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Microplastic (MiP) contamination poses environmental risks, but harmonizing data from different quantification
methods and sample matrices remains challenging. We compared analytical protocols for MiP quantification in
soil, consisting of Digital, Fluorescence, Fourier-transform infrared (FTIR), and Raman Microscopy as well as
quantitative Pyrolysis-Gas Chromatography-Mass Spectroscopy (Py-GC-MS) and 1-proton nuclear magnetic
resonance ({H NMR) spectroscopy as detection techniques. Each technique was coupled with a specific extraction
procedure and evaluated for three soils with different textures and organic carbon contents, amended with eight
types of large MiPs (0.5-1 mm) — high- and low-density polyethylene (HDPE and LDPE), polypropylene (PP),
polystyrene (PS), polyamide (PA), polyethylene terephthalate (PET), polyvinyl chloride (PVC), and a biode-
gradable mulch film product composed of polybutylene adipate-co-terephthalate/ polylactic acid (PBAT/ PLA).
In addition, we included two types of small MiPs (20-250 um) composed of either LDPE or PBAT/ PLA in the
tests. The results showed that protocols for Digital, Fluorescence, and ATR-FTIR microscopy recovered 74-98 %
of the large MiPs, with fluorescence yielding the highest recoveries. Raman spectroscopy was most sensitive to
soil organic matter residues, requiring more sophisticated sample pretreatment. Fluorescence staining with
subsequent Fluorescence microscopy detection effectively recovered most small-sized LDPE-MiP but missed
56-93 % of small PBAT/ PLA particles. For the latter, reliable quantification was achieved only using Soxhlet
extraction combined with 'H NMR spectroscopic quantification. Pyrolysis-GC-MS showed intermediate results,
displaying low sensitivity to plastic type and lower recoveries as soil clay content increased. We conclude that
different methods have different sensitivities for different MiP materials in different soils, i.e. comparisons of MiP
loads and threshold settings for MiP loads across methodologies require careful consideration. Yet, our data
indicate that adding stained large MiP as an internal standard could enhance extraction control, while Soxhlet-
extraction with subsequent 'H NMR analysis is most powerful for controlling future thresholds of small MiP from
biodegradable materials.

1. Introduction

Since the first fully synthetic polymer material was discovered in the
early 20th century, plastic materials have found widespread use due to
their outstanding chemical and physical properties such as their
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inertness, lightweight, and flexible usability, as well as their fast pro-
duction at low cost. In the meantime, consumption of plastics has
quadrupled over the past 30 years, resulting in a total global plastic
production of 400.3 Mio t in 2022 (OECD, 2022; PlasticsEurope, 2023).
Because of mismanaged waste, a significant fraction of plastics ends up
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in the environment (OECD, 2022). Consequently, macroplastics (MaPs,
> 2.5 ¢cm), mesoplastics (5 mm - 2.5 cm), and microplastics (MiPs, 1 ym
- 5 mm) have been found in both aquatic and terrestrial ecosystems
(Lebreton et al., 2017; Sajjad et al., 2022). Yet, reliable extraction and
accurate quantification in various environments, especially in soils, re-
mains challenging (Astner et al., 2023; Wang et al., 2023). Current re-
ports point to highly variable MiP loads, which could reflect different
plastic exposure and input pathways (e.g., plastic mulching, application
of compost or sewage sludge) as well as more diffuse sources (such as
flooding of rivers, lakes, and seawater, littering or atmospheric deposi-
tion; Biiks and Kaupenjohann, 2020; Zhou et al., 2020; Braun et al.,
2023). However, variations in the reported MiP concentrations in soil
could also reflect differences in analytical protocols used for MiP isola-
tion and detection, with different sensitivities to plastic types, sizes and
masses, and limits of detection (Blasing and Amelung, 2018; Biiks and
Kaupenjohann, 2020; Primpke et al., 2020a,2020b; Wrigley et al.,
2024).

Most extraction methods for analyzing MiPs in soil contain two
removal steps, one for the mineral phase and one for soil organic matter
(SOM; Moller et al., 2020). The removal of the mineral phase is mostly
accomplished by density separation: a salt solution with a specific
density higher than the one of the plastic is used to separate minerals
from plastics which float on the solution surface and can be collected
(Coppock et al., 2017; Ribeiro-Claro et al., 2017). Sodium chloride
(NaCl) is the preferred salt by most scientists, due to its low price and
lack of toxicity (Han et al., 2019). However, using NaCl achieves a
maximum density of only 1.2 g mL™!, insufficient for extracting
high-density plastics like polyvinyl chloride (PVC) or polyethylene
terephthalate (PET), both of which have a density of appr. 1.37 g mL ™"
Hence, other solutions, such as zinc chloride (ZnCly), adjustable to a
density of up to 2.1 g mL ™}, have been recommended for isolating plastic
particles with higher densities (Mintenig et al., 2016; Loder et al., 2017;
El Hayany et al., 2020). However, caution is required when working and
disposing of ZnCl, or sodium iodide (Nal), which are suitable for
extracting of high-density plastics, but are considered hazardous (Perez
etal., 2022). Besides, ZnCl, is a rather strong Lewis acid, thus potentially
altering biodegradable plastics upon use.

The extracted plastic fraction, however, also contains SOM, which
may interfere with MiP identification. Therefore, several studies use an
acid, alkaline, enzymatic, or oxidative pretreatment for SOM removal, e.
g., using oxidative agents like hydrogen peroxide (H03) or Fenton’s
reagent (H2O, with iron(II) sulfate, FeSO4 as a catalyst; Zhou et al.,
2020; Junhao et al., 2021). While methods such as Fenton’s reaction or
strong or alkaline acidic digestion pose the risk of degrading some
polymer types (Nuelle et al., 2014; Radford et al., 2021), enzymes can be
considered as more gentle reagents (Loder et al., 2017; He et al., 2018;
Zhang et al., 2018), and may not completely eliminate SOM. These
mineral phase and SOM removal steps have advantages and limitations,
requiring careful consideration in protocols for MiP analysis.

