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Abstract

Microplastics (MPs) represent an important global environmental threat, and, among the different environmental compart-
ments, the aquatic systems are particularly impacted by the MPs problem. River sediments act as sinks and as major pathways
for MPs transportation to marine systems. Therefore, there is an increasing need for comprehensive, basin-scale monitoring of
MPs in river sediments to elucidate their spatial and temporal accumulation patterns, providing data essential for risk assess-
ment and the development of effective mitigation strategies by stakeholders. MPs extraction from complex environmental
samples remains challenging as the presence of organic and inorganic matter often interferes with the analytical identification.
To address this gap, we optimized a low-cost, high-throughput sample preparation protocol specifically designed for analysis
of large riverine sediment sets and accurate Raman identification. The protocol was validated across a wide cross-section of
sediment matrices, from the Arno River (Pisa and Florence, Italy) with different grain size distribution and organic matter
concentrations. This validation, with both spiked matrices and real environmental sediments, demonstrates a workflow that
is tailored to handle sediments rich in organic and inorganic matter while enabling accurate identification of MPs.

Keywords Microplastic extraction - Microplastic quantification - Raman spectroscopy - Arno River - River sediment -
Sample pretreatment

Introduction low cost, versatility, and high durability of plastic materials

(Thompson et al. 2009). However, since most plastics are

Global plastic production has increased dramatically over
the past decades, rising from approximately 2 million metric
tons in 1950 to 390.7 million metric tons in 2021 (Plastics
Europe 2022). This dramatic growth is largely driven by the
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non-biodegradable, their widespread production has resulted
in the accumulation of vast amounts of persistent waste,
much of which is inadequately managed and eventually
released into the environment (Geyer et al. 2017; Cottom
et al. 2024). Macroplastics (MAPs, dimensions > 25 mm)
released into the environment undergo progressive fragmen-
tation due to physical weathering and photodegradation,
leading to the formation of mesoplastics (MEPs, dimensions
between 5 and 25 mm) and microplastics (MPs, dimensions
between 1 um and 5 mm) (Julienne et al. 2019; Andrady
2022; Rambacher et al. 2023). MPs are typically defined
as solid polymer-containing particles ranging from 1 um to
5 mm in size, excluding (bio)degradable polymers (Euro-
pean Chemicals Agency (ECHA) 2019). Based on their
origin, MPs are classified as primary, intentionally manu-
factured at microscopic sizes, or secondary, which originate
from the fragmentation of larger plastic debris (Emberson-
Marl et al. 2023; Nikhil et al. 2024). Consequently, MPs in
natural environments exhibit considerable diversity in poly-
mer types, shapes, color and particle sizes (Kooi et al. 2021).
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Among all environmental compartments, aquatic sys-
tems are particularly impacted by plastic pollution (Schmidt
et al. 2017a, b; Lebreton et al. 2022). It is estimated that,
in 2015 alone, between 4.8 and 12.7 million metric tons
of plastic waste entered the oceans from terrestrial sources
(Jambeck et al. 2015). Freshwater environments, including
rivers, lakes, streams, wetlands, and groundwater, serve both
as sinks and as major pathways for MPs transportation to
marine systems (Dris et al. 2015; D’Avignon et al. 2022;
Dalvand and Hamidian 2023; Dikareva and Simon 2024;
Xu et al. 2024). Once in the aquatic environment, MPs can
adversely affect organisms that ingest plastic debris, induc-
ing physical and chemical stress that impacts feeding behav-
ior, energy metabolism, and reproductive success (Cole et al.
2013, 2019; Gardon et al. 2018; Covernton et al. 2021; Jew-
ett et al. 2022). Moreover, MPs can act as vectors for toxic
substances, including persistent organic pollutants (POPs)
and heavy metals, which bioaccumulate in the food chain,
posing risks to aquatic organisms and ultimately humans
(Ding et al. 2022; Okoye et al. 2022; Tumwesigye et al.
2023). These considerations underscore the importance of
large-scale mapping of MPs to determine their spatial and
temporal accumulation patterns in riverine sediments and to
enable accurate quantification necessary for environmental
risk assessment.

However, collecting, handling, identifying, and character-
izing MPs from environmental samples remains challenging
due to their small size and the high diversity in shape, color,
density, and physical-chemical properties. This is especially
true in aquatic environments, where particle buoyancy, bio-
fouling processes, aggregation with organic and inorganic
matter, and continuous transport driven by currents and tur-
bulence significantly influence their distribution, transforma-
tion, and detectability. Currently, the primary methods for
MP identification rely on vibrational spectroscopy, namely
Raman spectroscopy (RS) and Fourier-transform infrared
(FT-IR) spectroscopy, which are favored due to their non-
destructive nature and ability to discriminate between plastic
and natural particles (Vianello et al. 2018; Chakraborty et al.
2023; Monnanni et al. 2024). Simpler techniques based on
selective staining, such as Nile Red, are less specific and
can interfere with spectroscopic analyses due to fluorescence
(Stanton et al. 2019; Sancataldo et al. 2020; Prasad et al.
2024). Particularly, microRaman is a fast, non-destructive
and non-contact method capable of providing both chemi-
cal and morphological information (Nava and Leoni 2021;
Chakraborty et al. 2023; Kumar et al. 2026). Moreover, RS
can also identify pigments, dyes and other additives (Casa-
dio et al. 2010; Lin and Chang 2022; Kumar et al. 2026). Its
popularity has increased with the availability of efficient,
cost-effective laser sources and detectors, and its use of vis-
ible radiation allows it to surpass the 10-um diffraction limit
of micro-FTIR spectroscopy (Chakraborty et al. 2023).

