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Effective laboratory methods are a requirement to obtain accurate data on the contamination of the environment
with microplastics. However, current methods often lack specification and validation of performance. The aim of this
work was to provide the first evaluation of the effectiveness of the commercially available MicroPlastic Sediment
Separator (MPSS) operated with sodium chloride. We performed density separation experiments with pristine plastic
particles spiked into both commercial sand (experiment I) and natural river sediments (experiment ) and with envi-
ronmental microplastics contained in natural river sediments (experiment Ill). The natural sediments were taken

from the Lahn River in Germany, a medium-scale central European tributary. The pristine test particles were ground
polypropylene fragments, sieved in three different size classes: larger than 1 mm, 0.5-1 mm, and 0.3-0.5 mm. In
experiment |, the mean recovery rate was 97 % for particles of the largest size class (standard deviation s = 6 %,

n = 30 per size class), but dropped to 75.33 % (s = 21.29 %) in the medium and to 54 % (s = 25 %) in the smallest
size class. After density separation, 87 % of all unsuccessfully separated test particles were found at the inner walls

of the MPSS. In experiment I, the recovery rate was not correlated with the particle size distribution of the natu-

ral river sediments. In experiment Ill, a subsequent second density separation step contributed on average 38 %

(s = 18 %; n = 5) to the total number of extracted environmental microplastics. This study illuminates central aspects
of a density separation and aims to contribute to quality improvements of recovery rate experiments and field studies
for the generation of reliable data on microplastics in the environment.
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Introduction

Since the first report by Carpenter and Smith in
1972 [1], an interdisciplinary research community
has detected microplastics, defined as plastic parti-
cles between 1 pum and 1000 um [2, 3] or smaller than
5000 pwm [4] (with other lower size limits being 20 wm
[5] or 100 wm [6]), in waters [7], sediments [8], soils
[9], the atmosphere [10, 11], on continents [12], and in
oceans [13] all over the world. Numerous laboratory
and field studies demonstrated the ingestion of micro-
plastics by biota [14, 15] and humans [16—19]; however,
potential impacts on organismic health and ecosys-
tem functions are still subject to intense research [20].
Given that plastic production and associated emissions
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into the environment will likely continue to rise in the
future [21], global management efforts are required.

Measures for the reduction of plastic emissions pre-
suppose an accurate quantitative knowledge of particle
numbers, characteristics, sources, sinks, and spatio-
temporal distribution patterns. The quantification of
microplastic particles consists of three main steps —
sampling, sample preparation, and analysis [3]. For each
step, different techniques have been proposed [22-24],
depending on the type of environmental medium to
be investigated [25]. Among different environmental
media, sediments and soils tend to stand out as a tem-
porary or final sink for microplastics [26, 27]. In sam-
ples from sediments, soils, and also sludge (‘complex
solid matrices’ [28]), preparation is challenging given
the high content of organic and inorganic natural par-
ticles microplastics have to be separated from. Before
digestion of natural organic matter, the inorganic frac-
tion, which accounts for the largest share of the sample
matrix, has to be removed. It is this latter step, we focus
on in our work.

Non-destructive approaches use physical differences
between microplastics and minerals regarding density
[29, 30], lipo- or oleophilicity [31, 32], hydrophobic-
ity [33], and electrostatics [34]. Most studies use the
so-called density separation [23, 28, 35, 36], which is
‘gravitation-based’ [37]. While the density of minerals
ranges from 2.5 g cm 3 to 2.8 g cm™3 [38], the density of
pure synthetic polymers ranges from 0.05 g cm™2 [39] to
2.3 g cm™2 [40]. However, in environmental microplas-
tics, the density can be altered compared to pure poly-
mers because of chemical additives, biofouling [41, 42],
and aggregation with natural and synthetic particles [43].
When a solid sample is placed in a static fluid, both grav-
ity and buoyancy force act on every particle. It depends
on the density difference between a particle and the fluid,
whether a particle sinks or ascends. Thus, the density of
the separation fluid determines the spectrum of separa-
ble particles.

Numerous saline solutions were tested as separation
fluid [36, 44, 45]; however, researchers choose a zinc
chloride (density p ~ 1.7 g cm™3) or a sodium chlo-
ride solution (o ~ 1.2 g cm™3) most often [36]. Due to
the relatively low density, the latter fails to effectively
separate denser polymers like polyvinyl chloride (PVC;
density of pure polymer: 1.16-1.58 g cm™3), polyethyl-
ene terephthalate (PET; density of pure polymer: 1.37—
1.45 g cm~3) [46], or polyoxymethylene (POM; density of
pure polymer: 1.41 g cm™3), but is cheaper, readily usa-
ble, non-toxic, and more environmentally friendly than
zinc chloride, and therefore frequently used [47] (more
detailed reasoning in the Supplementary Information,
‘Sodium chloride as separation fluid’ section).
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Besides the choice of the separation fluid, studies vary
by several aspects, such as the separation vessel, the agi-
tation of the matrix, the duration of the separation pro-
cess, and the way of removing floating microplastics from
the vessel [48]. This methodological diversity is further
evolving as long as there is no standardization of meth-
odology and operation protocols with quality assurance
/ quality control (QA/QC) methods, and hampers the
comparability of data between studies. At the same time,
standardization efforts are even more complicated when
methods are ineffective or not sufficiently validated. A
recent review finds that most studies investigating micro-
plastics in soils are, among other critical points, deficient
in ‘positive control and method validation’ [49]. As a
result, meta-studies, which are necessary to compile and
critically analyse the current knowledge about microplas-
tics in the soils and sediments, are scarce.

The first commercially available device to perform a
density separation of microplastics from sediment or soil
samples is the ‘MicroPlastic Sediment Separator’ (MPSS;
Hydro-Bios Apparatebau GmbH, Altenholz, Germany;
published by Imhof et al. in 2012 as ‘Munich Plastic Sedi-
ment Separator’ [29]). The large multi-component steel
vessel processes several litres of sediments per run, but
requires 30 litres of separation fluid, boosting the costs of
operation and — depending on the type of salt — hamper-
ing the environmental friendliness. An advantage of the
MPSS, and of the Sediment—Microplastic Isolation (SMI)
unit [50], is the ball valve technology to reliably collect
the floating particles from the fluid’s surface, while the
classical way of decanting floating particles in other set-
ups is associated with problems of sediment turbulence
and particle adhesion [29, 50-52]. While Imhof et al.
demonstrated the MPSS to be highly effective [29], a later
re-evaluation by Zobkov and Esiukova (2017) reproduced
the high recovery rates only partially [53]. This contra-
diction between the two studies about the effectiveness
of the MPSS can be explained by the lack of systematic
validation experiments in terms of test particle size,
separation fluid and duration, as well as the number of
replications. For instance, the number of replications
was only three in [29], which challenges the precision of
their results. In [53], the test particle size was only about
1 mm. Furthermore, the separation effectiveness of the
MPSS operated with sodium chloride to reduce costs and
environmental hazard and improve operation conveni-
ence, which is in line with principles of green analytical
chemistry [54], has not yet been tested.