The extent to which SOM needs to be removed also depends on the
microscopic and spectroscopic technology subsequently used for MiP
detection. While larger particles (>0.5 mm) can be identified by eye and
removed by hand, for smaller particles, optical microscopy can be used
(Mani et al., 2019; Moller et al., 2021; Perez et al., 2022; Braun et al.,
2023). Fluorescent staining, using Nile red (NR) as an example fluo-
rophore, combined with automated detection of the stained particles,
accelerates MiP detection (Shim et al., 2016). However, there is a risk of
false positive results due to the co-staining of SOM with NR, and not all
plastics uniformly interact with fluorophores. Moreover, this approach,
akin to digital microscopy, cannot differentiate between plastic types
(Sturm et al., 2021). For the identification of plastics, techniques like
Fourier-transform infrared (FTIR) (Primpke et al., 2020a,2020b) or
Raman spectroscopy (Ribeiro-Claro et al., 2017) have been recom-
mended. When operating as an Imaging spectrometer, u-FTIR can be
used for particles of sizes down to 20 um (Primpke et al., 2018), whereas
p-Raman possesses a better spatial resolution down to 1 um (Imhof et al.,
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2012), but also needs exhaustive sample clean-up to prevent SOM
auto-fluorescence from distorting the Raman-signal (Loder et al., 2015;
Anger et al., 2018). Additionally, the high-resolution mode and accuracy
in particle counting makes these techniques very time-consuming
(Araujo et al., 2018); sometimes only 1-2 samples can be processed
per day. Also, the techniques have specific analytical window for MiP
sizes, leading to method inherent challenges particle counting. Yet, a
systematic study evaluating the potential of these techniques together
for known MiP contaminations in different soils, is still lacking.

In contrast to the above-mentioned particle-based techniques, there
are also methods that quantify absolute MiP concentrations without
determining MiP sizes. Thermo-extraction desorption (TED-) Gas
Chromatography-Mass Spectroscopy (GC-MS) and Pyrolysis (Pyr-) GC-
MS have been proposed for this purpose (Diimichen et al., 2017; Kitt-
ner et al., 2023). The limit of detection (LOD) for TED- as well as
Pyr-GC-MS, depends on several factors, including the MiP type, the
applied method for sample preparation, the analytical instrument used,
and the expertise of the analyst (El Hayany et al., 2020; Ivleva et al.,
2021). Comparing the particle-based and total mass of microplastics
(MiP) remains challenging (Caputo et al., 2021). Primpke et al. (2020a),
(2020Db) explored the detection and identification of microplastics in
wastewater, water, and marine sediments using FTIR and Py-GC-MS.
While both techniques showed similar trends overall, FTIR often indi-
cated higher concentrations of specific polymer types like PMMA/PUR,
whereas Py-GC-MS detected higher shares of PE and PVC. Also, the
calculated masses were primarily driven by particles larger than 100 pm.
That led to an overestimation of mass, especially for PP, where a few
large-sized particles could significantly inflate the calculated masses.
Furthermore, TED- and Pyr-GC-MS are typically conducted on extracted
materials due to the specificity of the analysis and the potential overlap
of pyrolyzed products from plastic with organic compounds and min-
erals in uncleaned soil samples.

The presence of SOM and contaminants from other soil components
can additionally hinder MiP quantification (Primpke et al., 2020a,
2020b). One approach to address this challenge involves dissolving MiPs
in solvents before, e.g., Pyr-GC-MS and 'H NMR analyses. Here the
solubility of the polymers in the chosen solvent and the heterogeneous
nature of the soil matrix has to be considered (Nelson et al., 2019;
Steinmetz et al., 2020). Using only one solvent, the application of this
method will be limited to polymer types that dissolve in the chosen
solvent. Nonetheless, the varying solubility of polymers can allow for the
separation and individual analysis of different polymer types. Such logic
is also used in a method to quantify polymers using 'H NMR. Recently,
'H NMR has gained attraction for monitoring PBAT/ PLA biodegrada-
tion in soils, given its precision and low LOD/ limit of quantification
(LOQ) values (1.3 and 4.4 pg mL ! respectively for PBAT in deuterated
chloroform (CDCl3; Nelson et al., 2019). Hence, this study tested this
method against other potential mass-based (e.g., Py-GC-MS) and
particle-based methods for PBAT/ PLA quantification, such as y-Raman
and p-FTIR. Since these standard analytical techniques are not yet
routinely used for biodegradable plastics, we aimed to assess them
alongside the established protocol based on solvent extraction and 'H
NMR.

In summary, several extraction protocols with subsequent detection
techniques for MiPs in soil are available, with their unique strengths and
limitations. However, a comparative analysis is missing, which hinders a
direct comparison of results from different studies. Hence, our goal was
to evaluate the efficiency of commonly used methods to recover MiP
particles from soils by adding these particles to different soils in known
amounts and particle numbers. We focused on two MiP size ranges:
visible pieces in the size range of 500-1000 pm, which provide robust
quality control as they are easy to spike and identify, and small MiPs in
the size range of ~100 pm diameter, not clearly visible by the naked eye
as individual particles. In addition, we selected different polymer types
(biodegradable versus non-biodegradable, low-density versus high-
density plastics), and performed our analyses with different soil types
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(sandy, loamy, and clayey mineral soils). The application of all common
methods for plastic analyses to the same samples set allows us to provide
clearer insights into possible bias of common plastic detection methods
towards material origins and soil interferences.

2. Methods and materials
2.1. Soils used for spike-recovery experiments

To assess the potential effects of texture and soil organic carbon
content on the extraction of MiPs, we chose three mineral soils with
different textures: we used sandy and clayey soils (Cambisol and Stag-
nosol, respectively) from sampling campaigns near Bonn, Germany, and
supplemented it with certified loamy topsoil to allow standardized
comparisons in future studies (LUFA soil SP 2.4.; Speyer, Germany). All
soils were air-dried and sieved to 2 mm (Table 1). Measured background
contaminations were negligibly small for all analytical techniques
(Table S1), but for fluorescence microscopy up to 3590 fluorescent
particles were detected in loamy soil. However, this count may include
false positive results attributed to SOM. Thus, background subtraction is
highly important for accurate analyses, especially for the fluorescence
technique. (see Results and Discussion section).

2.2. Plastic materials used for recovery experiments

To cover a range of potential polymer types of plastic found as MiP in
soil, we used two different MiP size groups, (500-1000 pym and
5-250 um) and different plastic types as examples for conventional and
biodegradable plastics. For larger MiPs (500-1000 um), we used eight
plastic types derived from household products (Table 1 and Figure S1);
MiPs were produced using a standard razor blade and ensured to be the
desired size with a digital microscope (Zeiss STEMi 305). For small MiPs
(5-250 um), we obtained LDPE microparticles from Goonvean Fibers Ltd
(Cullompton, England) and cryo-milled a PBAT/ PLA blend film (BIO-
NOV B, Barbier, France). While LDPE was specified to be 10-150 um, the
PBAT/ PLA was sieved to 100-250 pym. Quality assurance using fluo-
rescence and Raman microscopes, and a particle measuring system
(model Syringe, Markus Klotz GmbH) in ethanol suspension revealed
actual sizes between 5 and 250 pm for both plastics (Figure S2, Sup-
plementary Materials).