Although MPs have been studied extensively in diverse
water bodies and sediments (Scopetani et al. 2020; Liu et al.
2020; Jiao et al. 2021; Chakraborty et al. 2023; Simon-
Sénchez et al. 2024), there is still no standardized, robust pro-
tocol for sampling and analysis (Hermsen et al. 2018; Kumar
et al. 2026) in complex matrices. As a result, field studies
often produce non-comparable results. In addition to accu-
racy, methods must be rapid and cost-effective to allow for
extensive sampling campaigns over large spatial and tempo-
ral scales. Sample preparation is particularly critical for sedi-
ments, which are important sinks for MPs and key indicators
of long-term accumulation (Hidalgo-Ruz et al. 2012; Liu et al.
2020). Sediments are challenging due to their intrinsic site-
specific composition, being a mixture of light organic matter
and fine inorganic particles, which can trap MPs and hinder
recovery. Multi-step extraction protocols are often required,
including oxidation, density separation, enzymatic digestion,
and filtration (Hidalgo-Ruz et al. 2012; Simon-Sanchez et al.
2024; Kumar et al. 2026). However, while effective, these are
time-consuming and expensive. Alternative faster approaches,
such as electrostatic or magnetic separation and oil-based
extraction methods, have been proposed (Felsing et al. 2018;
Grbic et al. 2019; Scopetani et al. 2020), yet these may be
incompatible with RS due to residual materials generating
fluorescence or sample handling difficulties. Also, other two-
phase system-based approaches have been recently proposed
as alternative MPs extraction methods from seawater, beach
sand, and marine sediments. These separation techniques suc-
cessfully isolate MPs by effectively partitioning them away
from common natural biopolymer interferents (Liu et al. 2022,
2024; Chang et al. 2023).

To date, to the best of our knowledge, a rapid, low-cost,
and sediment-specific extraction protocol compatible with
microRaman analysis has not yet been reported. However,
high-throughput methods are mandatory to have large-scale
monitoring programs of the MPs concentration in riverine
systems (i.e., to evaluate the temporal dynamics of MP pol-
lution). To address this gap, we optimized a sample prepara-
tion protocol specifically for riverine sediments, addressing
the limitations of existing methods. Preliminary experiments
were conducted using spiked test sediments and environmental
samples from the Arno River (at locations in Pisa and Flor-
ence, Italy), demonstrating a workflow that is reasonably fast,
inexpensive, and tailored for sediments rich in organic and
inorganic matter while enabling accurate RS analysis of MPs.

Materials and methods
Sediment sampling and characterization

Environmental sediment samples were obtained through the
sampling of riverbed sediments from the Arno River along
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the stretch that flows through the cities of Florence (five
samples, sampling location N1) and Pisa (one sample, sam-
pling location N2) (Italy) in June 2025 (Figure S1). This
river was selected as suitable for three main reasons: (i) the
availability of previous studies investigating MP concentra-
tions both in the water column (Monnanni et al. 2024) and
in bottom sediments (Rimondi et al. 2022; Ghinassi et al.
2023) in its nearby areas, as well as in treated wastewa-
ter discharged into it by local wastewater treatment plants
(Becucci et al. 2022), albeit using sampling and analytical
methodologies different from those proposed in this study;
(i1) the strong presence of industrial and tourism-related
activities characterizing the area, potentially generating a
wide variety of polymer types detectable in the aquatic
environment; (iii) the presence of riverbed sediments with
highly heterogeneous grain size distributions, ranging from
silts and clays to coarse sands and fine gravel (Figure S2).
Additionally, sediment sampling was conducted during the
summer season, under mean discharge conditions of the
order of 10-20 m> s~! (Peruzzi et al. 2019), and in the
absence of rainfall during the 48 h preceding sampling.
Under these low-flow conditions and in areas character-
ized by slow or nearly stagnant flow, a maximization of
organic matter accumulation in bottom sediments is gener-
ally observed, deriving both from the deposition of alloch-
thonous plant detritus and from locally produced biomass
(Vannote et al. 1980; Naiman and Décamps 1997).

Each of the sampling points was identified in advance
using cartography (Google Maps) and a portable GPS
device (Garmin GPSMAP 66i) for field-based georeferenc-
ing by testing different distances from the riverbank, vary-
ing water depths, and sites characterized by different sedi-
ment grain size distributions. The samples were collected
by using a stainless steel Van Veen gravity corer, capable
of sampling an area of 400 cm? to a depth of approxi-
mately 15 cm (equivalent to a sediment volume of 6 dm?).
The samples were immediately stirred and transferred
into a 250-ml glass container and subsequently stored in
a refrigerator, away from light, to prevent alteration of the
sediment matrix due to algal growth.

Before laboratory analysis, the sediment samples were
placed in an aluminum container and dried in an oven at
90 °C for 24 h, weighed, and sieved using stainless steel
sieves with mesh sizes between 5 and 1 mm. All materials
above 1 mm, occasionally found, were retained for sepa-
rate inspection. This preliminary sieving process facili-
tates the visual identification of larger MPs (> 1 mm) and
removes coarser organic components (e.g., twigs, leaves,
shells) typically present in streambed sediments. The
removed coarser organic components were washed with
filtered demineralized water and transferred to the sample
ready for the extraction methods (see Chapter 2.3 Extrac-
tion methods) to release the potentially trapped MPs.

@ Springer

In parallel, a subsample of the dried sediment was used to
determine grain size distribution by combining conventional
sieve analysis, performed with a standard ASTM sieve stack
for the coarse fraction (ds,> 500 um), with laser scatter-
ing particle size analysis (LISST-PORTABLE XR, SN 709,
Sequoia®) for smaller fraction (dsy < 500 pm).

Organic carbon determination

To quantify the organic fraction interfering with the MPs
determination, the total amount of organic carbon was
measured on the sediment fraction passing through the pre-
liminary 1-5-mm sieve. By excluding the coarser organic
debris, this method evaluated only the organic load that
could potentially hide MPs and affect the efficiency of the
MPs extraction protocol. The organic carbon of each sample
was determined using an elemental analyzer (FLASH EA
1112, Thermo Fisher Scientific, Milan, Italy).

