic excavator. The sand was then collected
from a one-meter depth and was placed in glass containers to avoid contamination. One
kilogram of sediment was used to perform granulometric analysis using a set of sieves
(Figure 1). Sediment was dominated by a sand fraction of 0.063–2.0 mm. X-ray diffraction
analysis (XRD) confirmed that the sediment was composed mostly of quartz, but potassium
feldspar, mica minerals and plagioclases were also present (Figure 2).

The four diverse MP samples were prepared from different synthetic polymers repre-
senting different densities (from 0.91 to 1.40 g/cm3). The polymers were chosen from the
most popular types commonly used for packaging and in the production of construction
materials (Plastic Europe 2020) as well as those most often identified in environmental sam-
ples of different origins [17,28,43,44] (Akgogan et al., 2019; Van Cauwenberghe et al., 2015;
Yang et al., 2021 Zhang et al., 2017), including expandable polystyrene beads—PS (before
expanding); polyurethane—PUR from polyurethane foam; polyethylene—PE from gran-
ules prefabricate; polyethylene terephthalate—PET, from a plastic bottle (cleaned using
deionized water). All polymers were finely ground using the grinder. The grinding process
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was performed in intervals to avoid the overheating of the plastic. The size range of the
obtained polymer particles was from 0.02 to 0.8 mm (measured in SEM).
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In the next step, one gram of MP prepared in this way was added to one kilogram
of sediment. Six samples were prepared, five containing microplastics and one blank
sample. Each analogue was mixed in the glass container on a roller mixer for 12 h to obtain
a homogenous mixture and to simulate mechanical interactions such as friction or the
crushing or flattening of synthetic polymers due to the movement of the sediments and
weight of the overlying material.
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2.2. Potassium Formate Solution Preparation

The solution was prepared by dissolving KCOOH in prefiltered deionized water (~60%
concentration) in a 5 L glass beaker while stirring on a heated magnetic stirrer set for 26 ◦C.
The temperature was set above room temperature to facilitate the endothermic process.
After returning to room temperature (22 ◦C) some of the potassium formate formed crystals.
The density of solution was then measured using a 25 mL pycnometer (triple measurement)
and the result was 1.41 g/cm3.

2.3. Density Separation Protocol

Each of the six samples was divided into eight high beakers of 800 mL capacity and
each was filled with 500 mL of H2O/KCOOH (~60% concentration, density 1.41 g/cm3).
The samples were stirred for 2 min by hand using a glass rod and left for at least 48 h for the
sedimentation of mineral compounds and the separation of the MPs. This was determined
by the clarity of the liquid above the sediment. The time required for the effective separation
of the MPs from the matrix needed to be analyzed in two aspects: (1) the velocity of the
sediment moving downwards due to gravitational forces and (2) the time necessary for the
MPs to emerge to the surface. The second parameter was more complicated to determine
due to the heterogenic nature of MPs (Ahmed et al., 2021) including their shape, porosity,
the biofilms formed on materials attached to their surface and the effect settling process [45].
It was also analyzed to determine the behavior of MPs in the water environment [46]. The
filtration was performed with the use of a vacuum filtration set and 1.2 µm Whatman®

glass microfiber filters of 47 mm diameter with deionized water. The filter was then also
rinsed with deionized water. For each mixture, 4 l of solution was prepared and divided
in 8 equal portions (0.5 L) and added to 800 mL high beakers with the spiked sediment.
An additional sample of the sediment spiked with PE was treated with deionized water
instead of H2O/KCOOH in the same way. The filtrated, washed and dried samples of
extracted polymers exhibited a loose form; therefore, they could be dumped from the fiber
glass filter to the Petri dish. As-prepared materials were used in the SEM observations.
However, before the TG and ATR measurements, all the samples were homogenized by
gentle grinding in a small agate mortar (8 mL of volume).

2.4. Instrumental Methods

X-ray Powder Diffraction (XRD) of the sediment used to prepare the analogue was
conducted with the use of a Θ-2Θ PHILIPS X’pert APD diffractometer. The diffractometer
had a PW 3830 generator and a vertical goniometer PW 3020 installed, with radiation
monochromatized by a graphite diffracted-beam monochromator. An accelerating voltage
of 40 kV and a 30 mA current of a cathode filament was used. All measurements were
taken on Bragg–Brentano geometry. For raw samples, the angular range was 2–65◦, while
the measurement time point was 2 s per step and with a step equal to 0.02◦.