The aim of this study was thus to validate the commer-
cially available MPSS operated with sodium chloride as
separation fluid, taking into account precision and true-
ness according to ISO 5725-1:2023 [55]. We performed
recovery rate experiments with test particles of different
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sizes larger than 0.3 mm in artificial (experiment I) and
environmental samples (experiment II), tested whether
a repeated density separation would improve the separa-
tion of environmental microplastics from natural fluvial
sediments (experiment III), and explored the impact of
sediment grain size distribution on the separation effec-
tiveness of the MPSS (experiments II and III). Our results
can help to improve techniques of sample preparation
and method standardization, contributing to more accu-
rate data on microplastics in the environment.

Methods

MicroPlastic Sediment Separator (MPSS)

The MPSS consists of a sediment container, two stand-
pipes (bottom and top), and a sample chamber (Fig. 1).
In the sediment container, the sample is stirred with a flat
blade agitator to expose buoyant particles to the separa-
tion fluid. Particles less dense than the fluid are released
from the matrix and ascend within the standpipes to the
fluid surface in the sample chamber. The conical shape of
the standpipes, whose diameters are continuously nar-
rowed from the bottom to the top, enables a reduction
of the sample volume of up to six litres in the sediment
container to 95 ml in the sample chamber. The ball valve
closes the sample chamber, encapsulating the floating
particles. Further details on valves, materials, and dimen-
sions of the MPSS are in the Supplementary Information
(‘MPSS’ section).

Separation fluid

To prepare a sodium chloride solution, crystalline
sodium chloride (about 19 kg; Poolsalz Alposal, Siidwest-
deutsche Salzwerke AG, Heilbronn, Germany) and tap

top cannula j
sample chamber il

ball valve

Ii] |
top standpipe 7#

bottom standpipe

sediment container

S

Fig. 1 Components of the MPSS. Photo by Hydro-Bios Apparatebau
GmbH, modified
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water (about 50 1) were mixed in a 60 1-barrel (blue, high-
density polyethylene [PE-HD]; Mauser Packaging Solu-
tions) with an electronic mixer designated for colours
and mortar (Einhell Germany AG, Landau/Isar, Ger-
many). The density of the solution was calculated as the
quotient of mass (analytical balance ABJ 120-4NM, read-
ing precision: 0.1 mg; Kern & Sohn GmbH, Balingen-
Frommern, Germany) and volume of 5 ml (volumetric
pipette; Brand GmbH & Co KG, Wertheim, Germany),
and averaged over two subsamples. As soon as a density
of 1.19 g cm™3 or higher was reached, the solution was
pumped over a sieve to remove potential contamination
(300 wm; funnel with inset filter, made by the mechanical
workshop, Philipps-Universitdt Marburg) into the MPSS.
In experiment III, a second sieve (100 wm) was added
as additional prevention of contamination (lower parti-
cle size: 0.3 mm). After the separation, the solution was
drained into the barrels for reuse.

Separation procedure

At the beginning of each run, the separation fluid was
filled in the bottom standpipe to its medium fill height.
The motor was started (9 to 10 rpm) and the sample
added slowly through the opening of the bottom stand-
pipe (‘wet sediment loading’ [53]). Afterwards, the top
standpipe and the sample chamber were mounted. The
sample chamber’s dead volume in the ball valve had been
primed before by filling it with separation fluid and clos-
ing the lever, to remove air inside the ball valve. In experi-
ment I, it was closed twice; in experiments II and III only
once, to reduce the contamination arising from shutting
the ball valve (cf. Results, “Contamination and techni-
cal difficulties” section). The separation fluid was poured
through the open sample chamber with a beaker to fill
the MPSS completely. The chamber’s opening was then
closed with the top cannula. After a run time of one hour,
the motor was turned off, and the MPSS left standing
overnight for separation.

In experiment I, the separations lasted 15 hours.
However, for a more convenient time schedule and
a longer separation, we extended the duration to 20
hours in experiments II and III (cf. Table 1). This extra
time potentially allowed more particles to arrive in the
sample chamber. Thus, 15 or 20 hours after the motor
had been started, the separation process was stopped
by closing the ball valve. Both the side and aeration
valve were opened to drain the separation fluid into the
storage barrels. The sample chamber with the encap-
sulated microplastics was removed, turned by 180 °,
hung in a custom-made holding (mechanical work-
shop, Philipps-Universitdt Marburg), opened to drain
the sample into a glass flask with glass plug or a beaker,
and carefully rinsed to transfer any particles sticking to
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Table 1 Parameters in the study design of the three experiments
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Matrix commercial sand

Sampling location -

Particle type PP test particles
Particle size [larger than; mm] 03,051

Total particle no. 900

Particle no. per sample and size 10

Replicates 30

Separation duration [h] 15

Density separations per sample one

fluvial sediments fluvial sediments

Lahn River, Marburg Lahn River, Gieen

PP test particles environ. microplastics

03,05 03,05,1,5
370 525

[ _

37 5

20 20

one two

the inner walls into the beaker. The beaker was covered
with a glass dish or aluminium foil to safely store the
sample until the next step. After the sample was taken,
the MPSS was disassembled and the sediment removed
from the sediment container. All components were
cleaned with tap water and dried at room temperature.

Experimental design

In this study, we present three different experiments on
the separation effectiveness of the MPSS (cf. Table 1).
In the first two experiments, the separation effective-
ness is measured by the recovery rate, defined as the
quotient of successfully separated and originally added
test particles. In experiment I, the impact of particle
size on recovery rate was investigated by separating
three different size classes (or fractions; lower limits:
1 mm, 0.5 mm, 0.3 mm,; labelled large, medium, and
smallest size class, respectively) from commercial sand.
Commercial sand was chosen for unhindered parti-
cle release from the matrix into the inner separator. In
experiment II, the separation of small and medium test
particles from an environmental matrix was explored
by using samples from the surface of near-shore sedi-
ments of the Lahn River in Marburg (Hesse, Germany).
Finally, in experiment III, we tested to which extent the
separation of real microplastics could be improved by a
repeated density separation, using sediments from the
Lahn River in Gieflen.