Extraction methods

For each sample, approximately 30 g of pre-sieved sediments
were put in a glass beaker together with 30 ml of filtered
demineralized water. The filtered demineralized water was
obtained by filtering demineralized water using Whatman
filter papers (grade 2, 8 pm pore diameter) to remove any
MPs or other solid contaminants present in the water. The
efficiency of MP removal from water was tested by preparing
blank samples (see below). The samples were first sonicated
for 5 min at 35 kHz (Astrason, Farmingdale, USA) to expose
the MPs and then oxidized using a Fenton protocol slightly
modified from that reported in Refs. (Qin et al. 2015; Sco-
petani et al. 2020). In particular, we added in the beaker the
Fenton reagents (60 ml of 30% H,0, (Carlo Erba); 6 ml of
a2 mM solution of FeSO,7H,0 (Sigma Aldrich); 6 ml of a
2 mM solution of acetic acid (Sigma Aldrich)). The reaction
was kept at 35 °C for 1 week or until the reaction stops, i.e.,
no more foam was formed even upon further H,O, addi-
tion (Liu et al. 2019; Simon-Sanchez et al. 2024). Then, the
samples were filtered (Whatman filter papers, grade 2, 8 pm
pore diameter) to remove the separate solid from the rea-
gent solutions. The material remaining on the filter was then
recovered by backwashing it and density separated using a
saturated NaCl aqueous solution. Visual inspection under
a UV lamp was performed to ensure the complete absence
of residual MPs on the filter. The saturated NaCl solution
was prepared by dissolving NaCl in water until saturation
was reached (338 g/1) and then filtered using Whatman filter
papers (8 pm pore diameter) to remove MPs or other solid
contaminants. The sample was first shaken for 1 min and
then left to settle for 4 h (Hidalgo-Ruz et al. 2012). After
4 h, the floating fraction was recovered and solids were col-
lected by filtration (Whatman filter, 8-pm pore diameter) and
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washed with filtered demineralized water to remove the salt.
Since Fenton oxidation leaves some organic residues in the
samples a subsequent separation using a custom-made glass
separator was implemented. In the glass separator (Fig. 1,
panels a and b) the filtered materials are in contact with a
biphasic liquid system made of water and cyclohexane. As

a)

Water tank

Upper part
CAirinlet

Uppertap —— | \/

Lower part

Lower tap

”

Water inlerf' //>

Water drain

shown in Fig. 1, panels c and d, MPs are preferentially sus-
pended in the organic phase, while residuals of vegetables
are more likely to remain in contact with water. We operate
as follows, under the fume hood: 2 ml of cyclohexane (Carlo
Erba) were added into the lower part of the separator, then
the sample recovered from the filter was added using about

b)

Fig.1 Custom-made glass separator for microplastics (MPs) extrac-
tion. a Schematic representation of the device, consisting of separa-
ble upper and lower parts, each part with an independent tap (namely
upper and lower, respectively). The system is connected to a filtered
demineralized water reservoir and includes an air inlet, and a water
drain and inlet port. b Photograph of the assembled glass separator.

¢ Close-up photograph of a spiked sediment sample suspended in
water. d Photograph of the same sample after addition of cyclohexane
and mixing. MPs selectively move into the upper non-polar cyclohex-
ane phase, while residual organic matter remains in the lower water
phase
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5 ml of water and 0.1 ml of a 3 mM solution of sodium
dodecyl sulfate—SDS (Sigma Aldrich). The surfactant (i.e.,
the SDS) was used to minimize the adhesive forces between
MPs and sediment matrix and therefore, to increase the effi-
ciency of the extraction. Following, enough filtered demin-
eralized water was added to fill up about % of the lower part
volume. The water was added taking care to generate enough
turbulence to mix the sample. After this step, the upper part
of the separator was mounted and, from the bottom valve,
filtered demineralized water was added to push the organic
phase, carrying MPs, upwards and overpass the top valve.
Once the desired level was reached in the upper section, the
top valve and the water inlet were closed in sequence; then,
the drain valve was opened and finally, air (from the air inlet)
was allowed to enter making water (in the glass separator)
to drain from the bottom valve. Once the liquid level drops
below the lower section, the upper part of the glassware was
removed and the sample recovered in a clean beaker. The
particles possibly trapped in the glass joint (i.e., between
the upper and lower parts) were remixed, using water, in the
residual sample. The process, including SDS addition, was
repeated three times to improve the MP recovery. Finally,
the sample collected was filtered using a cellulose nitrate
filter with 5 um pore size (Sartorius Stedim Biotech GmnH
- Gesellschaft mit beschrinkter Haftung) and transferred
into a clean glass Petri dish. Still, operating under the fume
hood, after solvent evaporation, samples were stored in a
clean glass Petri dish (with cover) at room temperature while
waiting for the RS investigation. The cellulose nitrate filter
was used for the final filtration of the sample as it does not
interfere with the Raman characterization of MPs, and it
has a low price.

Method validation for MPs determination

The efficiency and capability of the proposed extraction
method to separate the MPs from complex matrices was
evaluated through a two-step validation process on real sedi-
ment samples from the Arno River. Each of these sediment
samples was divided into two 30 g aliquots. The first ali-
quot was spiked with reference particles and, after applying
the extraction protocol, the recovered MPs were counted to
evaluate the extraction efficiency within a real environmental
matrix. Recovery efficiency was calculated as the recovery
fraction (the fraction of particles successfully retrieved after
the extraction process). The second aliquot was processed
to quantify the actual environmental MPs concentration,
thereby demonstrating the efficiency of the method in iso-
lating MPs from other inorganic and organic parts present
in the sample; identifying and quantifying different types of
MPs by using Raman spectroscopies technique.