Thermal analysis of the initial microplastic samples and the microplastic samples
separated from the sediment was performed using a TA Instruments SDT Q600 thermal
analyzer. Each time, 10 mg (+/−0.2 mg) of a sample was heated in the temperature range of
30–1000 ◦C in air flow (100 mL/min) at a heating rate of 20 ◦C/min. The sample was dried
before the measurement at 80 ◦C overnight. TG, DTG and heat flow curves were recorded.

ATR-FT-IR spectra samples (previously ground in a small agate mortar) were recorded
in the wavenumber range of 4000–650 cm−1 (Mid-IR) using a Nicolet 6700 FT-IR spectrom-
eter equipped with an ATR (Attenuated Total Reflectance) accessory (Smart iTR, Thermo
Scientific) and MCTA detector. The measurements were carried out at the resolution of
2 cm−1 collecting 100 scans for each spectrum.

Field Emission Scanning Electron Microscopy and Energy Depressive Spectrometry
(SEM-EDS) were also carried out. A HITACHI S-4700 field emission scanning electron
microscope equipped with NORAN NSS energy dispersive spectrometer was used to
check the size and morphology of the microplastic grains and thechemical composition
of material deposited on MP particles after the experiment. For imaging, the secondary
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electron (SE) mode was applied at a 10 or 20 kV accelerating voltage. Spot chemical analyses
were performed at a 20 kV voltage and an acquisition time of 100 s. For element content
quantification, the standardless method was used. Microplastic grains were analyzed prior
to the experiments and after the separation from the experimental mixtures. Samples were
mounted on carbon adhesive discs and coated with carbon.

2.5. QA/QC

Measures were taken to prevent external contamination and assure the quality of the
analysis. Before the sediment preparation and extraction procedure the laboratory was
carefully cleaned. All the surfaces were washed using laboratory grade tissue paper with
prefiltered, deionized water and then swiped with ethanol. All the equipment used was
made of glass, except for the magnetic stirring bar covered with PTFE (density 2.2 g/cm3,
therefore unable to be extracted by this solution). Deionized water used to clean the labora-
tory, as well as to prepare the H2O/KCOOH solution, was prefiltered with Whatman® glass
filters with a mesh size of 1.2 µm. The solution was also prefiltered to avoid contamination
from the reagent. The filter was changed after 4 L of fluid filtration. The glassware was
cleaned and then rinsed with prefiltered deionized water. The blank sample (sediment
without the addition of polymers) in the same amount as the spiked mixtures (1 kg) was
analyzed along with the experimental mixture of polymers and sediment and no synthetic
polymers were detected in the blank sample. The filtration set, as well as the beakers, was
covered with aluminum foil at all times. Steel devices were used to collect sand and all the
containers were decontaminated beforehand.

3. Results and Discussion
3.1. Microplastic Recovery and Identification
3.1.1. Density Separation with Deionized Water

Taking into consideration PE density, it should be possible to extract it effectively
with water. The separation of the supernatant was challenging without the perturbation
of the sediment. Rinsing the walls of the glass beaker was also difficult as the sediment
tended to stick to them. It was noticeable because of the large amounts of MPs added to the
mixture and this phenomenon could be neglected in the environmental samples, causing
potential errors. After the extraction and drying process, the mass of the extracted material
was 0.86 g. In comparison with the initial white PE MP, the extracted material was beige.
Closer inspection showed very fine sediment particles attached to the polymer. The sample
was then analyzed by FTIR and the quartz absorption bands were noted in the spectra
~1100 cm−1 and ~780–800 cm−1 (Figure 3).

3.1.2. Density Separation with H2O/KCOOH and Analysis of Extracted Microplastics

The water separation PE was compared with the effectiveness of H2O/KCOOH by
comparing the weights of the separated materials and their composition (Figure 3) The
composition was analyzed by first homogenizing a small amount of the extracted material.

As for PE identification, there were characteristic peaks visible associated with: -C-H
asymmetric stretching ~2910 cm−1 and ~2850 cm−1, C-H bending vibration ~1460 cm−1,
C-C rocking vibration ~730 cm−1. In the case of water-extracted PE, C-C rocking and
C-H bending vibrations peaks were partly covered with the spectra of minerals present in
the sediment.

After the comparison of the PE samples, higher density MPs were only treated with
the H2O/KCOOH as water extraction was ineffective even for the lowest density MP. For
the samples treated with the H2O/KCOOH solution, it was easier to extract microplastics,
but some of the microplastics still stuck to the sides of the beaker.