A special feature in experiment I is the participa-
tion of members of the Citizen Lab for Microplastics in
Marburg. The Citizen Lab was a citizen science project
from 2018-2020, where interested citizens participated
in the quantification of microplastics in environmental
samples. In the present study, a team of four previously
trained citizen scientists was successfully involved in
running the first recovery rate experiment with the
medium and large test particles.

Experiment |: recovery by size class

Test particles and density separation

Test particles were signal blue polypropylene (PP) frag-
ments, incurring as post-consumer waste in the auto-
motive industry (obtained from General-Industries
Deutschland GmbH, Kassel, Germany; photos and FTIR
spectrum in Supplementary Fig. S1). The thickness and
length of the fragments were diverse; the colour was cho-
sen to spot the particles easily and to distinguish them
from potential contamination of the black and white
plastic materials of the MPSS. The polymer type PP is
not only theoretically separable in a saturated sodium
chloride solution due to its lower density (density of pure
polymer: 0.85 g cm™ [56]; the least dense unfoamed
commodity plastic), but also one of the most frequently
produced polymer types worldwide [57], often found in
natural habitats, and thus environmentally relevant.

The test particles were classified in three size classes
by dry-sieving in a stainless-steel sieve cascade (diam-
eter: 150 mm; VWR International GmbH, Darmstadt,
Germany), namely larger than 1000 pm, 500-1000 pm,
and 300-500 pwm. From each fraction, ten particles
were randomly picked with tweezers and mixed in a
2 l-glass beaker with about two litres of commercially
obtained sand (Spielsand 25 kg; toom Baumarkt GmbH,
Cologne, Germany; grain size distribution was analysed
as described in the Supplementary Information, ‘Grain
size distribution analysis’ section, data in Supplementary
Table S1). In the case of the smallest size class, 30 MPSS
runs with ten particles each were performed. The two
larger size classes were combined: in each of the 30 MPSS
runs, 20 particles were tested. Thus, in experiment I, the
number of MPSS runs amounted to 60 and the number
of values for particle counts and recovery rate to 90.

Our laboratory is equipped with three MPSS devices,
which allowed us to perform three runs in paral-
lel (control for a potential impact by device in Sup-
plementary Fig. S4). The commercial sand was reused
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after each run. In the first six runs of the smallest size
class, we checked if the sand still contained test parti-
cles from a previous run. To this end, the sand was left
in the sediment container after the standpipes had been
removed, and the motor started at 9 rpm for 60 min-
utes. After two hours of settling, the container and the
fluid surface were visually inspected for test particles.
Since never any particles were found, this test was not
continued, and we concluded that all test particles were
removed from the sand during density separation and
no further treatment was necessary before the next run.
Nevertheless, to account for a potential cross-contami-
nation of particles between the runs, a further control
was performed as detailed in ‘Localization of test par-
ticles’ section.

Detection and quantification

After density separation, the recovered test particles
were counted. In the case of the large and medium size
classes, the suspensions were wet-sieved and the par-
ticles counted by eye. They were clearly recognizable
on the sieve meshes (cf. photo in the Supplementary
Fig. S1). In the case of the smallest size class, the sam-
ples were thoroughly rinsed from the glass flask into
a vacuum-filtration set-up (47/50 mm; Sartorius AG,
Gottingen, Deutschland) and filtered on quartz fibre
filters (pore size: 0.5 pm, MN QF-10; Macherey-Nagel
GmbH & Co. KG, Diiren, Deutschland). In the first runs,
the filters were stained with Nile Red according to the
protocol of [58] (50 mg cm™3, N3013-100MG; Merck
KGaA, Darmstadt, Deutschland; solved in ethanol and
methanol [1:1]) to prevent overlooking of particles. The
stained filters were excited with blue LED light (465 nm,
LED465E; Thorlabs GmbH, Dachau, Deutschland) and
observed through a long pass filter (532 nm) under a ste-
reo microscope (WILD Heerbrugg AG). As the sediment
matrix was reused, the samples became cleaner, prob-
ably because some finer material was washed out. Thus,
staining became unnecessary, and the particles could be
counted directly under the stereo microscope.

Localization of test particles

Since the measurand was determined by counting parti-
cles under a microscope, observation bias needed to be
accounted for. Therefore, a separate step of quality con-
trol was implemented (in 49 of 60 samples; after the first
eleven samples of the size fractions larger than 0.5 mm
and 1 mm), where, after a separation run, the inner MPSS
was carefully inspected for any unsuccessfully separated
particles. More details can be found in the Supporting
Information, ‘Localization of test particles’ section.
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Experiment Il: recovery from fluvial sediments

River sediment sampling

The aim of the second experiment was to explore the
recovery of test particles in a real environmental matrix.
Therefore, 37 Lahn River sediment samples were spiked
with pristine test particles. The sediments originated
from the Lahn River in the city of Marburg (Hesse, Ger-
many). Samples were taken in 0.5 km intervals, alter-
nately from both river sides, along an 18 km long river
section, in May 2020 (first sampling location [upstream]:
N 50°51.0, E 8°47.585'). Several litres of sediment per
sample were taken from the surface of near-shore sedi-
ments with a Van Veen grab sampler (volume: 2 ], testable
surface: 260 cm? Royal Eijkelkamp, Giesbeek, Nether-
lands), placed in pre-cleaned metal buckets with lids (5 1,
tin-plate; Eimer-Welt.de, Hamburg, Germany), trans-
ported to the laboratory, and stored at room temperature
until further processing. The analysis of the grain size
distribution is described in the Supplementary Informa-
tion, ‘Grain size distribution analysis’ section, while total
organic carbon (TOC) analysis was out of scope here.

Sample preparation and density separation

Before density separation, the supernatant river water
was decanted over a stainless-steel sieve (mesh size:
300 wm, diameter: 150 mm; VWR International GmbH,
Darmstadt, Germany), and the sieve residue rinsed
with saturated (p ~ 1.2 g cm™3) and filtered (300 wm)
sodium chloride solution into a 1 l-glass beaker. The
sieved supernatant was later returned to the main sam-
ple through the bottom standpipe at the beginning of the
separation process. The remaining sediment sample was
placed in a metal bowl, covered with aluminium foil, and
oven-dried for 24 h at 65 °C (BM 700; Memmert GmbH
+ Co. KG, Schwabach, Germany) to further remove river
water from the sample. Since this short oven-drying did
not appear to substantially remove any water, it was not
conducted with the samples of experiment III. The dry
mass of the sediment was determined gravimetrically as
described in the Supporting Information, ‘Dry sediment
mass’ section.