The reference MPs (Sigma Aldrich) made of different
polymers were used to cover a range of densities (Table S1):
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polyethylene (PE, 0.98 g/cm?), acrylonitrile butadiene sty-
rene (ABS, 1.01 g/cm®), polyvinyl chloride (PVC, 1.084 g/
cm?), polyamide (PA, 1.14 g/cm?) and polyethylene tereph-
thalate (PET, 1.30 g/cm3). Moreover, to assess the influence
of particle morphology on recovery rate, other parameters
were varied (Figure S3 and Table S1): (i) the particle size
(nominal diameter, D,, ranged from 388 pm to 1.7 mm);
(ii) the particle shape through the aspect ratio (AS) ranged
from 1.02 to 5.26. The values of D, and AS are obtained
as the average of the value found on 30 MPs fragments
between the total MPs used in the test. For each polymer
in Table S1 the wettability is also reported, expressed as
the contact angle with water. The values were taken from
the literature for pristine materials. We made the effort to
measure the contact angle for cyclohexane on the different
materials under investigation. For many polymers an almost
complete spreading was observed, corresponding to a very
small contact angle (< 5°, not precisely determined), dem-
onstrating the very good affinity of the polymers with this
solvent. Only for PET, a polymer containing polar groups,
we were able to directly measure the contact angle with both
water and cyclohexane (Figure S4). Measurements were per-
formed using 10 pL droplets dispensed using a precision
pipette. The angles were determined using the ContactAngle
tool in ImageJ, and each value represents the average of five
independent measurements for each liquid. The measured
water contact angle on PET (78°+0.7°) is in good align-
ment with reference data in the literature (81°) (Ellison and
Zisman 1954) while the contact angle for cyclohexane was
much lower (19° +3.7°), demonstrating a larger affinity for
the organic solvent compared to water even for this material.

Measures adopted to minimize cross- and external
contamination

To avoid problems of cross- and external contamination,
sampling was conducted using plastic-free equipment and
the experiment was performed in a controlled and clean
environment. All glassware was rinsed at least three times
with filtered demineralized water and detergent prior to use,
wiped using lint-free wipers, and immediately covered with
aluminum foil and watch glasses when not in active use (Dris
et al. 2018; Brander et al. 2020; Becucci et al. 2022; Kumar
et al. 2026). Moreover, the number of samples transferred
between different containers was minimized. To avoid self-
contamination during sampling, pre-treatment and analysis
of samples laboratory staff used only cotton clothes, particle-
free nitrile gloves and, moreover fleece clothing and plastic
items were strictly avoided (Hermsen et al. 2018; Witzig
et al. 2020; Becucci et al. 2022; Kumar et al. 2026). As the
cellulose nitrate filters can be contaminated even before their
first use, they were blown with a jet of filtered compressed
air before sample filtration. Further, two sets of three blank



Environmental Science and Pollution Research (2026) 33:16012-16028

16017

samples were prepared together with the samples to check
for contamination. No MPs larger than 20 pm (the smaller
dimension we target in our analysis) were found in any of
the blanks and, therefore, no mathematical blank correction
or subtraction protocol was necessary.

Hyperspectral imaging and Raman analysis,
identification, and quantification

Preliminarily, RGB and fluorescence (370 nm excitation)
images of the filter holding the sample were collected,
using an ordinary digital camera Canon EOS250D with
UV-filtered macro-optics, to support the operations under
the microscope. As described in Becucci et al. 2022, these
images were combined and processed using ImagelJ software
to highlight particles present on the filter (for an example,
see Fig. 5). This screening analysis identified larger dimen-
sion MP candidates.

Raman analysis was conducted using a microRaman
spectrometer RM2000 (Renishaw, Wotton-under-Edge, UK)
equipped with Olympus microscope objective (5x/0.10 N.A.,
20x/0.40 N.A. and 50x/0.80 N.A.) and a 785-nm diode.
Samples were put on computer-controlled motorized stage
(accuracy 1 pm) and, using a X20 microscope objective, all
MP candidates were investigated. Moreover, the entire fil-
ters were scanned using a X5 microscope objective to detect
any additional particulates with dimensions above 20 pm.
This dimensional limit was set given the natural background
particles found in the samples and the filtration step with
stainless grid. For each selected particle, both picture (with
calibrated axes) and Raman spectrum were recorded. The
Raman spectra wavenumber scale was routinely calibrated
on the 520 cm™! first-order Raman band of bulk silicon:
wavenumber accuracy along the full spectrum is 2 cm ™! and
the spectral resolution is 5 cm™'.

The chemical composition of the particles was obtained
based on their Raman spectrum upon elaboration on the web
by using the open-source program OpenSpecy and its asso-
ciated libraries (https://www.openanalysis.org/openspecy/)
(Cowger et al. 2025). All raw Raman spectra underwent a
standardized preprocessing protocol within the software,
consisting of baseline correction and min—max intensity
normalization. For the identification, a dual-verification
approach was employed: (i) the correlation ranking gener-
ated by OpenSpecy was utilized as an initial screening tool;
(ii) a visual inspection was conducted by an operator to con-
firm the overlap of the main vibrational bands between the
experimental and reference spectra.

Since H,0, oxidation can potentially degrade MPs
(Kumar et al. 2026), a stability test was performed on
purchased MPs (see Chapter 2.4 Method validation for
MPs determination). It was verified that the Raman spec-
tra recorded both before and after the extraction protocols

were identical (data not shown). Furthermore, no changes
in the dimensions, shape and morphology of the MPs were
observed, confirming their integrity after the process (data
not shown).

Results and discussion
Development of the methods

The analysis of MPs in river sediments is essential, as fluvial
ecosystems are recognized as major drivers of microparti-
cles toward seas, including highly impacted basins such as
the Mediterranean Sea (Cantasano 2022). Moreover, sedi-
ments act as a significant sink for MPs (Weber and Lech-
thaler 2021; Rohais et al. 2024; Mancini et al. 2025). Pro-
tocols commonly used for water samples with low contents
of total suspended solids, such as drinking water or clean
fluvial water, are inadequate for sediment matrices. In fact,
the recovery and identification of MPs from river sediments
are significantly more complicated due to the abundance of
organic and inorganic material, which interferes with the
analysis and cannot be easily removed by density separation
alone. Several sediment-preparation protocols are reported
in the literature (Hidalgo-Ruz et al. 2012) and generally
rely on the method proposed by Thompson and co-worker
(Thompson et al. 2004). These protocols make use of siev-
ing, density separation and filtration and were applied prin-
cipally for marine and beach sediments or, in general, sedi-
ments characterized by low organic contents (Hidalgo-Ruz
et al. 2012) (Fig. 2a). However, when dealing with organic-
rich river sediments, these basic steps are insufficient. Con-
sequently, for such matrices, chemical digestion and oxida-
tion are required to eliminate the organic contaminants (such
as proteins, carbohydrates, and fats) that commonly interfere
with subsequent steps for the MPs chemical identification.
Oxidation is generally carried out through Fenton protocols,
whereas complete removal of the organic material requires
further efforts, such as enzymatic digestion using different
enzymes like protease or cellulase. For instance, a multi-
step protocol, requiring approximately 24 days, was recently
applied to sediments from the Limfjord River in Denmark
(Simon-Sanchez et al. 2024) (Fig. 2d).