Potassium formate is often used in drilling fluids as an additive responsible for limiting
the swelling of clay minerals [47,48]. This property might have prevented some of the fine
sediments from dispersion. This resulted in much less mineral content in the extracted
material (Figure 3).
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Apart from their higher density compared to PE, both PUR and PS MP emerged more
easily to the surface of the supernatant and the layer of fine sediment was formed on the
surface of the rest of the settled sediment. It was less easy to agitate the sediment; however,
it remained a difficulty.

Except for PET MP, the separated PE, PUR and PS MP particles floated to the top
without noticeable differences. In the case of the PET MP particles, most of them floated on
the surface of the supernatant; however, the rest were suspended in the fluid column or left
in the sediment mixture.

Comparing the spectra of HCOOK and PE, in cases where some residue was left on
the MP particles this might have led to misleading readings in the identification process;
however, HCOOK dissolved very effectively and did not (Figures 3 and 4) affect the
identification. The amount of deionized water needed for rinsing was minimal. The least
clear spectrum came from the sample where water extraction was performed. This is a
strong confirmation of the visual inspection results which showed a considerable amount
of sediment particles entering the sample during the elutriation phase. The predictable
outcome was that some part of the microplastic would not reach the surface of the water.
However, even the MP that reached the surface was coated by sediment to the point
where it made the identification significantly more difficult and the gravimetric analysis
results inaccurate.

Synthetic polymer types can be identified by their specific IR absorption peaks [49–51].
The characteristics of the present polymers (Figure 3) are listed below.

PUR: Strong peak of stretching vibrations of the C=O carbonyl group at 1707 cm−1,
the stretching and bending vibrations of the N-H as a strong band at 1507 cm−1, the intense
peak at 1595 cm−1 from the stretching skeletal vibrations of C=C bonds present in the
aromatic rings, weak symmetric and asymmetric stretching vibrations of -CH2- aliphatic
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groups at 2971 cm−1 and 2868 cm−1, the deformation vibrations of the C-H at 1410 cm−1,
the stretching vibration of C(O)O-C groups band at 1227 cm−1.
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PS: Presence of 1600 cm−1 of C=C bonds from the stretching vibration of the aromatic
rings, 3025 cm−1 aromatic C-H cm−1 stretch, 2845 cm−1 C-H stretch, 1492 cm−1 aromatic
ring stretch, 1451 cm−1 -CH2- bend, 1027 cm−1 aromatic C-H bend and very strong peak-
694 cm−1 of aromatic C-H out-of-plane bend. Additionally, the absence of ~1720 cm−1

peak of the carbonyl group was helpful in distinguishing PS from other synthetic polymers
with similar characteristics.

PET: Presence of C=O carbonyl group stretch—1711 cm−1, 1238 cm−1 C-O stretch,
in the virgin PET there was a characteristic 1091 cm−1 peak from the C-O stretch that is
visible, whereas in the extracted polymer spectra there was a visible trace of background
in this area and the peak moved to the area of 1082 cm−1, the 722 cm−1 aromatic C-H out
of plane bend was strongly present in both samples of PET. The spectra of PET samples
differed but it was still possible to identify the extracted one.

PE: The extracted spectra overlapped the initial PE spectra accurately and all the
distinctive peaks for characterization were very much visible. The presence of 2916 cm−1
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and 2848 cm−1 C-H stretch, 1471 cm−1 and 1468 cm−1 -CH2- bend and 716 cm−1 -CH2-
rock. The absence of ~1720 cm−1 peak made the identification easier as in the PS case.

The greatest compatibility of the spectra recorded between the standard (pure) and
the extracted polymer was observed for the PE sample. The high purity of the extracted
MP was also reached for PUR and PS MP. However, a visible discrepancy between the
spectra of the extracted PET and its reference was noticed. This was due to the high
contamination of the sample with residue from the sediment, which was confirmed via
optical identification (color changes) and later analyses (SEM observation, thermal analysis
and XRF analysis of the residue). The polymer type could be determined because of the
overlapping of the spectra from the virgin polymers and the extracted polymers. The peaks
of characteristic functional groups were also visible. In the blank sample, the absorption
features of quartz were visible [52]. Peaks in the range of 1200 cm−1 to 900 cm−1 are
assigned to the asymmetric stretching vibration of the Si-O groups with a maximum at
1082 cm−1. Remains of organic matter in the form of the C-H vibration were also visible at
2970–2682 cm−1.

Thermal analysis (Figure 5) was conducted to eliminate the errors in assessing the
extraction efficiency connected to the adhesion of the sediment to the surface of the MP and
the determination of sediment content in extracted polymers. The collected results also pro-
vided information about the thermal decomposition of the examined synthetic polymers.