Every sample was spiked with five test particles of the
size classes 0.5—1 mm and 0.3—0.5 mm, which were ran-
domly chosen and picked with forceps. The test particles
were from the same batch as in experiment I, excluding
the size class larger than 1 mm because of its high recov-
ery rate in experiment I. The separation was performed
as described above; the separation time was 20 hours.
When taking the encapsulated particles, the top stand-
pipe was remounted onto the sample chamber hanging
in the custom-made holding (Supplementary Fig. S2) to
include the particles sticking to the top standpipe’s wall
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into the beaker by thorough rinsing. Before disassem-
bling the MPSS, the density of the separation fluid was
determined at the top of the bottom standpipe to check a
possible fluctuation after the separation.

Size fractionation and detection

After the density separation, the samples were fraction-
ated in different size classes by wet-sieving over 1000 pm,
500 wm, and 300 pwm (stainless-steel sieves, diam-
eter: 7.5 cm; Atechnik GmbH, Leinburg, Germany). In
the case of the first samples, the sieves were flipped by
180 ° and laid on a glass funnel with a small glass beaker
(250 ml) below and rinsed thoroughly. The sample in
the beaker was then vacuum-filtrated (50 mm filtration
device with glass frit and polytetrafluoroethylene [PTFE]
ring; Sartorius AG, Goéttingen, Germany) onto a cellu-
lose filter (LLG-Filter circles, qualitative, medium/fast,
diameter: 47 mm; Lab Logistics Group GmbH, Mecken-
heim, Germany) and analysed under a stereo microscope
(SMZ-171T; Motic Deutschland GmbH, Wetzlar, Ger-
many). However, cellulose filters turned out to be unsuit-
able for microscopy since they are opaque and do not
allow for transmitted light, which is necessary to reveal
cellular structures and identify biogenic material (impor-
tant in experiment III). Further, they tend to warp during
drying. Searching for a better approach to transfer a sam-
ple fraction from the sieve to the microscope, we devel-
oped a two-step procedure [59]. The subsequent samples
were processed according to this approach, where, in
short, the sieve residue was concentrated via vacuum-
filtration onto a cellulose filter and directly rinsed from
the wet filter with a small amount of water into a glass
petri dish. The water was evaporated in an oven at about
60 °C, and the dried sample in the petri dish examined
microscopically with both reflected and transmitted
light. During microscopy, test particles were differenti-
ated from environmental microplastics contained in the
river samples based on colour, shape, and environmental
impurities (more details on this procedure and continua-
tive thoughts on spiking environmental samples with test
particles in the Supplementary Information, ‘Spiking of
environmental samples’ section).

Experiment lll: repeated density separation

Repeated density separation

To explore a way to improve the separation effectiveness
of the MPSS, a series of two subsequent density separa-
tions was performed with real environmental samples
(without the addition of test particles). For this purpose,
both the top standpipe and the sample chamber were re-
mounted on the bottom standpipe after the first density
separation and re-filled with filtered sodium chloride
solution. The motor was started again for one hour and
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the floating particles taken after 20 hours. This test was
conducted with five environmental samples (not previ-
ously analysed), where the amount of microplastics from
the first and second density separation was compared.
The samples were taken as described in ‘River sediment
sampling’ section from two adjacent near-shore sediment
bars of the Lahn River in the urban centre of Giefien
(sampling location: N 50°35.183', E 8°39.83') in October
2021.

The sediment grain size distribution was measured as
described in the Supplementary Information, ‘Grain size
distribution analysis’ section, while TOC analysis was out
of scope here. Before density separation, the supernatant
river water was removed by oven-drying the samples at
about 60 °C for several weeks. Up to an hour after fill-
ing the separation fluid into the bottom standpipe, large
matrix components were removed with forceps from
the fluid surface, followed by mounting the remaining
MPSS components. In between, the opening of the bot-
tom standpipe was covered with a clean metal lid to pre-
vent airborne contamination. The size fractionation of
the environmental samples was conducted as described
in ‘Size fractionation and detection” section, but with an
additional 5 mm-sieve to eliminate possible environmen-
tal macroplastics.

Detection of microplastics

Putative microplastic particles from the first (n = 308)
and second (n = 217) density separation were selected
under a stereo microscope (SMZ-171T, equipped with
six continuous zoom steps from 0.75x to 5x and an 1.5x
objective; Motic Deutschland GmbH, Wetzlar, Germany)
according to common visual sorting criteria [9, 51, 60],
fixed on glass microscopic slides with pieces of dou-
ble-sided adhesive tape (product ID: 57912-00000 and
64621-00000; tesa SE, Norderstedt, Germany), counted,
and photographed (software: Motic Images Plus 3.0).
The system was calibrated for size measurements with
the calibration slide provided by Motic. Particle size was
measured on the photos as the largest Euclidean distance
between two points on the 2D area of the particle (maxi-
mum Feret diameter). Particle morphology was classified
as fragment, foam, fibre, foil, or sphere.

FTIR measurements

To identify the polymer types of the putative microplastic
particles, measurements were performed with attenuated
total reflection (ATR) Fourier transform infrared (FTIR)
spectroscopy. The overall ‘spectroscopy assessment
rate’ [61] was 97.9 % (514 of 525 putative microplastics
were measured). From the first density separations, 11
particles of the fraction 300-500 pm were not meas-
ured because they broke upon pressure with the forceps
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(n = 2) or were so thin (n = 9) that fragmentation upon
contact with the ATR crystal and subsequent measure-
ment of the underlying adhesive tape was likely. Nev-
ertheless, they were classified as ‘plastic’ because their
appearance was obviously synthetic and included in the
calculation of particle concentrations. The rest of the par-
ticles were measured with the pATR FTIR spectrometer
LUMOS 1I (Bruker Optics GmbH, Ettlingen, Germany),
operated by the software OPUS (version 8.5.29). The
spectral range was 4000—680 cm’, the resolution 4 cm™.
The measuring conditions were thermo-electrically
cooled mercury-cadmium-telluride (TE-MCT) single-
element detector, low crystal pressure (material: germa-
nium), open aperture, and 50 scans. The background was
recorded with the same number of scans and repeatedly
measured after usually not more than five sample meas-
uring points. Each particle was measured at one or two
points free of impurities. The resulting spectra were sub-
jected to an atmospheric compensation which slightly
smoothes the signal in the wave number regions of water
(4000-3600 cm™ and 1900-1800 cm™) and CO, (2400
2300 cm™). Apart from that, no further processing was
conducted.