2.3. Spiking of soil samples

To determine the recovery of MiP from the soils by each of the
different methodologies, 10 g of each soil (in 3-fold replication) was
spiked with large and small MiPs (Table 2): for large MiPs, five particles
of each of the eight plastic types were added to the soil, and for small
MiPs, 3 mg of each LDPE and PBAT/ PLA was added (Table S2). To
minimize particle loss during spiking, MiPs were placed on pre-wetted
gelatin sheet, 1 cmx1 cm (one sheet for large particles and two sheets
for each LDPE and PBAT/ PLA; Hurley et al., 2018; Zhang et al., 2018),
which can be re-dissolved and homogenized in a mixture of soil and
water (Moller et al., 2020). Large MiPs were placed onto the gelatin

Table 1

Physicochemical properties of soils used for comparative method assessment.
Texture Sandy Loamy (LUFA 2.4.) Clayey
Organic Carbon, g kg~! 9+2 18+2 59 +1
Particle size distribution (mm) (g kg™")
< 0.002 85+ 0.5 238 £ 1.5 503 £ 0.5
0.002-0.006 37+7.5 76 £ 6 82 +3.7
0.006-0.02 38+25 146 + 10 140 £ 0.3
0.02-0.063 89 +6 264 + 14 141 £ 13.5
0.063-0.2 169 + 2.5 208 + 12 58 + 0.6
0.2-0.63 515 + 29 55+ 19 23+ 2
0.63-2 49 £ 8.5 13+ 4 1.7+0.4
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sheet using either non-static tweezers or a needle, while small MiPs were
directly weighted on the gelatin sheet. Three gelatin sheets (one with
large and two with small MiPs) were added to each soil in a beaker and
left overnight, covered with a small amount of water to ensure their
dissolution. For the Soxhlet — extraction coupled to 'H NMR analysis,
3 mg of PBAT/ PLA (Table S2) was directly added to the tested soils. For
each analytical test, the whole 10 g of spiked soil was processed in
replicates.

For each detection technique specific sample preparation is required
and was subsequently tested (Fig. 1 and description in Supplementary
Materials and Table S3 and S4 for details):

e Method A - Density separation followed by Digital Microscopy
analysis (Braun et al., 2021, 2023).

e Method B — Density separation, Fenton’s digestion, followed by
fluorescence staining and Fluorescence Microscopy (Coppock et al.,
2017; Shim et al., 2016).

e Method C - Density separation, Enzymatic, and Fenton’s digestion
and followed by ATR- and focal plane array (FPA-) p-FTIR (method
C1 and C2), p-Raman Spectromicroscopy (method C3), and Pyr-GC-
MS analysis (method C4; Loder et al., 2017; Mintenig et al., 2017;
Primpke et al., 2018; Mbachu et al., 2021).

e Method D - Soxhlet extraction coupled to quantitative 'H NMR
spectroscopy (Nelson et al., 2019).

Methods C with excessive SOM removal treatments involved four
different detection techniques, equated with C1, C2, C3 and C4,
respectively. In line with common reports in the literature, Methods A -
Digital Microscope and method C1 — ATR-FTIR were applied for large
MiPs only (Perez et al., 2022). In contrast, methods B - Fluorescence
Spectroscopy and method C3 - p-Raman Microscope were used for both
small and large MiPs, while methods C2 - FPA - p-FTIR, C4 — Pyr-GC-MS
and D - 'H NMR were used for small MiPs only. It’s worth noting that
each extraction protocol and subsequent purification protocol is
considered to be optimal for matching the respective detection method.
For each of the seven analytic techniques included (procedure in Sup-
plementary Materials), one of four extraction methods was selected to
match the requirements of the technique. We used ZnCly as this salt is
the most commonly used salt for extraction when high-density plastics
are also included in the analysis (Mintenig et al., 2016; Loder et al.,
2017; Prosenc et al., 2021; Way et al., 2022). For the small-sized MiPs,
aliquots of samples prepared for p-FTIR and p-Raman were used for the
Pyr-GC-MS measurements as well. Additionally, to the comparison of
spectral libraries and matching indexes we used to evaluate the potential
effects of sample pre-treatment on the MiPs, we inspected the large MiP
for visual changes (via digital microscope), as these changes might also
disturb IR or Raman signals or interfere with the staining efficiency for
the Fluorescence Microscope.

Each analytical protocol, except for 'H NMR spectroscopy, begins
with a density separation step (Fig. 1). We used a prefiltered ZnCl; so-
lution with a density of 1.5 g mL™}, which was added in a soil:solution
ratio of 1:20 (m/v).

The recovery of small particles for methods C2 - FPA-u-FTIR and C3 -
p-Raman was calculated as a percentage of the expected number in the
aliquot taken. In the case of method B - Fluorescence Microscopy the
entire sample was considered when calculating recovery. Specific care to
prevent sample contaminations from airborne dust or clothes during
setup and spiking was taken in each lab as described in Supplementary
Materials.

2.4. Data analysis

Statistical analysis was completed using R (V 4.1.2; (R Core Team,
2018)), with the packages ggplot, tidyverse, and dplyr (Wickham,
2016), car (Fox and Weisberg, 2019), and FSA (Ogle et al., 2023). Data
were first tested for normality and homoscedasticity by applying a
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Table 2
Characteristics of plastics used for method testing and recovery calculations.
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Type Source Color Shape  Size Density, g/ Chemical Structure
cm?®
PP Milk bottle lids ~ Transparent NUF 0.5-1mm 0.91 cH
3
I
CH—CHj,
n
LDPE Packaging bags  Transparent, with black NUFF 0.5-1mm, 10 - 150 um 0.91-0.93
writing powder CH— CHz%’
HDPE Packaging bags ~ White NUF 0.5-1mm 0.93-0.97 n
PS Foam - White NUF 0.5-1mm 1.02 [~ ]
styropor | .
il
| 1
HoHJ,
Biodegradable mulch film Novamont Black NUFF 0.5 - 1 mm, 10-250 um 1.23-1.29 [ oom
PBAT/ PLA powder il N
| [
o
& o
PBAT Lo L o o
o il o n
PA - Nylon 6,6 Fishing net Light brown UF 0.5-1mm 1.14 (o} H
| P s
) N ~"N
o Hin
PET Restaurant Transparent UF 0.5-1mm 1.38 i
boxes o o
H+0 : o
PVC Isolating cable Transparent NUF 0.5-1mm 1.38

UF: uniform fragment, NUF: non-uniform fragment, NUFF: non-uniform film fragment.

Shapiro-Wilk and Levene’s tests, respectively. Although the
Shapiro-Wilk test is typically used for larger datasets, we could not
perform the more typical Kolmogorov-Smirnov test due to the factor
variables involved. For normally distributed and homoscedastic data, a
one-way ANOVA, and post-hoc Tukey test where necessary, were
applied to complete pairwise analysis of means. Where data were
determined to be either not from a normally distributed sample or
heteroscedastic, a non-parametric alternative was performed (Krus-
kal-Wallis and a post-hoc Dunn’s test, where necessary). In all cases, a
significance level of 0.05 was applied. When means are expressed, de-
viations (+) are given as standard error.