Recently, a method was also proposed to analyze MPs
in marine sediments without pretreatments (Fig. 2e) (Rossi
et al. 2024). But this protocol, as admitted by the authors,
investigates a small amount of sediments (1 g) on each anal-
ysis and it has some disadvantages such as the need for expe-
rienced users and high-quality and high-cost instruments not
easily available in laboratories.

Alternative simpler high-throughput techniques, such
as dye staining methods (e.g., using Nile Red—NR—and
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a) Thompson et al., 2004 b) Scopetani et al., 2020 ¢) Kononov et al., 2022 d) Simon-Sanchez et al., 2024 e) Rossi et al., 2024

f) This paper

Wet sieving and
settling
Freeze-drying
Density separation Density separation Density separation
(NaCl solution) (({mn& nohmcn)) (NaCl solution)
Filtration
Density separation
(ZnCl; solution)
Sating nd
freezing
Recovery from olive Recovery from Recovery from
oil phase canola oil phase cyclohexane phase
[ Analysis l | Analysis I Analysis l Analysis I ’ Analysis I | Analysis ’
l ~1 day I l ~ 3 days l <1day ’ ~ 24-28 days J | ~1 hour | , ~ 8 days |

Fig.2 Overview of sample pre-treatment protocols for MP analy-
sis in soils and sediments. Schematic comparison of methodolo-
gies proposed, ordered chronologically, by a Ref. Hidalgo-Ruz et al.
(2012), b Ref. Scopetani et al. (2020), ¢ Ref. Kononov et al. (2022),
d Ref. Simon-Séanchez et al. (2024), e Ref. Rossi et al. (2024) and f
this paper. The blue, yellow, and green colors indicated the chemi-

fluorescence microscopy), are applicable for clean matri-
ces like bottled water, but are not suitable for organic-rich
samples. On one hand, organic-rich samples leave residual
organic matter or cellular lipids that co-stain with NR, lead-
ing to potential false positives and interfering with the accu-
rate screening of MPs (Chatterjee et al. 2023; Villa et al.
2025). On the other hand, it has already been proved that the
oxidative step can lead to the presence of oxidized groups on
the MPs surface resulting in a shifted fluorescence emission
from the staining dye (Idehara et al. 2025). Furthermore,
residual natural organic matter leads to an intrinsic fluores-
cence background in the RS experiments. The problem of
fluorescence background in Raman spectra can be handled
by time-gated (Kotula et al. 2022) or shifted excitation meth-
ods (Xue et al. 2024). However, these approaches require
specialized and expensive instruments. As a representative
example, Figure S5 showed the significantly increased noise
level of the Raman spectrum (baseline subtracted) meas-
ured on NR-stained ABS particles with respect to that meas-
ured on pristine ABS due to the shot noise associated to
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cal, mechanical, and physical process, respectively. Estimated pro-
cessing times, indicated in figure, does not consider sampling, drying
and weighting steps. The filtration steps are not reported in the figure;
exception is made for protocol e where it was the only preparation
step performed

the high level of fluorescence background. A similar effect
was observed also for other polymers (data not shown) as
the fluorescence interference is not directly associated to
the polymer chemical nature but to the dyes possibly pre-
sent (either added in the sample preparation step as staining
or used during the polymer production). While this back-
ground is already problematic on this stained reference MPs,
it makes the identification of smaller environmental MPs
practically impossible.

Other methods reported in literature need particular instru-
mentation to separate soil and aquatic sediments from MPs,
such as magnetic separation, pressurized liquid extraction,
and therefore are not ideal to be applied to monitor high num-
ber of samples with operative low cost. Another possibility,
not relying on particular instrumentation, is represented by
the method based on oil leaching. Here the hydrophobic affin-
ity between oil and MPs makes the MPs migrate in the oil
phase where they can be extracted (Huang et al. 2024). How-
ever, traditional funnels can be clogged by solid samples,
requiring more advanced systems. For example, Kononov
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and coworkers used a combination of an extraction method
in canola oil and a density separation (NaCl) together with
H,0, oxidation after extraction (Fig. 2c¢) (Kononov et al.
2022). This method was then improved by Li and coworkers
by optimization of the oil-water ratio and by creating micro-
emulsions (Li et al. 2023). However, these were applied on
commercial products (toothpaste and tea) or simple aqueous
samples (seawater or soil supernatant). Differently, in 2020,
Scopetani and coworkers developed a non-density based,
inexpensive, simple and safe extraction method for sediment
preparation (Scopetani et al. 2020). Their method, optimized
for FT-IR analysis, achieved high recovery rate by combin-
ing the Fenton oxidation with an oil-assisted extraction step
(Fig. 2b). While faster, economical and capable of recover-
ing high-density polymers, we found that in our organic-rich
samples, organic debris tended to collect at the water—oil
interface making their removal quite difficult, trapping MPs
and hindering recovery. Moreover, also after water and hex-
ane rinsing, the olive oil residues on the filter were fluores-
cent and, therefore, prevented the RS identification of MPs
(for example see Figure S6). This highlights a significant
limitation of oil-assisted methods coupled with RS. Simi-
larly, recent advances in two-phase system-based approaches,
such as aqueous two-phase systems and advanced surfactant-
driven biphasic extraction, have achieved efficient MPs isola-
tion from substrates like seawater, beach sand, and marine
sediments by removing natural biopolymers like chitin,
lignin, and cellulose (Liu et al. 2022, 2024; Chang et al.
2023). However, the application of these protocols to highly
cohesive, organic-rich riverbed sediments showing severe
particle aggregation is still to be proved.