Identification

All spectra were visually assessed and an additional
spectral library search was conducted in most cases. On
the one hand, commercial libraries from Bruker were
used (BPAD-Bruker Polymer ATR Library, ATR-FTIR
LIBRARY KIMW, and BIBL ATR-FTIR FORENSICS
Library), on the other hand, five own libraries were set
up. These libraries contained spectra of (i) fresh refer-
ence standards, obtained from the Polymer Kit 1.0 of the
Center for Marine Debris Research (Hawaii Pacific Uni-
versity, USA), the Federal Institute for Materials Research
and Testing (BAM, Berlin, Germany), and two German
companies operating in the field of plastics’ manufactur-
ing and processing (Reinhard Bretthauer GmbH, Dillen-
burg, Germany, and Giinther Heif$kanaltechnik GmbH,
Frankenberg [Eder], Germany); (ii) artificially weath-
ered polymers obtained from the University of Bayreuth
(details of the weathering procedure are provided in [62]);
(iii) materials occurring in the two laboratories where
this work was conducted, representing potential contam-
ination; (iv) reliably identified environmental microplas-
tics, obtained from Lahn River sediments in Marburg in
a previous sampling; (v) natural biogenic matter (plants
and invertebrates) also obtained from Lahn River sedi-
ments. In total, the libraries contained 54 entries of 28
different materials. The library spectra were recorded
under the same conditions as the sample spectra. Spec-
tral library search conditions were a standard algorithm,
a maximum number of results of 30, and a minimum hit
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quality index (HQI) of 1 (full scale: 1-1000). No mini-
mum match score was applied for positive identification
because, depending on the weathering state of the par-
ticle, the HQI calculated in OPUS turned out to be too
variable.

Prevention of microplastic contamination

To prevent potential airborne contamination, white cot-
ton laboratory coats were worn at all times and synthetic
clothes avoided as much as possible. Samples were always
covered. All components containing or contacting the
samples were cleaned with filtered tap water (mesh size:
50 pm, diameter: 7.5 cm; Atechnik GmbH, Leinburg,
Germany) or treated with pressurized air (e.g., the MPSS
components, which were too large to wash them with
filtered water). A limited number of plastic tools was
used, and the two laboratories, which were exclusively
utilized for the analysis of microplastics, were kept as
clean and plastic-free as possible. More information on
the plastic tools used and the blank runs applied can be
found in the Supplementary Information, ‘Prevention of
contamination’

Data analysis

The data were processed, analysed, and visualized in R
[63]. For data processing and visualization, the pack-
ages readxl [64], tidyverse [65], and scales [66], and for
descriptive statistics, skimr [67] were used. Spearman
rank correlations and corresponding significance lev-
els were calculated with hmisc [68], correlation matrices
with PerformanceAnalytics [69]. The correlation coeffi-
cients (rs) were interpreted according to [70].

Recovery rates were calculated as the quotient of the
number of recovered and spiked particles, and expressed
as percentages. Precision, assessed as random error (cf.
[71]), was expressed as standard deviation s and coeffi-
cient of variation v (quotient of standard deviation and
arithmetic mean x: v = ). Mean and standard deviation
were rounded according to DIN 1333 1992-02 [72]. True-
ness, assessed as systematic error (cf. [71]), was expressed
as mean difference in recovery rates, called effect size,
and estimated with dabestr [73], where the sampling
distribution and the 95 % confidence interval (CI) are
calculated based on 5000 bootstrap re-samples [74]. In
experiment I, the large size class was chosen as reference
group due to its generally high recovery rate [28, 29, 45];
in experiment II, the recovery rate from commercial sand
of experiment I was used as reference for the recovery
from fluvial sediments.

The microplastic content of the environmental samples
(hereafter: concentration) was expressed as the num-
ber of particles per kilogram of dry sediment (p kg™).
The mean sediment dry mass of the samples equalled
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x=0.73 kg (s =0.16 kg; n = 5). The sum of the con-
centrations resulting from the first and second density
separation was considered as the total concentrations
extracted from the samples.

To control for a potential impact by the reuse of sedi-
ments or any unknown systematic errors in experiment
I, the recovery rate was plotted against the separation
run number (Supplementary Fig. S3). The correlation
between both variables was negligible and not significant
for any size classes (rs = 0.13 and p = 0.505, r; = 0.12
and p = 0.543, r¢ = 0.25 and p = 0.191; large, medium,
and smallest size class, respectively). Further, a poten-
tial impact of the individual MPSS devices was ana-
lysed using the effect size estimation as outlined above.
Although the recovery rates of MPSS 3 were higher than
those of MPSS 1 and 2, the size of the effect was negli-
gible (5.54 % [95 % CI: -6.56 and 19 %]; Supplementary
Fig. S4).

In experiment II, a correlation matrix was calculated
for the recovery rate, the fluvial grain size distribution
(Marburg), and control variables of the density separa-
tion (fluid density before and after the separation, sample
mass). No correlation between recovery rate and density
before the separation (r; = 0.04 and p = 0.835), density
after the separation (r; = —0.24 and p = 0.157), or sedi-
ment dry mass (rs = —0.02 and p = 0.922) was found. In
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experiment III, a correlation matrix was calculated for
the microplastic concentrations (first run, second run,
total) and the fluvial grain size distribution in Giefien
(sand, clay, silt) (Supplementary Fig. S10).

Results

Experiment I: recovery by size class

Overall, 679 of 900 test particles were successfully
recovered in the sample chamber (mean recovery rate
x = 75 %, standard deviation s = 26 %, coefficient of vari-
ance v = 0.34, n = 30). The mean recovery rate decreased
with size class, along with the measurement precision
(Supplementary Fig. S5 and Table S2) and trueness: The
effect size between the medium and large size class was
-21.7 % (95 % CIL: -30.3 and -14.6 %) and -43.0 % (95 %
CI: -52.0 and -34.3 %) between the smallest and large size
class (Fig. 2). In the smallest size class, the distribution of
the recovery rate exhibited a slight bimodal pattern (Sup-
plementary Fig. S6).