3. Results

Changes in the physical appearance of the large MiPs were uncom-
mon. However, nylon underwent bleaching when a ZnCl, density sep-
aration solution was used (Figure S3). Upon microscopic examination
(method B and method C3), the surface of the large PBAT/PLA particles
appeared altered, exhibiting signs of thinning. Furthermore, PP and PS
resulted in diminished recoveries when subjected to method C3, possibly
due to fragmentation.

3.1. Recovery of large MiPs

The mean recovery of large MiPs across all soils was highest for
method B - Fluorescence microscopy (88 + 4 %), and method A - Digital
microscopy (86 + 3 %), followed by method C1 - ATR-FTIR (80 + 3 %),
and method C3 - p-Raman (60 + 17 %) (Table 3). The reduced re-
coveries observed with the latter method were primarily attributed to
MiP analyses of soils with heavier textures, loamy, and clayey (Table 3).
For large MiPs only the number of particles rather than their total
concentration or mass are routinely determined. Hence, we did not

apply 'H NMR and Pyr-GC-MS to large MiPs but exclusively applied
these quantification techniques to small MiPs, calculating recoveries
based on their absolute content.

Method A - Digital microscopy revealed recovery rates of 80-103 %
in sandy soil, 75-105 % in loamy soil, and 75-83 % in clayey soil. These
findings suggest that the recoveries remained consistent across different
soil textures (Figure S5) and were confirmed by a one-way ANOVA (p >
0.05). High recovery rates were accomplished by the introduction of a
second decanting step, which significantly enhanced the recovery,
resulting in the retrieval of an additional one-third of all plastics (see
Supplementary Materials for details). Also, method B - Fluorescence
microscopy stood out as highly effective in isolating and identifying
large MiPs regardless of the soil type (Table 3 and Figure S5A, B). While
this method does not offer precise identification of plastic types, the
fluorescence of stained MiP particles varies depending on their charac-
teristics (polarity, morphology, presence of additives, etc.) (Fig. 2). PET
and HDPE displayed weaker fluorescence than LDPE and PVC (Fig. 2),
occasionally complicating the detection of these MiP particles in spiked
soils (Phan Le et al., 2023).

The average recovery for the large MiPs using method C1 - ATR-FTIR
ranged from 68 % to 90 % for the different soils, with a better recovery
for the finer textured background (Table 3). However, no significant
difference between the soil types was observed. We collected up to three
spectra of each spiked plastic (0.5 - 1 mm size), which was then added to
a reference library (SM Figure S6). Compared with the other methods,
method C3 - p-Raman, faced challenges to identify large MiPs in all three
soils (see Supplementary Materials, Figure S5B). We started by applying
autofocus settings when obtaining the spectra from the particles on the
filters. However, due to much lower recoveries in comparison with the
previously mentioned methods, we also applied manual focus for the
large particles on the filters MiPs, which led to increased recoveries
(Table 3). The recoveries for all three replicates were highest for the
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Fig. 1. Illustration of main approaches used for microplastic extraction (SOM = soil organic matter; for additional information on the methods, see also Table S3,
Supplementary Materials). For creating the image we used www.bioicons.com, www.flaticons.com and personal library.

Table 3

Mean recoveries (%) with standard error (SE) of large MiPs (0.5-1 mm) for all types of soils; all using microscopical techniques.

Method A - Digital* Method B - Fluorescence*

Method C1 - ATR-FTIR

Method C3 - y-Raman**

Recoveries ~ Sandy Loamy Clayey  Sandy Loamy Clayey  Sandy Loamy Clayey Sandy Loamy Clayey
PP - - - - - - 50 + 60 + 50+7 47 + 14 53+ 14 27 +£5 27 +5 40+ 9 40 +
21 14 16
LDPE - - - - - - 90 +7 80 + 800 20+0 86 + 24 20 + 47 + 40+ 16 73 £
14 16 24 36
HDPE - - - - - - 70+ 7 70+ 7 80 + 127 + 100 + 47 + 47 +£5 113 + 53 +
14 30 41 20 14 20
PS - - - - - - 60+ 0 80 + 80 + 13+5 60+9 20+9 60 + 0+0 33+
28 14 16 11
PBAT/PLA - - - - - - 80 + 110 + 100 + 140 + 86 +5 0+0 40 +9 27 +22 7+5
14 7 0 25
PA - - - - - - 90 +7 100 + 100 + 73+5 80+9 40 + 47 + 33+14 60+ 0
0 0 25 20
PET - - - - - - 90 +7 60 + 90 +7 87 +5 80+9 53+ 13 + 47 +£20 67 £
14 20 11 14
PVC - - - - - - 60 + 0 110 + 90 +7 80+9 106 +5 40+ 0 67 +£5 33+14 73 +
7 14
Total 93 + 88 + 79+ 3 80 + 97 £ 4 89+3 74+ 4 84 +4 84 +3 73 +10 84 +5 31+3 45+ 3 42 +£10 51+8
5 11 4

" No material identification can be performed for large MiPs using digital microscopy and fluorescence staining, since methods are not polymer specific.
™ Recoveries for y-Raman microscopy analyses in the first column for each soil are recorded using autofocus, whereas in the second column - applying the focus

manually.

sandy soil (73-93 %), followed by the loamy (40-50 %) and the clayey
soil (33-63 %), with significant differences between all soil types,
shown by an ANOVA and post-hoc Tukey test (p < 0.05). As Raman led
to a frequent misidentification of PBAT/ PLA as PET, those mis-
identifications were included in the overall recoveries for PBAT/ PLA.

Moreover, PBAT/ PLA spectra showed high noise resulting in poor
identification, as already noted by Araujo et al. (2018). For less than 2 %
of the cases, PBAT/ PLA was not misidentified as PET but also as PVC,
HDPE, and LDPE.
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PVC

Fig. 2. Fluorescence images of the eight types of different plastic types after their extraction from soil with the described protocol using Nile red staining.

3.2. Recovery of small MiPs

The average recoveries for small MiPs across all soil types varied
among the different methods (Figure S7A, B). For LDPE, the highest
mean recoveries across the three soil types were achieved with method B
— Fluorescence microscopy (62 + 22 %), followed by method C2 - FPA-
w-FTIR (40 £+ 7 %), method C3 - p-Raman (38 + 10 %), and method C4 —
Pyr-GC-MS (34 + 5 %), although there were no significant differences
between the four (p > 0.05). For both PBAT and PLA, method D — H
NMR yielded the highest recoveries (92 + 0 % for PBAT and 98 + 2 %
for PLA), followed by method C4 — Pyr-GC-MS (49 + 21 %), which,
however, detects PBAT only while did not find reliable marker signals
for PLA in the samples, likely reflecting the very low concentration of the
PLA polymer in the biodegradable plastic mulch blend (See Supple-
mentary Materials). Recoveries further tended to decline in the order of
method C3 - p-Raman (39 + 13 %), method C2 — FPA-u-FTIR (34 +
13 %), and method B - Fluorescence (25 + 15 %) (refer to Fig. 3 for
details). Significant differences between the microscopic methods were
not observed based on the Kruskal-Wallis test; however, recovery in
sandy and loamy soils was significantly higher than in clayey soil (p <
0.05) with post-hoc Dunns analysis. It is noteworthy, that 'H NMR
provided additional information on the PLA and PBAT content; hence,
both components in the biodegradable mulch film were displayed
separately in Fig. 3. Across all the microscopic methods, recoveries were
consistently higher for conventional LDPE than for biodegradable
PBAT/ PLA, except for method D — 'H NMR, as it was tested exclusively
for PBAT/ PLA.