To enable MP identification by RS, we modified the origi-
nal olive oil method by replacing olive oil with cyclohex-
ane. Cyclohexane was selected over other non-polar sol-
vents because it yields a good MP recovery (Fig. 1 and see
Chapter 3.2 Tested recovery of MPs), does not stick to the
glassware, does not increase the fluorescence background
of both filters and MPs and it is easily removed by evapora-
tion. Cyclohexane is a solvent with very high optical trans-
parency as its electronic absorption spectrum starts around
200-210 nm. Therefore, with visible light excitation there
is no optical absorption and fluorescence emission. This is
especially true for Cyclohexane Spectroscopic Grade; how-
ever also the solvent at Reagent grade could be satisfactorily
used for this application as its major impurity is benzene and
that will affect only its properties for ultraviolet excitation at
wavelength below 270 nm, very far off the visible range. Its
optical transparency is related to its structure and electronic
properties, cyclohexane being a saturated, symmetrical ali-
phatic hydrocarbon, and as such it does not contain con-
jugated electrons or heteroatoms. Cyclohexane, due to the
above-described properties, even if present into the sample
(unlikely, due to its high volatility) does not generate its own

fluorescence signal (background noise) in the near UV-Vis-
ible range maximizing instrument sensitivity even for very
weak signals in Raman scattering experiments. Furthermore,
unlike solvents containing heavy atoms (such as dichlo-
romethane or chloroform) or reactive functional groups,
cyclohexane is chemically inert under analytical conditions.
Therefore, free radicals (possibly present in the sample, from
the previous Fenton oxidation step) are less prone to induce
solvent chemical degradation which could lead to fluoresc-
ing residues. Although cyclohexane from a safety, health
and environmental point of view is ranked as “problematic”
(i.e., it can be used in the lab but its implementation in the
production scale will require specific measures) (Alder et al.
2016; Prat et al. 2016), with a known aquatic toxicity (acute
and chronic), its impact in our protocol is mitigated by the
small volume of solvent used for each sample (total 6 ml).
Additionally, the recovery of the frozen organic phase in the
original method proved to be challenging given the residual
organic material still present in our samples after the oxida-
tion step. A custom-made glass extractor was designed to
overcome these difficulties (Fig. 1) and to avoid freezing
the sample as in Ref. (Scopetani et al. 2020). Crucially, this
custom-made separator was also designed to significantly
minimize chemical cyclohexane waste. Finally, the specific
properties of our samples (i.e., the high content of mineral
sediments and natural organic residues) led us to introduce a
preliminary density separation step in the protocol (Fig. 2f).
The proposed protocol was tested in the laboratory to evalu-
ate its efficiency and suitability for RS based identification.

Tested recovery of MPs

To evaluate the efficiency of the overall proposed proto-
col, we tested the method on different spiked environmen-
tal samples where an exact number of MPs was mixed
with real sediment samples collected from the Arno River
in the city center of Florence and Pisa (see Chapter 2.
Materials and methods). These samples exhibit different
grain size distributions, ranging from fine/medium silts
(D5, =0.01 mm) and coarse silts (D5,=0.24 mm) to coarse
gravel (D5,=39.98 mm), together with different organic
carbon contents (0.14-2.2%). Therefore, they represent a
cross-section of different riverine environments that can
be found in analyzing real riverine sediments. Efficiency
was measured as the MP recovery fraction, expressed as
the ratio of recovered to initially added MPs in the testing
samples. In the flotation step (Fig. 3a), the overall efficiency
was 0.70 +0.19 with significant variations based on poly-
mer density. As expected, higher recovery was found for
the low (PE: 0.85+0.08) and medium (PVC: 0.79 +0.09)
density polymers. For high-density polymers (PET), the effi-
ciency dropped at 0.46 +0.06. Looking then at the overall
process (Fig. 3b), this trend was maintained with an overall
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efficiency of 0.65+0.19 and an efficiency of 0.82 +0.08,
0.72+0.09 and 0.42 +0.06 for the low, medium and high-
density polymers, respectively. It is evident that the limiting
factor is the flotation step and, in particular, the 1.2 g/cm?
density of the saturated NaCl aqueous solution.

In this flotation agent, high-density polymers (like PET)
float only thanks to the presence of air microbubbles or other
physical factors (e.g., stabilizing surface forces) (Pita and
Castilho 2020). While higher density salt solutions (such
as Nal or ZnCl,) could help to overcome this problem, they
were excluded due to their higher costs, toxicity and prob-
lematic handling of large volumes of hazardous reactants
(Kedzierski et al. 2017; Rodrigues et al. 2020; Huang et al.
2024; Jefroy et al. 2026). In detail, ZnCl, is highly ecotoxic
(Huang et al. 2024) and its corrosiveness can affect flotation
efficiency (Elkhatib and Oyanedel-Craver 2020; Huang et al.
2024) while Nal requires energy-intensive recycling proce-
dures to be economically viable (Kedzierski et al. 2017).
In fact, NaCl is still one of the most used salts (Hidalgo-
Ruz et al. 2012; Miller et al. 2017). Consequently, while
the proposed method yields highly quantitative recovery
rates for low and medium-density polymers, it should be
considered semi-quantitative for high-density polymers
(density above 1.2 g/cm®). We accepted this as a necessary
trade-off to maintain a cost-effective and simple implemen-
tation protocol. This compromise is also justified by the fact

Flotation
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Fig.3 Microplastic recovery fraction for polyethylene (PE), polyvi-
nyl chloride (PVC) and polyethylene terephthalate (PET). Results are
shown for a the flotation process and b the overall process tested for
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that the majority of MPs found in aquatic environments are
characterized by densities below 1.2 g/cm? (Kooi and Koe-
Imans 2019). On the overall global plastic production only
approximately 13% are polymers with densities higher than
this threshold (Ben Stride et al. 2024). Thus, the optimized
protocol remains highly representative and effective for
monitoring the most prevalent environmental MPs.