To account for observation bias and understand the fate
of the test particles, we analysed their location (n = 871)
in the MPSS after the separation. Altogether, 97.2 % par-
ticles were found throughout the MPSS, mostly in the
sample chamber (78 %). Many particles were attached to
the inner wall of the bottom and top standpipe (10.1 %
and 9.0 %, respectively; Supplementary Figs. S7 and S8),
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equalling to 87 % of all unsuccessfully recovered parti-
cles. Each one particle of the smallest size fraction was
found in the sediment container and the separation fluid.
Among 24 missing particles, 6 were found in other sam-
ples, yielding a cross-contamination rate of 0.69 %. Only
18 particles (2 %) were overlooked or lost.

Experiment Il: recovery from fluvial sediments

Overall, 308 of 370 test particles were recovered
(x = 83.24 %, s = 22.24 %, v = 0.27, n = 37). The recov-
ery rate did not correlate with the samples’ grain size
distribution, i.e., the contents of sand, silt, or clay (Sup-
plementary Figs. S9 and S10). A comparison of the find-
ings with the summarized recovery rate of the medium
and smallest size class of experiment I (Supplemen-
tary Fig. S11) shows that the recovery from commercial
sand was lower in average than from river sediment, but
of similar variability (experiment I: X = 65 %, s = 16 %,
v = 0.25). The effect size equalled 18.6 % (95 % CI: 8.94
and 27 %; Fig. 3).

Regarding particle size, as in experiment I, the recov-
ery of the medium was higher than of the smallest size
class (Supplementary Fig. S12). Although no test parti-
cles originated from the largest size fraction, 66 of 370
particles (17.8 %) were found here. Apparently, during
size fractionation, some particles were caught in a sieve
with a larger mesh size than in the preparation of the
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spiked samples. Because of this, an analysis of size was
not pursued.

Experiment lll: repeated density separation
In all five river samples from the urban centre of Gieflen,
microplastics in a size range of 0.3-5 mm were found
in both separation runs (absolute numbers in Supple-
mentary Table S3, concentrations in Table 2). The most
frequent polymer and morphological type were ‘PE” and
‘fragment;, respectively (cf. Supplementary Information,
‘Polymeric and morphological particle characteristics’
section). The total concentration ranged from 95.9-
213.5 particles kg, to which the second separation con-
tributed with 14.6-60.4 % (x = 38 %, s = 18 %, v = 0.46,
n =5) (Table 2). The mean microplastic concentration
increased with decreasing size class in both runs. In all
size classes, we found the largest share of particles in
the first density separation. (Supplementary Fig. S13).
Excluding the size classes larger than 1 and 5 mm reduces
the mean share of the first run in total concentrations
from 62 % to 50 % (s = 20 %, v = 0.39, n = 5), which is
a much lower separation effectiveness than expected
from the recovery rates of the small and medium size
class in experiment I and II (x = 65 % and x = 83.24 %,
respectively).

The sediment grain size distribution (Supplementary
Fig. S14) and the total concentration of microplastics
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Table 2 Concentrations of microplastics (particle number per kilogram of dry sediment) obtained from two density separation runs of

five Lahn River sediment samples each. Sdm. = Dry sediment mass

Number of particles kg™’

Percentage of particles

Sample ID Sdm. [g] 1strun 2nd run Total 1st run 2nd run
1 795.6 94.3 528 147.1 64.1 359

3 487.2 147.8 65.7 2135 69.2 30.8

7 928.0 48.5 474 959 50.6 494

8 732.0 95.6 164 112.0 854 14.6

9 690.7 579 88.3 146.2 39.6 60.4
rounded mean 730 89 54 140 62 38
rounded sd 160 40 26 50 18 18

were strongly correlated: sand (rs = —1.0) was negatively
correlated with the total concentration, silt (rs = 0.9) and
clay (rs = 0.82) positively. However, only the correla-
tion between the total concentration and content of sand
(p < 0.0001) was significant, which may be attributed to
the small sample size (n = 5). The correlation coefficients
between the first and second density separation and the
contents of sand, silt, and clay were low to moderate and
not significant (Supplementary Fig. S15).

Contamination and technical difficulties

Numerous blank samples analysed in our laboratory over
an MPSS operation life of four years consistently con-
tained a specific type of plastic contamination, arising
from the PTFE components in the sample chamber (ball
valve, spacer disc, and sealing ring). Especially the PTFE
parts in the ball valve are likely to cause thin PTFE par-
ticles with an abrasive shape (Supplementary Fig. S17),
since the ball valve is closed and opened before the sepa-
ration for priming, and closed at the end of the sepa-
ration. By contrast, no contamination has ever been
observed from the O-rings (EPDM).

Apart from the distinguishable PTFE contamination,
the blank samples did not contain other plastic con-
tamination in the particle range investigated (larger than
300 wm). Regularly, thin transparent fibres and, less fre-
quently, blue fibres, were found, which probably origi-
nated from lab coats and blue jeans. Therefore, in the
environmental samples of experiment III, such fibres
were excluded from the analysis.

Finally, some minor technical difficulties are described
in the Supplementary Information, ‘Technical problems’
section, and in Figs. S16 and S18).

Discussion

Comparison with MPSS literature

Our data confirm the high recovery rates of the first
MPSS validation study by Imhof et al. [29] only partly.

Their methodology differed from ours regarding the
MPSS (self-built prototype), the separation fluid (zinc
chloride, p = 1.7 g cm™3), the matrix (river sediment
purified with zinc chloride and deionized water), the
separation duration (1-2 h), the filling of the MPSS
with separation fluid from the bottom valve after the
sample has been entered, as well as the determination
of recovery rates (large fraction: count-based, small
fraction: gravimetric; commented in the Supplemen-
tary Information, ‘Calculation of recovery rate in the
literature’ section). Their recovery rates were 100 % for
particles from 2-5 mm and 95.5 % for particles from
40-309 pm. Although these size categories differ from
ours, we can confirm the high recovery rates for test
particles larger than 1 mm, but not for small particles.
Due to the methodological differences mentioned, the
comparison is limited.