For the calculation of particle numbers in spiked soil, the particles
found in the non-spiked background and blanks were subtracted
(Supplementary Materials, Table S1). Overall, these numbers accounted
for 23-98 % of the spiked MiP amounts. For method B - Fluorescence
microscopy about 12,500 + 2400 small LDPE particles were recovered
from sandy soil, 13300 + 1000 from the loamy soil, but only 3800 +
18,00 from the clayey soil. Considering the expected number of LDPE
particles (15,300 + 4500), and 540-3590 particles in the non-spiked,
background soils, this method reached final recoveries for the LDPE of
83-88 % for sandy and loamy soil, but only 8 + 3 % for the clayey one.
For PBAT/ PLA, recovery rates across different soils were notably lower,
ranging from 61 + 3 % in the loamy soil to 5 + 1 % in the clayey one
(Fig. 3). The reduced recovery reflects difficulties in identifying black
particles in bright field mode, given that these black PBAT/ PLA parti-
cles did not exhibit a distinct fluorescence response to NR staining.

The recoveries of added particles for the small LDPE MiPs for method
C2 - FPA-u-FTIR ranged from 29 + 0 % for the loamy soil to 57 + 13 %
for the sandy soil. In method C3 - p-Raman, the recoveries ranged from
13 + 11 % for clay to 52 + 4 % for the loamy soil of spiked small MiPs.
These were comparatively lower than the recoveries from method B —
Fluorescence microscopy, where the overall recovery in sandy and

loamy soil was significantly higher than in the clayey one (p < 0.05). In
contrast, recovery of PBAT/ PLA was similar, ranging from 2 + 1 % to
5042 % for the different soils using method C2 — FPA-pu-FTIR, and from 8
+ 6 % to 58 £+ 12 % using method C3 - p-Raman, respectively (Fig. 3).
Method C3 - p-Raman produced more variable outcomes across different
soil types than method C2 — FPA-p-FTIR for small MiPs. A similar pattern
was observed for large MiPs. Noteworthy, the identification of PBAT/
PLA was easier when using method C3 - p-Raman than with method C2 -
FPA-u-FTIR. In all cases, recovering small MiPs was more challenging
from the clayey soils than from the sandy ones (Fig. 3). The standard
errors of the recoveries for the standard LUFA-loamy soil were much
lower than for the other two soils, making the certified soils superior to
non-standard environmental soils for such methodological tests. In
summary, using FPA-p-FTIR and p-Raman techniques holds significant
promise for even smaller MiP identification, however, the overall re-
covery rates across different soil types were not yet satisfactory when
utilizing the extraction protocol included in Method C.

As the aliquot used for method C4 — Pyr-GC-MS analysis was ob-
tained from the same final extraction suspension employed for methods
C2 — FPA-p-FTIR and C3 - p-Raman, this enabled direct comparisons
between samples, although it is relevant to acknowledge the presence of
a residual mineral fraction in the suspension. The concentrations for
LDPE found ranged from 73 to 139 pg g ! (25 & 4 % to 46 + 9 % re-
covery), and for PBAT from 12.5t0 283 ug g~ ' (4 + 3 % and 94 + 17 %)
for the different soils, again with the highest recoveries for the sandy soil
(Fig. 3).

Finally, method D — 'H NMR provided the most efficient and reliable
protocol for the mass determination of biodegradable PBAT/ PLA par-
ticles, with recoveries reaching 91-92 % for PBAT and 92-100 % for
PLA for the different soils, with standard errors not exceeding 4.1 % in
all approaches (Fig. 3).

4. Discussion

When analyzing MiPs, it’s noteworthy that while the use of Digital
microscopy and staining with fluorescence dye is relatively simple, FPA-
w-FTIR and p-Raman microscopes are time-consuming with several
hours samples processing time, and typically require knowhow and
some experience and training even though protocols for their use in
analyzing MiPs are somehow well established. Data interpretation is
also feasible once a library is used for recognition and a satisfactory
matching index is recognized. Pyr-GC-MS in contrast requires more
careful data interpretation even though it is one of the most widely used
techniques for mass determination of plastics (Steinmetz et al., 2020;
Ivleva, 2021). Hence, the joint application of complementary techniques
may be needed to give accurate estimates of MiP amounts, particles
numbers and size — the latter requires the use of microspectroscopy,
despite all challenges (Primpke et al., 2020a,2020D).
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Fig. 3. Recoveries in percent of added amount of particles on the y-axis, of small particles, for LDPE and PBAT/ PLA with methods using particle counting
(Figure above), i.e., method B — Fluorescence microscopy, method C2 — FPA-u-FTIR and method C3 - p-Raman microscopy and methods assessing bulk polymer
amounts, i.e., method C4 - Pyr-GC-MS and method D - 1H NMR (Figure below). Note that 1H NMR allowed a differentiation of PBAT and PLA from the added Mulch-
derived MiPs; hence, both polymers are displayed separately. The solvent used for the Soxhlet-extraction was chosen exclusively for PBAT/PLA and Pyr-GC-MS failed
to identify PLA. Error bars represent standard errors.
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4.1. MiP properties as affected by the extraction method

For plastic extraction from soils and sediments, ZnCl; is one of the
most common salts used for density separation, especially when high-
density plastics are analyzed (Coppock et al., 2017; Moller et al.,
2020; Prosenc et al., 2021). However, former studies indicate that
“harsh” extraction methods may lead to (surface) alteration and frag-
mentation of MiPs (Hurley et al., 2018; Pfohl et al., 2021). We also
observed these alterations in all used protocols for nylon, caused by the
corrosive action of ZnCly used for density fractionation (Figure S3). As
ZnCl; can act as a Lewis acid due to its hydrolytic activity by generating
HCl, ZnCl; can promote an acidic environment. While Nylon bleaching,
the loss of its color, occurred, it did not impact its recovery, nor did it
affect the recovery of the other conventional large MiPs (Schrank et al.,
2022). However, it is noteworthy, that as nylon is an amide, it can un-
dergo hydrolysis under acidic conditions, which might affect the parti-
cles size and for smaller particles presumably even the recovery (Brette
et al., 2024).