The obtained results confirmed that the PS, PE and PUR microparticles could be
effectively separated from the matrix using the KCOOH method (Table 1). In these cases,
TG data for initial and extracted MP indicated the low content of inorganic, c.a. 2.4, 2.8
and 4.1 wt%, ashes for PS, PE and PUR, respectively. On the other hand, the extracted PET
sample revealed a high amount of sediment residue (38.2 wt%). The high density of PET is
a natural cause for the difficulty in separating the polymer from the sediment. Moreover,
the signals on DTG and heat flow curves showed that PET decomposition is especially
affected by the sediment content and it leads to the faster thermal oxidation of the PET MP.

Table 1. Extraction efficiency for different polymers.

Polymer Type Extraction Fluid Total Extracted
Material Mass (g)

MP Retained from Initial 1 g
of Polymer Mass (g) *

Polymer Specific
Density (g/cm3) [53]

PE H2O 0.860 N/A 0.92
PE H2O/KCOOH 0.975 0.953 0.92
PS H2O/KCOOH 0.995 0.959 1.04

PUR H2O/KCOOH 0.698 0.681 1.20
PET H2O/KCOOH 0.452 0.312 1.38–1.40

blank H2O/KCOOH 0.008 - -

* MPex = EMtot—(EMtot × residue % wt); MPex—MP retained from initial 1 g of polymer mass (g); EMtot—Total
extracted material mass (g); residue % wt—wt % of ashes (%).

3.2. Microplastic–Sediment Interaction

In the sample of pure sediment after the mixing process mainly large (circa 500 µm)
grains of quartz (Figure 6) were present. Lesser size fractions were composed of different
clay minerals (Figure 6) but particles formed from the abrasion of larger grains during the
mixing were also present.

The grinding of the MPs in the same conditions resulted in polymer fragmentation
into different forms. During the visual inspection, the main difference was in the final
product color. It was white in the case of PE, PET and PS and light beige for finely ground
PUR. There were no other visible differences in the size or shape of particles within one
sample and between samples. During SEM inspection (Figures 7–10) the size distribution,
morphology of the surfaces and general shape differed significantly according to MP type.

Visibly, different MPs also divided further in the sediments in different ways. The
most isometric and regular in shape was PUR MP. PUR, which after the grinding process
took a very unitary form, deteriorated in the sediments into foil-like particles. PS was
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characterized by various shapes of particles (ranging from fibrous to isometric) during the
grinding process.
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The PE surface had a similar topography to PET. The difference was mainly visible in
the shape of the particles. The PE sample was composed of fibers and oblong fragments.
The surfaces of both had visibly jagged fractures. PET transformed mostly into irregular
particles during grinding.

Primary spherical PS pellets after grinding generally broke up into different shapes
(but mostly elongated particles and flat fine sheets) or finally disintegrated in fibrous forms.
The size of PS, PE and PET particles did not differ between virgin and extracted analogues,
contrary to PUR where the material extracted was visibly smaller.

A major amount of sediment was left on the surfaces of PET particles, which was
coherent with the TG analysis. On the surfaces of other MPs some sediment was also
observed, but to a lesser extent.

Closer inspection showed that the PET surface was densely covered with mineral
particles (Figure 11). SEM/EDS and thermal analysis confirmed that the real mass of
polymer extracted was inaccurately measured due to this phenomenon and it is important
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to consider this in developing weight-based quantification methods and in the validation
of extraction methods. There was also some natural organic content (e.g., small stems)
attached to the surface of PET. The amount of low-density material present in the sediment
(indicated in the analysis of the blank sample) did not affect the overall assessment of
effectiveness of the extraction. The mass of extracted material was only 0.008 g. However,
in the spiked analogue, it emerged to the surface of the PET particles.
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The minerals present on the surface were of different sizes and compositions. They
covered the entire surface and were the same size and bigger than the mineral phases on
the surface of the quartz grains (Figure 6).

In the case of PET, the residue amount was high enough to conclude an XRF analysis
to obtain general information about its chemical composition (Table 2).

The mineralogical composition of the sediment used for the experiment (Figures 2 and 6)
indicates that, in terms of chemical composition, it was mostly composed of SiO2. The residue
represented the part of the sediment attached to the polymers and SiO2 was underrepresented
in comparison to the base sediment (Table 2). The chemical composition was related to the
fine-grained fraction of the sediment—clay minerals, potassium feldspars and iron oxides.
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All elements composing potassium feldspar (KAlSi3O8) were present in the sample. The
high abundance of K was partly because of the potassium feldspar, mica and clay minerals
present—K in the mineral structure and due to the absorption of ions from the solution [54]
(Mitra and Prakash, 1957); it could also be potentially partly due to unwashed KCOOH
residue. The traces of titanium and iron could result from the presence of mica group minerals
clay minerals or oxide/hydroxide minerals.
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Table 2. Results of the XRF analysis of the residue left after the thermal analysis of PET.