Nevertheless, our challenge of the high effectiveness
of the MPSS is in line with findings of the validation
study by Zobkov and Esiukova [53] (self-built MPSS;
separation fluid: equal amounts of zinc and calcium
chloride, p = 1.5 g cm™3; dry-loading; 30 min stirring
at 120 rpm; about 20 h of separation). In their recov-
ery experiment with PET sheets of about 1 mm edge
length, the mean extraction efficiency was 97.1 % (CL
2.6 %) — as in our large size class. However, in their test
with environmental microplastics in marine sediments,
Zobkov and Esiukova (2017) obtained a low recovery
rate of 13—-39 %, which they attributed to microplastic
particle retention in the matrix. This is even lower than
our extracted amount of environmental microplastics
from fluvial sediments (¥ = 62 %, s = 18 %, n = 5; share
of the first run in total concentrations), which may be
due to differences in methodology (e.g., the shorter stir-
ring time in [53]), the sizes and shapes of the extracted
microplastics, or the natural matrices. In sum, it can
be assumed that the MPSS-based density separation
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caused an underestimation of microplastic loads in the
existing field studies (Supplementary Table S4).

Effect of particle size on recovery

The key finding of this work is the effect of particle size
on separation effectiveness (measurement precision and
trueness). The recovery rate was excellent for particles
larger than 1 mm, but dropped for smaller particles. As
Stokes’ law describes, the vertical velocity of a sphere in
a fluid decreases with the diameter of the sphere. How-
ever, this phenomenon alone cannot explain our find-
ing, since a separation time of 15 or 20 hours should be
excess time for a vertical distance of one metre. Accord-
ing to Stokes’ law, in 15 hours, a distance of one metre
can be covered by a spherical PP particle with a diameter
of 46 wm. Localizing the particles after the separations
showed they were successfully released from the matrix,
but stuck to the standpipes. Further, as the recovery from
complex fluvial sediment was not impaired compared to
that from commercial sand, a retention of particles in the
matrix can be ruled out. Instead, we attribute the decline
in recovery rate to particle—separator surface interaction
in the MPSS.

Due to the strong reduction of the cross-section, par-
ticles rising in the MPSS likely encounter the inner ves-
sel surface. The surface is manufactured to be especially
smooth to avoid mechanical adhesion. However, this
does not prevent hydrophobic or electrostatic attrac-
tion. Moreover, the flange connections and valves indeed
represent physical traps for ascending particles. When
particles meet the wall, the hydrophobic plastic—metal
contact might be maintained because it is energetically
favourable in an aqueous solution. Particles attaching to
the inner MPSS surface might continue to rise, but due
to adhesion and friction force, at a reduced speed. Con-
sequently, the separation time of 15 or 20 hours might be
insufficient.

While the probability for a particle to hit the wall of
the MPSS is a question of coincidence, the tendency to
adhere to the metal surface likely depends on particle
characteristics. In particular, the surface-to-volume ratio,
which increases with decreasing size [75] and elongation
[76] of a particle, could influence the adhesion positively.
Therefore, the small and medium size fractions have a
higher tendency to adhere to the wall than the larger one,
potentially causing the smaller recovery rates. Moreover,
both the higher variability and the slight bimodal distri-
bution of the recovery rate in the smallest size class might
have been caused by the diversity in particle morphology,
which is less influential in larger particles. Nevertheless,
adhesion can also occur in larger and more regular par-
ticles (e.g., expanded polystyrene [EPS] spheres of 1 mm
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[77], rectangles of 0.25 mm? [78], or particles larger than
1 mm [79]) or in vessels without inclination [29].

In interpreting our results, however, we need to con-
sider several limitations of this study. First, particle
number per size class was relatively low (cf. Table 1).
Second, the commercial sand matrix was reused despite
a potential impact on the recovery rate which, however,
did not turn out to be the case (Supplementary Fig. S3).
Third, the test particles were of pristine nature, but their
behaviour can be different when exposed to environmen-
tal conditions, which alter their surface characteristics.
Therefore, future work should investigate the factors
affecting particle adhesion, such as particle size, shape,
surface properties (e.g., roughness, charge, zeta-poten-
tial), and weathering state. It is important to find solu-
tions to the common problem of particle adhesion in the
MPSS and other separation setups, for example, by filling
in the fluid from the bottom valve of the MPSS, using oil
which concentrates the particles swimming at the surface
[78], or agitating the fluid [80].

Despite the limitations, the key finding of our
study appears to be in line with the literature. A topi-
cal meta-analysis of 144 studies about the extraction
and analysis of microplastics in solid matrices found a
decreasing recovery rate with particle size [28]. Recov-
ery rates decreased from 92.8 % (1-5 mm), over 90.1 %
(0.5-1 mm), to 86.6 % (0.1-0.5 mm). A later meta-analy-
sis including 71 recovery studies on all media used in the
field of microplastics found the same trend: the recovery
decreased from 100 % (larger than 5 mm), over 84.8 %
(1-5 mm), to 84.5 % (1 wum—1 mm) [45]. In the size class
larger than 1 mm, our recovery (97 %) was higher than
the mean reported in both reviews. This comparison
should be treated with caution because of the large diver-
sity of methodological approaches reflected by the two
meta-analyses, including different separation fluids. A
comparison with the smaller size categories is even more
difficult because of the different size ranges. However,
based on our data, a continuing decreasing trend in the
separation effectiveness of the MPSS for particles smaller
than 0.3 mm can be expected, indicating a performance
worse than the average calculated in both meta-analyses.
Indeed, in [81], a recovery of 80 % was achieved for the
size class 0.3—0.5 mm with river sediments, sodium chlo-
ride, beakers, and the overflow technique, potentially due
to chemical purification, small sample volumes, and five
repeated extractions.

We set the lower size class limit to 0.3 mm, as particles
of this size can still be reliably detected by eye (as shown
in the localization step), manually handled by tweezers,
and measured by ATR-FTIR spectroscopy. The size limit
of 0.3 mm was also advocated in [82] due to its corre-
spondence with a common mesh size of sampling nets for
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water samples. However, in an investigation on the extent
of underreporting data on microplastics extracted from
different environmental media (i.e., water, sediment, soil,
biota, air) and methodological procedures for extraction
and characterization, microplastics sized 1-300 um were
found to be affected most [83]. Thus, future work should
investigate the recovery of particles smaller than 300 pm,
also due to their higher abundance in environmental
samples and a potentially higher ecological relevance.
However, this requires a more elaborated methodologi-
cal approach regarding sample preparation and detection
and contamination management.

In the literature, a decreasing recovery rate with
size was not always shown. Although several studies
observed this trend [80, 84, 85], in a setup with sodium
chloride, beaker, and overflow, there was no difference
in the recovery between small (0.25-0.5 mm) and large
(0.5-1 mm) particles [46]. One study even reported an
increased recovery with decreased size [44]. Although it
is already known that smaller particles are more difficult
to separate [86], this is not yet sufficiently considered in
recovery rate experiments — particularly, when the test
particle sizes in the recovery rate experiment do not cor-
respond with those of the microplastics investigated. For
example, in [80], the test particle size range was 100—
3000 pm while the environmental microplastics investi-
gated were larger than 20 um.