In contrast, fragmentation with a potential breakdown of large to
small MiPs was observed for the PBAT/PLA, as also previously reported
by Moller et al. (2021) for biodegradable PLA particles. These alter-
ations may affect both the particle size as well as the spectra of the
biodegradable plastics, one potential reason for comparably low re-
coveries obtained by spectroscopic analyses coupled to microscopical
identification, such as in method C. As the spectra of PBAT/PLA particles
were only marginally affected by extraction (Figure S9), mainly frag-
mentation might have caused low recoveries. Consequently, to reduce
the potential degradation of biodegradable and conventional plastics
during density separation, a replacement of ZnCl, by other salt solu-
tions, such as the environmentally friendly KCOOH might be suitable
(Jarosz et al., 2022).

We explain the low recoveries for PP and PS (leading to a loss of
particles that were finally not detected) as well as recoveries that exceed
100 % for PVC (leading to smaller items that were then also counted)
with such a fragmentation process. They were presumably caused by
mechanical abrasion during the final sieving step from the extraction
protocol in method C (Loder et al., 2015; Dong et al., 2020). For the
other plastic materials, no secondary MiPs were formed during extrac-
tion. We suggest that when digesting SOM with Fenton’s reagent and
especially when dealing with biodegradable plastics and enzymes like
protease (Moller et al., 2021), meticulous attention should be given to
these potential fragmentation effects. Conversely, when seeking to
characterize surface alterations of plastic particles, as in assessments of
plastic weathering in the environment, it might be advisable to refrain
from using corrosive substances like ZnCl, and oxidative chemicals,
particularly when subsequent surface-sensitive techniques are used such
as Scanning Electron Microscopy. When analyzing biodegradable plas-
tics, Soxhlet extraction combined with 'H NMR stood out compared to
other protocols when assessing the total mass of remaining PBAT or PLA.

4.2. Implications for the extraction of large MiPs

All tested methods in this study are frequently described in the
literature for MiP analysis (Blasing and Amelung, 2018; Mariano et al.,
2021; Wrigley et al., 2024). All methods but method C3 - p-Raman,
yielded recoveries > 75 %. Therefore, we conclude that in principle all
are suitable for analyzing large MiPs in soils, enabling comparable re-
sults for large MiPs are comparable.

Even the simplest extraction and detection method in method A —
Digital microscopy, which only included one density separation and no
SOM digestion, recovered between 88 — 93 % of particles across all soils,
thus performing at least as reliably as other methods with more so-
phisticated sample preparation (Braun et al., 2021, 2023). In our tests,
the second decanting step after density separation improved recovery
substantially and is recommended for further studies. One notable
drawback of this method is the inability to identify the type of plastic.
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This limitation includes the risk of annotating other foreign particles as
false positives as MiPs or falsely annotating MiP as SOM, thus intro-
ducing errors in the assessment of the number of larger MiP in envi-
ronmental samples, especially if inexperienced users mistake MiP for
SOM, as reported in the case of PBAT/ PLA and black carbon by Mariano
et al. (2021). Besides, very small MiP particles can be missed during
detection; i.e., as with all other methods, only certain size ranges are
reliably analyzed, i.e. with the lowest size limit of 200 pm, as underlined
by Kotar et al. (2022).

In summary, the success of Digital microscopy to identify MiP de-
pends on plastic color and size. Hence, the method is problematic when
analyzing organic soils due to uncertainties in particle identification
(Primpke et al., 2020a,2020b). For other soils, this is less of an issue, and
because only images are taken, the methodology does not discriminate
against certain plastic materials during detection. We recommend this
technique as a fast and simple method for analysis of large MiPs in soil,
as no complex pre-treatment besides density fractionation is needed, and
many laboratories have access to such microscopes. The analyses of
smaller and dark-colored MiPs may demand special training of the
operator and/or automatic plastic identification via machine learning
(Primpke et al., 2020a,2020b).

Elevated clay and thus usually also elevated SOM contents may not
only interfere with detection by introducing interfering compounds on
the filters but may also interfere with extraction protocols. Likely, such
challenges contributed to generally lower recoveries from the clayey
soil, which also contained the highest SOM content. The SOM and clay
particles may adhere to MiP, thus potentially forming aggregates that
reduce recovery during the density fractionation step, potentially lead-
ing to an underestimation of the total MiP content.

A very reliable method for plastic detection other than digital mi-
croscopy was the NR staining and particle counting using Fluorescence
microscopy in method B (Primpke et al., 2020a,2020b). Recovery rates
exceeded 87 %, despite single plastic types showing different staining
intensities. Hence, this method is suitable for reliable detection of large
MiPs in mineral soils. The result refers to both the efficiency of the NR
staining method (except for HDPEs, where the low recoveries occurred
due to their dimmed fluorescence with NR) and the extraction efficiency
towards larger MiPs (Fig. 2, Figure S8). Using a green fluorescent protein
filter set (excitation/emission 470/525 nm) in this study was a valid
approach to acquiring fluorescence signals of all plastics (Primpke et al.,
2020a,2020b). This is in accordance with previous studies, where green
fluorescence was chosen over the red counterpart due to the better
fluorescence of synthetic polymers, less fluorescent interference from
natural organic matter, and lower background signal intensity in green
compared to red fluorescence mode (Shim et al., 2016; Erni-Cassola
et al., 2017). Organic digestion with Fenton’s reagent did not affect the
overall quantitative analysis, even though bleaching of dye/ additive
and surface damages were observed. While the extraction process for
Fluorescence microscopy takes longer due to the additional Fenton
digestion step, data evaluation is faster compared to digital microscopy.
This is because Fluorescence microscopy benefits from the automatic
quantification of fluorescence-tagged particles through digital image
analysis approaches. However, ensuring accuracy and avoiding
false-positive identifications still requires expert knowledge. This en-
ables high sample throughput, rendering this method a noteworthy
candidate for large environmental monitoring programs. However, the
use of automatic quantification with digital image analysis is less reli-
able and requires additional adjustments when fluorescence intensity
varies greatly among different plastics, thus including the risk of over-
looking weakly fluorescence MiPs and overestimation of strong fluo-
rescence in SOV, i.e., the analytical result might be more selective to
certain plastic types.