The recovery rate was also affected by the sediment matrix
(Fig. 3). In detail, for all the tested polymers, the highest MPs
recovery rate was achieved in medium and coarse sand matri-
ces while a strong decrease was observed for finer sediments
(fine sand and coarse silt). This pattern can be attributed to
the physical and physicochemical properties of fine-grained
sediments. In particular, finer particles tend to exhibit greater
surface area to volume ratio and cohesiveness, which enhance
the adsorption and entrapment of MPs within the sediment
matrix. Additionally, the increased presence of clay and silt
fractions promotes aggregation processes, thereby reduc-
ing the efficiency of density-based separation methods. As
a result, MPs embedded within fine, cohesive sediments are
less likely to detach and float during the extraction proce-
dure, leading to lower apparent recovery rates. This high-
lights the importance of testing protocols on real, diverse
matrices. Moreover, this aspect makes it difficult to compare
our efficiency results to the data present in literature for other
protocols as this aspect is generally neglected.

b) Overall process
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different types of sediment. Also, densities of the polymers (g/cm®)
are indicated. Numerical values are reported in Table S2
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To isolate the efficiency of the proposed cyclohexane
affinity extraction step respect to the polymers’ charac-
teristics we evaluated its efficiency across different poly-
mers (PE, PVC, PA and PET) with different wettability,
size and AS (Table S1). An overall recovery efficiency
of 0.89 +0.06 was observed with differences between the
tested polymers (see Table S2 for details). To evaluate the
relationship between the polymer surface characteristic and
the recovery efficiency, we plotted the recovery fraction
over the wettability of the polymers, expressed as the water
contact angle (Fig. 4a). PA fibers were excluded from this
evaluation due to their different shape (Table S1), which
introduces other effects on recovery efficiency. A clear rela-
tionship between the recovery fraction and the wettability
was found and mathematically modeled by an exponential
decay fitting. The recovery is maximized for MPs with a
water contact angle higher than 75-80°, while it decreases
for more hydrophilic surfaces. This relationship highlights
the efficiency of our method in a wide range of applications
and moreover it is suggested the importance of testing MPs
extraction protocol using polymers with different character-
istics and properties.

To evaluate the effect of particle shape on our extrac-
tion process we plotted the overall recovery fraction against
the AS of the MPs. In this case only MPs with a density
both similar to each other and below that of the flotation
solution used for the separation procedure (1.2 g/cm?) were

a) Cyclohexane extraction and wettability
1.0 -
4 | v
1
0.8 ¥ Exponential Decay fit
= R’ 0.946
5 p-value: 4.58 E-6
5 0.6
>
(%
3
804
v PE spheres
A PVC fragments
0.2 < ABS fragments
' » PET 2D fragments
= PA fragments
= PA fragments (2)
0.0 T T 1
50 60 70 80 % 100

Contact angle with water [°]

Fig.4 Influence of microplastic characteristics on recovery efficiency.
a Cyclohexane extraction MP recovery fraction compared to poly-
mer wettability (expressed as contact angle with water). b Overall
MP recovery fraction compared with the AS of the MPs (Table S1)
tested in fine sand. Exponential decay (a) and linear (b) fitting was

investigated (i.e., PET and ABS were excluded) (Fig. 4b) in
order also to neglect the limitations related to the NaCl solu-
tion density. No simple mathematic relationship was found
between the MPs shape and the recovery, maybe due to other
dimensional and morphological factors that complexly inter-
act. However, a trend was observed suggesting that fibers
are slightly harder to recover than the spheres or fragments.

Crucially, the lower recovery rate for PVC fragments
(0.63+0.06) in this specific test (Fig. 4b) should be inter-
preted as a “worst case scenario” validation. This result is
primarily connected to the sediment characteristic used for
this evaluation (i.e., fine sand) rather than a failure of the
extraction itself. Indeed, the extraction efficiency of PVC
fragments was found to be 0.86 in coarse sand and even
higher (0.91) in clean matrices (Table S2). Testing the pro-
tocol under such adverse and complex matrix conditions
underscores the reliability of the method for realistic envi-
ronmental screening.

Raman analysis and MPs identification

The unspiked aliquots of the sediment samples collected
from the Arno River were processed using our extraction
protocol to determine the environmental MPs concentration,
thereby demonstrating the applicability of the method to real
environmental samples.

b) Overall process and aspect ratio
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v PE spheres R% 05552
02 A PVC fragments p-value: 0.161
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= PA fragments
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1 2 3 4 5

Aspect ratio [-]

presented (gray lines) together with the R? and p-values. The tested
polymers were: polyethylene (PE), polyvinyl chloride (PVC), acry-
lonitrile-butadiene styrene (ABS), polyamide (PA) and polyethylene
terephthalate (PET). Numerical values are reported in Table S2
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Initially, RGB and fluorescence (370 nm excitation)
images of the filter holding the sample were acquired, com-
bined and processed using ImageJ software to detect poten-
tial MPs (Fig. 5). This step sped up the procedure when deal-
ing with reference materials in the screening of separation
methods. Then, the filters were carefully examined under a
microscope prior to acquiring the Raman spectra (see Chap-
ter 2. Materials and methods). Notably, when the filters were
analyzed using microRaman, no trace of cyclohexane or
fluorescence interference that could affect the identification
process was observed. An example of the Raman spectrum
of environmental polypropylene MPs, found in a sample, is
presented in Fig. 5. In the figure also the successfull match
with the OpenSpecy reference library was shown.