Extraction from environmental matrices

It was suggested that the separation of particles may
be influenced by the type [87] or characteristics of the
matrix [46, 79], entailing the call for matrix-specific puri-
fication methods [88]. For instance, a higher content
of clay could be associated with a stronger retention of
buoyant particles in the matrix [89]. Other studies found
no impact of the matrix on the recovery. In [53], neither
a difference in recovery from three different sediment
types ranging from fine to coarse marine sediment was
found, nor from matrix with different contents of organic
matter up to 2.6 % (test particle size around 1 mm). Simi-
larly, Constant et al. (2021) found no significant differ-
ence in recovery from fine and coarse sediments, a result
they attributed to the pristine test particles (size larger
than 1 mm) [79]. Radford et al. (2021) found no sig-
nificant correlation between matrix grain size (clay and
fine sand) and plastic particle recovery (test particle size
larger than 250 um), whereas the presence of organic
matter decreased the recovery rate [46].

We found neither evidence for a test particle recov-
ery lower in fluvial sediment than in commercial sand
(experiments II and I), nor for an impact of river sedi-
ment grain size distribution on test particle recovery
(experiment II) or on microplastic extraction in the
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second density separation (experiment III). However, this
absence of evidence could simply be due to methodologi-
cal reasons, i.e., the way of spiking the matrix with test
particles, namely only some millimetres deep and with-
out any agitation or incubation (experiments I and II),
or the small sample size (experiment III), and must not
necessarily hold true for microplastics, which may be
embedded in a matrix more tightly than test particles.
Therefore, a stronger interaction of microplastics with
the fluvial matrix could still be a reason for the lower
separation of microplastics extracted in experiment III
compared to the test particles. Another reason could
be that the test particles did not represent the spectrum
of microplastics regarding polymeric and morphologi-
cal characteristics as well as surface properties, which
change in the environment. Therefore, we refrained from
using the recovery rates obtained in experiment I as ‘cor-
rection factors’ [90] in experiment III, to adjust environ-
mental concentrations in the Lahn River sediments in
Gief3en. Finally, more research is necessary to clarify to
which extent a sample matrix impairs the recovery and if
‘matrix-specific calibration’ [46] is appropriate.

In our study, the recovery from environmental sedi-
ment was higher than from commercial sand. Apart from
the matrix, the experiments differed in several aspects,
which is why this comparison should be interpreted with
caution. The separation duration was 15 and 20 hours,
the number of test particles 20 and 10, the two size frac-
tions were separated and combined, and the number of
replicates was 30 and 37, in experiment I and II, respec-
tively (cf. Table 1). If the three latter aspects are negligi-
ble, the difference in recovery rate may be attributed to
the longer separation duration in experiment II — in line
with Stokes’ law. In contrast, a recent work using sodium
chloride and beakers found an optimum separation dura-
tion of one to six hours and a decreasing recovery rate
with a longer duration (sieved particle sizes of 2.5 um to
5 mm, ground PE-HD bottle caps) [89]. The reason for
this observation is unclear. Apparently, the relationship
between separation duration and effectiveness requires
further research. Nonetheless, given that particle separa-
tion is a function of time, it is important to keep the sepa-
ration duration constant within a study for comparability.

Repeated density separation

Subsequent separation runs of the same sample were
shown to improve the recovery of test particles and are
therefore commonly performed (e.g., in [81, 85, 89, 91,
92]). Our study is the first to test the effect of a second
separation on the effectiveness of the MPSS, which was
also devised with the intention to avoid repeated density
separation runs [29]. We demonstrated that a second sep-
aration provided considerable numbers of microplastics.
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Still, the average proportion of the first run in total con-
centrations was higher than that of the second run. In
both runs, the number of separated particles increased
with decreasing size class, which can be explained by a
higher proportion of smaller particles in environmental
samples.

Microplastics in Lahn River sediments

Here, we provide first evidence for microplastics in
sediments of the Lahn River, a medium-scale tributary
of the Rhine River. Total concentrations were related
positively to clay and negatively to sand, indicating that
microplastics and finer sediment grains are deposited at
higher rates in areas of lower water flow velocity. Due
to the small number of samples (# = 5), this correlation
requires further testing. Compared to Lahn River flood-
plains, which contained a mean of 2.75 and a maximum
of 30 particles per kilogram of dry mass (size range:
0.3-2 mm) [93], river bed concentrations were an order
of magnitude higher. The comparability of the two sam-
pling campaigns is high, since similar methods were
applied, partly in the same laboratories.

Conclusions

In the density separation with the MPSS operated with
sodium chloride, the separation effectiveness is high for
pristine test particles larger than 1 mm, but declines with
particle size. Whether the levels of trueness and precision
achieved by single-run separations in the size range of
0.3—-1 mm are acceptable depends on the intended use or
research question. Due to the systematic underestimation
of particles smaller than 1 mm, resulting concentrations
of microplastics should be considered as minimum levels.

Further work is recommended to validate existing
and develop new separation technology: Firstly, to pre-
vent particle adhesion, separation vessels should avoid
inclined walls, reduce the ratio of vessel surface to
fluid volume, or agitate the whole volume of separation
fluid. Secondly, density separation procedures must be
designed in such a way that the smallest target particles
have enough time to ascend. Thirdly, future recovery
studies should use weathered test particles of different
polymer types, sizes, and shapes as well as environmental
microplastics to obtain more environmentally relevant
data.

This study highlights the interplay of separation vessel,
particle size, and separation time, and stresses the impor-
tance of testing recovery rates by particle size. Under-
standing and improving methods is a requirement to
obtain accurate data, which are needed to reduce plastic
emissions.
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ATR Attenuated total reflection

BAM Bundesanstalt fir Materialforschung und -prifung
EPDM Ethylene propylene diene monomer rubber
EPS Expanded polystyrene

EVA Ethylene-vinyl acetate

FTIR Fourier transform infrared

HQl Hit quality index

MPSS MicroPlastic Sediment Separator

PE-HD  High-density polyethylene

PE-LD Low-density polyethylene

PET Polyethylene terephthalate

PEST Polyester

POM Polyoxymethylene

PP Polypropylene

PS Polystyrene

PTFE Polytetrafluoroethylene

PVC Polyvinyl chloride
QA/QC  Quality assurance/quality control
TOC Total organic carbon
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