The ATR-FTIR and p-Raman spectroscopies included in method C
entail the most sophisticated and time-consuming extraction and puri-
fication procedures, along with subsequent detection and data evalua-
tion. In method C the combination of the chosen extraction protocol
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with subsequent MiP identification using ATR-FTIR and especially
pu-Raman spectroscopy yielded lower recoveries than the simpler ex-
tractions of one or two steps, which were then followed by the detection
via Digital microscopy and Fluorescence microscopy in methods A and B
(Table 2). When characterizing with ATR-FTIR in method C1 - ATR-
FTIR some large MiPs might have been lost when transferring the par-
ticles from the Petri dishes to the sampling stage due to static forces
causing the particles to “jump” which has also been observed by Moller
et al. (2021) and described in a comprehensible review paper by
Primpke et al., (2020a),(2020b). While Loder et al. (2017) documented
comparable recoveries for ATR-FTIR, they employed a distinct, more
rigorous extraction procedure for PE beads ranging from 180 to 212 pm,
whereas our methodology is tailored for larger sizes ranging from 500 to
1000 pm.

Additional challenges were faced during the ATR-FTIR analysis. The
enzymatic and oxidative steps needed to reliably recover most plastics
generally include the risk of altering the plastic composition, particu-
larly evident in our case for PS and PBAT/PLA, which had matching
scores of about 60 % (Radford et al., 2021). As no significant changes
were observed in the spectra, we assume alterations of PS were purely
physical and that the fragile physical characteristic of the foamy parti-
cles resulted in potential shrinkage, thus hindering good contact be-
tween the ATR crystal and the surface of the plastic (Prata et al., 2021a,
2021a). For the PBAT/ PLA blend, surface alterations and its black color
led to higher absorbance of the IR light (Ribeiro-Claro et al., 2017),
which presumably hindered a good matching score. The main difference
we noticed between the spectra of the extracted PBAT/ PLA and pristine
PBAT/ PLA is expressed as a loss of intensity and broadening of the
peaks. Additionally, a slight increase in the shoulder of the peak around
2918 cm ! (-CHj3 stretching) and 2845 cm ! (-CHy stretching) was
observed, while the two peaks at around 1408 and 1388 em ! (O-CHy
bending) almost disappeared for the extracted polymer, presumably due
to partial de-esterification in the PBAT (Cai et al., 2013; Figure S9). For
PET, PA, HDPE, LDPE, PVC, and PP a matching score > 90 % was
accomplished, indicating no changes in the functional groups on the
surface of these plastics. Interestingly, for PP lower recoveries were
obtained, an explanation for which could be that it was easy to overlook
or miss due to its transparency. Overall, we can confirm that ATR-FTIR is
a suitable technique for analyzing biodegradable and conventional large
MiPs. As the analytical procedure is more time-consuming compared to
digital microscopy or fluorescence microscopy, ATR-FTIR is mainly
recommended to identify the plastic type. In that case, ATR-FTIR stands
out as the main method for identifying the type of meso- or
macroplastics.

In method C3 - p-Raman, PBAT/ PLA required lower laser power than
conventional plastic to avoid damage and burning its surface
(Ribeiro-Claro et al., 2017). After automatic spectra collection, we
observed that most of the spectra were still very noisy. Hence, a manual
spectra collection was needed (Table 2). Due to the broad focus range
used in automatic recognition, the machine took much longer to identify
MiP particles compared to optimized manual settings. To capture the
entire filter, approximately 40 minutes were required, and then,
depending on the number of identified particles, additional
20-60 minutes are needed for full identification. In manual identifica-
tion, we adjusted settings for each particle individually to obtain a
high-quality spectrum, rather than pre-setting a range for automatic
recognition. There are multiple reasons for noise in the spectra of the
automatic spectra collection, including: i) the remnants of SOM on the
filter, ii) a lack of universally appropriate laser settings for all plastic and
the use of a short acquisition time for rapid measurements, iii) the
physical necessity of using a 10x objective, iv) surface differences be-
tween conventional and biodegradable plastic, v) the possibility that the
automatically selected central position of each plastic particle, differs to
the bulk of said particle (Araujo et al., 2018; Prata et al., 2021a,2021a).
These challenges lead to increases in the signal-to-noise ratios in the
spectra as well as the need for stronger laser power to compensate for the
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lower magnification (Araujo et al., 2018). Unfortunately, due to physical
limitations, i.e., the working distance between the filter and the objec-
tive itself, it is unfeasible to use objectives with a higher magnification,
like 50x or 100x, when analyzing comparable large particles (0.5 —
1 mm).

In summary, method C3 - p-Raman demonstrated selectivity towards
various plastic materials. The weakened resistance of PBAT/ PLA to laser
strength, caused by surface degradation due to hydrolysis-prone ester
linkages, made the spectra more difficult to detect compared to the
virgin PBAT/ PLA blend spectra. Owing to these differences in material
resistance, it is thus not feasible to establish a single, specific laser
setting (Araujo et al., 2018); additionally, recommended laser energy
power ranges from 3 to 4 eV for PBAT/ PLA to 11-12 eV for HDPE. To
address inaccuracies resulting from property changes in MiPs, current
spectral libraries should be extended to surface-altered plastic types for
additional benchmarking or for improving existing references (Dong
et al., 2020; Cowger et al., 2021).

In contrast to PBAT/ PLA, MiPs of PET and PVC were very resistant to
enzymatic and oxidative steps and showed neat spectra for both auto-
matic and manual recognition. Overall, the Raman spectra changed
little, suggesting that functional group composition remained intact for
the eight types of conventional plastics. LDPE, in turn, showed strong
fluorescence compared with other plastics (Dong et al., 2020; Mariano
et al., 2021). A possible explanation could be the presence of additives
and that it had black-letter writings on its surface, i.e., the remaining ink
may have distorted spectral quality. Overall, Raman thus proved to be
efficient for detecting PET, PVC, and PA. The protocol used here, how-
ever, was not sufficient to recover the large MiPs from loamy and clayey
soils. All in all, Raman still has advantages, particularly in detecting very
fine, small MiP items. Nevertheless, it is less recommended for rapid
screening of large MiPs in soil.

4.3. Implications for the extraction of small MiPs

In contrast to the large MiPs, the recoveries for the two types of small
MiPs (LDPE and the biodegradable PBAT/ PLA) varied. Method B —
Fluorescence microscopy was the most efficient in detecting high
numbers of small LDPE MiPs, at least for the non-clayey soils. Differ-
ences in the recovery of LDPE particles between methods B and C could
be due to the number of sample preparation steps, which are fewer for
method B — Fluorescence microscopy, or due to the quantity of sample
scanned on the filters: for fluorescence microscopy the whole sample
extracts (after Fenton digestion) are usually examined, resulting in 2-3
filters per sample, whereas for method C, only 1.5 % v/v of the total
extracted sample was analyzed, with higher respective risks that non-
representative aliquots are processed. Considering the number of
spiked soil sample replicates used, it’s worth noting that although trip-
licates are common in many studies, as emphasized by Ramage et al.
(2022), they may not provide sufficient statistical power for robust
outcomes. Therefore, running a larger number of replicates is advisable.