Overall, in the Arno River samples that we examined
five different polymers were found: polypropylene (PP),
polyester (PES), polyethylene terephthalate (PET), poly-
carbonate (PC), and polyethylene (PE) (Table S3). The
MP concentration, expressed as numerical abundance
(i.e., number of MPs per grams of dry sediment) varied
widely ranging from 0.030 items g~! observed in the fine
sand sample to 0.653 items g~! in the coarse gravel sam-
ple (Fig. 6 and Table S3). Across all samples, the median
was 0.151 items g~! and the mean was 0.217 +0.23 items
g~!. The samples analyzed have different organic con-
tents (from 0.15% in medium sand to 2.2% in medium
silt) and different grain size distributions. In detail,
the matrices ranged from primarily gravel composition
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Fig.5 Image processing and Raman identification of microplastics.
a RGB and c fluorescence (370-nm excitation) images of an ana-
lyzed filter, together with b their overlapped image and g the particle
detection output of a filter processed using ImageJ software. In the
figure, it is also represented the d—f RGB, fluorescence, and over-
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lapped images of a selected polypropylene (PP) particle. h Raman
spectrum (black line) of the identified PP particle compared with the
OpenSpecy reference spectrum (red line) providing the best correla-
tion coefficient



Environmental Science and Pollution Research (2026) 33:16012-16028

16023

a)

100

Silt (%)

Fig.6 Environmental microplastic distribution in the Arno River.
Distribution of the different samples according to their grain size dis-
tribution, organic carbon (% of dried weight sample) and microplastic

(Coarse gravel, D5, 39.98 mm), to primarily sand com-
position (Coarse sand, D5, 0.610 mm and medium sand,
D5, 0.460 mm and fine sand, Dy, 0.247 mm) and primar-
ily silt (Coarse silt, D5, 0.023 mm and fine/medium silt,
D5, 0.015 mm). These findings successfully demonstrate
the robustness of this extraction method across highly
heterogeneous riverine sediment matrices with different
grain size distribution and organic amount.

Although the primary goal of this study was the method-
ological optimization of the protocol, the preliminary data
allow for a comparison with data previously reported in the
literature. A direct comparison with Ghinassi et al. (2023),
who investigated the MPs in the Arno Rivers alternate bars
upstream Florence has been performed. In Ghinassi et al.
(2023), MPs were extracted by H,O, oxidation, density flota-
tion and filtration. The MPs concentration, evaluated by the
hot needle methods (Ruggero et al. 2020), was in the range of
0.44-5.68 items g™, typical of highly polluted rivers, and sig-
nificantly higher compared to our results. However, two major
points must be evaluated to explain this discrepancy. First
of all, the matrices investigated are different. The emerged
sediment bars can capture and trap MPs transported during
major flood events. Furthermore, also the inherent limitation
of the hot needle methods must be evaluated. This method
is well-known to overestimate the MPs concentration due to
false positives (Beckingham et al. 2023; Gerigny et al. 2024).
Our results are more consistent with studies of other, smaller,
Tuscan rivers such as the Osa, Albegna and Ombrone rivers

Organic carbon (%)

0 05 1

MPs concentration (MPS g')
0.8

b)

1.5 2

0.6
0.4

0.2
o
- 50

N

1)

Gravel (%)

occurrence expressed as numerical abundance (number of MP items
per grams of dry sediment). The grain size distributions are reported
as percentage of sand, clay and silt (a), or gravel, silt, and sand (b)

(0.045-1.069 items g~") (Guerranti et al. 2017) or Mugnone
river (0.5-1.54 items g_l) (Rimondi et al. 2022).

Comparison with other sediment analysis
techniques

To evaluate the performance of our extraction method, we
compared it with previously reported protocols (Table 1).
Our method has some issues connected with the low recov-
ery efficiency of high-density polymers which is connected
to the use of NaCl for the density separation (as previously
discussed). However, it presents a significantly higher
throughput and lower costs. As shown in Table 1, methods
with higher throughput are limited to sediments with low
organic content, such as marine sediments. In contrast, pro-
tocols for organic-rich sediments rely on complex enzymatic
digestion methods or on oil-assisted extraction. However,
these alternatives either compromise Raman identification or
drastically increase costs and processing time. For example,
the enzymatic digestion protocol provides high accuracy, but
it requires much more time than our protocols.

Overall, our protocol is a compromise for large-scale
monitoring where high amounts of sample have to be
investigated. This approach is consistent with the growing
European regulatory interest in harmonized basin-scale
monitoring of microplastics within the framework of the
Water Framework Directive (European Commission 2022;
Galgani et al. 2024).
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Conclusions

Full evaluation of the MP pollution strongly depends on
having robust and precise data on its presence in envi-
ronmental samples. Systematic, large-scale monitoring
of riverine sediments is particularly important for this
reason. However, the nature of the riverine sediment
matrices, cohesive and with a high organic matter con-
tent, complicates the analysis and requires adequate
approaches. Previous protocols are possibly either too
slow/expensive or not adequate for large-scale applica-
tions on these matrices.

Here, we optimized a highly cost-effective and fast
method for the investigation of MPs in river sediments
by Raman spectroscopy. This offers an optimal trade-off
between processing efficiency, time, and cost. We com-
bined Fenton oxidation with a cyclohexane affinity extrac-
tion to obtain a reduction of processing time and reagent
costs essential for application to basin-scale studies. This
paper also represents a step for the harmonization of MPg
extraction methods. Attention was dedicated to the devel-
opment of a method able to maximize the effectiveness of
Raman spectroscopy methods by limitation of the fluores-
cence background sources. As further development, other
solvents should be tested in order to improve effectiveness
and eco-compatibility in the MPs solvent extraction step
while keeping the Raman fluorescence background as low
as possible. Furthermore, we suggest that a different salt
for density separation could expand the applicability of
the method to target, if necessary, specific high-density
polymer MPs.

Abbreviations AS: Aspect ratio; MP: Microplastic; ABS: Acrylonitrile-
butadiene styrene; F7-IR: Fourier-transform infrared; MAPs: Macro-
plastics; MEPs: Mesoplastics; NR: Nile red; PA: Polyamide; PC: Poly-
carbonate; PE: Polyethylene; PET: Polyethylene terephthalate;
PES: Polyester; PP: Polypropylene; POPs: Persistent organic pollut-
ants; PVC: Polyvinyl chloride; RS: Raman spectroscopy
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