Compound m/m% Standard Error Element m/m% Standard Error

SiO2 21.16 0.41 Si 9.89 0.19
K2O 15.71 0.29 K 13.04 0.24

Al2O3 8.36 0.11 Al 4.42 0.06
Fe2O3 2.98 0.09 Fe 2.09 0.07
MgO 0.50 0.12 Mg 0.304 0.070
TiO2 0.231 0.011 Ti 0.128 0.006

3.3. Areas of Further Development of the Method

The solution prepared needs to be of a higher density to efficiently separate PET
and polyvinyl chloride (PVC). It could be obtained by controlling the temperature of the
laboratory or even the system itself in use. The main issues were associated not with
the fluid itself but with the procedure. Separating fluid with MPs from the sediment
in an efficient way proved to be especially challenging. Different amounts of sediment–
microplastic mixture were tested and 500 mL was empirically confirmed to be the largest
possible amount for non-problematic stirring. The reason behind this was to use the least
possible amount of both the glassware and the solution. The chosen amount was 125 g (1 kg
of spiked sediment divided into 8 equal parts). The method must be further validated and
it might prove useful to consider H2O/KCOOH as a medium in existing devices or systems
such as those presented in [55]. There is no reason not to consider recycling H2O/KCOOH
after the procedure. This way of proceeding could be also useful for solving the problem of
MPs sticking to the glass walls as mentioned beforehand.

3.4. Study and Method Limitations

The present study was constructed to bring a focus on the often-overlooked area of
sediment and MP interactions during the extraction procedures. However, there are limita-
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tions to the chosen approach, as well as the proposed method itself. The sediment for the
experimental mixture was prepared from an environmental sample, but the MPs were pre-
pared from standard synthetic polymers and not environmental MPs. The mixing process
aged the MPs to some point. It is still however not the same situation as with environmental
particles where physio-chemical properties are potentially changed [7,56] and microliters
are adsorbed to the surface [57]. The size range of the MPs prepared was also quite broad
due to the preparation process and the quantification relying on mass comparison might
overlook some losses of the smallest microplastics. Additionally, the methodology used
did not allow for an analysis of MPs smaller than 0.02 mm. The particle count approach is
deeply flawed because MPs keep disintegrating in the environment [58,59] and the total
amount of plastic seems to be more important in the case of those pollutants which are
persistent yet prone to further degradation. The testing of the separation of MPs from
experimental mixtures with a known MP presence is what is distinctive about the study
present, among other studies on popular separation methods. As with every procedure
regarding preparation, it requires a detailed validation process. Proceeding with the ex-
periment based on numerous repetitions of the process, a comparison of the results and
an assessment of the errors will be the next steps before the method can be proposed as a
standard procedure.

4. Conclusions

The proposed method for the separation of MP particles from the soil with the use of
potassium formate solution allows for an efficient extraction of MP from environmental
matrices in the case of the most widespread polymer microparticles. Especially promising
effects were achieved for low-density polymers (e.g., polyolefins), where the recovery
rate of the polymer material from the sample can reach more than 90%. The benefits of
this method of acquiring samples come from not only from its effectiveness but also the
wide use of potassium formate (e.g., being very popular in drilling muds) which is highly
regarded as safe, non-toxic and relatively cheap.

Density separation procedures using potassium formate are promising and incompre-
hensibly have been omitted in discussions comparing different methods, despite having
many advantages over other popular solutions. However, the proposed procedure needs
enhancement in terms of the sample size and solution density as well as validation for
different microplastic and microplastic mixtures.

Different MPs break into particles that look similar. There are visible differences in rates
of microplastic disintegration when mixed with sediment, depending on the polymer type.

Suspended sediment–microplastic aggregates might be the main reason for insufficient
recovery rates in many cases. The problem is overlooked in currently used procedures as
the reactions between microplastic and the sediment are omitted. Fine sediment particles
are attached in larger amounts to the surfaces of PET particles in comparison with other
polymer types.

When using density separation methods, it is important to prepare a solution of a
much greater density than the density of microplastic to be extracted and to consider
the attachment of mineral phases that are invisible during direct observation to develop
methods, procedures and validation.
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