For method B - Fluorescence, the fluorescent particles identified in
non-spiked soils encompass both "naturally occurring MiPs" and co-
stained soil organic residues, especially within the size range of 20-60
pm (see Supplementary Materials, Figure S10). This presence could pose
a challenge in the analysis of smaller MiPs (e.g., LDPE < 150 pm),
leading to false positives, a concern also noted by other authors (e.g.,
Prata et al., 2021a,2021a). When applying green light at 470 nm, both
nonpolar LDPE and these organic parties have strong fluorescent effects
(Prata et al., 2019); for other excitation wavelengths, e.g., 560 and
630 nm, interference from fluorescent SOM is expected to be even
stronger (Sturm et al., 2021). As a result, background assessment is
important when using fluorescence techniques, and background sub-
traction is needed when establishing the recovery method. Overall, the
use of a small MiP isolation (SMI) unit, proposed by Coppock et al.
(2017), and the chosen fluorescent microscope settings proved to be a
good method for extracting and identifying LDPE particles from soils
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with low SOM content. Black materials did not fluoresce. Therefore, they
interfere with detecting black PBAT/ PLA but not with LDPE.

Unlike LDPE, the recovery rates for PBAT/ PLA MiPs were consistent
across the protocols. However, in method C, the recovery rates did not
exceed 60 %, indicating potential PBAT/ PLA degradation, low match-
ing indexes, and matrix interferences. These issues were less pronounced
in the SOM-poor sandy soils. Consequently, the better extraction for
PBAT/ PLA MiPs in this sandy soil using u-Raman spectroscopy indi-
cated a greater degree of certainty in identifying these black particles on
the filter (Fig. 3). The entrapment of particles within clay minerals,
particularly when the texture becomes adhesive upon wetting, likely
contributed to the loss of these particles for analysis (Primpke et al.,
2020a,2020Db). It is pivotal, however, to state that p-FTIR with micro-
scope magnification of 15x is expected to achieve higher recovery rates
of the small MiPs since it would be testing pixel sizes of 5.5 um instead of
20.6 um. Nevertheless, the processing is more time-consuming and may
be cost-prohibitive.

The presence of organic residues affects the smallest size detectable
with Raman spectroscopy. In this context, we set a limit of 40 pm due to
the presence of noisy spectra for many smaller than 40 um particles.
However, it’s worth noting that under different conditions, the limit of
detection for Raman spectroscopy can be improved to as low as 1.3 pm,
as extensively reviewed by Anger et al. (2018). After conducting the
p-FTIR and p-Raman analyses, we found no alterations in the spectra of
LDPE following the extraction protocol outlined in method C. Thus, for
LDPE not surface changes but the increased complexity of steps in this
method and potential particle loss may lead to reduced recoveries of
small LDPE particles. For PBAT/PLA, additionally surface changes (as
observed for FTIR spectra, Figure S9) and fragmentation to sizes below
the detection limits of the technique can hamper detection of small MiPs.
Hence, there is a need to establish optimized software settings and
extraction protocol steps (Primpke et al., 2020a,2020b). The advantage
of using ZnCl, as heavy density liquid is then hampered by the corrosive
nature of the reagent for these materials. Additionally, comprehensive
investigations into structural changes in particles, especially as their
surface-to-volume ratio increases, are imperative.

Method C4 - Pyr-GC-MS, similar to methods C2 — FPA-u-FTIR and C3
- u-Raman, necessitated subsampling of an aliquot before analysis due to
the inability to assess the entire extracted solution. Despite this, we
achieved a recovery of 94 % (+ 17 %) for PBAT in sandy soil, suggesting
that subsampling for the total mass analyses of MiP is not a problem per
se. Difficulties to recover LDPE-MiP and other PBAT particles in loamy
and clayey soil (Fig. 3) are thus likely related to some SOM and soil
minerals still being present (Figure S11; Primpke et al., 2020a,2020b;
Cheng et al., 2021; Bouzid et al., 2022). These minerals can affect py-
rolysis yields and may adsorb pyrolysis products of the polymers before
they are transmitted to the mass spectrometer (Bouzid et al., 2022). To
better control samples’ heterogeneity, Steinmetz et al. (2020) adopted a
dissolving approach using 1, 2, 4 — trichlorobenzene to analyze PP, PE
and PS in soil samples via Pyr-GC-MS without any further treatment.
However, this method excludes polymers like PET that do not dissolve in
this solvent and requires further optimization for better matrix cleanup.

On the other hand, dissolving polymers in suitable solvents and af-
terwards quantifying via 'H NMR spectroscopy analysis offers a fast and
high-throughput extraction technique particularly for biodegradable
plastics. Using chloroform: methanol — 9:1 as a solvent for the PBAT/
PLA mulch film extraction in method D — 'H NMR proved to be excep-
tionally efficient for extracting and further analyzing these biodegrad-
able MiPs. Additionally, 'H NMR has demonstrated its effectiveness as a
method for quantifying a wide range of polymers, including LDPE, PET,
PS, PVC, ABS, PA, and PBAT, within diverse and complex matrices
(Ivleva et al., 2021).

In general, for smaller MiPs, lower recoveries and larger errors were
observed compared to large MiPs. Larger particles are less efficiently
absorbed and more effectively separated during density separation
(Kotar et al., 2022). On the contrary, this effect is irrelevant for the
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small-sized MiPs as their larger specific surface area makes them more
prone to being lost through adsorption (Primpke et al., 2020a,2020Db).
Therefore, if there is no need to determine the number and size of MiP
particles but rather the total amount, we recommend employing method
D - Soxhlet - extraction coupled with 'H NMR spectroscopy.

5. Conclusions

Comparing different methodologies for the extraction and detection
of large MiPs (0.5-1 mm) showed that their analyses are reliable for
samples extracted from soils, a pattern likely perceived for other envi-
ronmental samples. Digital microscopy already performed well in
screening MiPs without excessive sample pretreatment, i.e., this
respective method protocol is useful for fast comparisons of larger
sampling sets. Yet, staining of the particles followed by Fluorescence
microscopy stood out in terms of short protocol duration and reliability.
Additional detection techniques such as ATR-FTIR or p-Raman spec-
troscopy are, however, necessary for the identification of the MiP type.
While p-FTIR and p-Raman spectroscopy can potentially identify very
small MiPs, it is more sensitive to sample inhomogeneity when smaller
volumes are used and can be affected by organic residues, resulting in an
approximate loss of roughly 50 % of particles in our case. This low re-
covery rate is a critical concern, particularly when MiP analyses are
intended for legislative monitoring. Future efforts to quantify and
compensate for these losses, such as the use of appropriate surrogate
standards, require immediate attention. Yet, even though the analyses of
small MiPs are more challenging, excellent recoveries were recorded
with Fluorescence microscopy for small LDPE MiPs (sandy and loamy
soil), and the biodegradable PBAT/ PLA blends using Soxhlet - extrac-
tion followed by quantitative 'H NMR.
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