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• Sewage sludge was spiked with different
types of microplastic particles (MP).

• Colored polyethylene spheres were rou-
tinely used as surrogate standards.

• MP number and size were quantified
with automated visible light microscopy &
FT-IR.

• Sample specific extraction recoveries of MP
were mostly >80%.
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 The efficient retention of microplastic particles (MP) during wastewater treatment results in their accumulation in the
sewage sludge. Thus, sewage sludge represents a key matrix for understandingMP flows between engineered and nat-
ural systems. Building on previous reports, we present a sample preparation protocol optimized for digested sewage
sludge. The key steps include acid digestion supported by Fenton reagents, enzymatic digestion, and density separation
using sodium polytungstate (density of 1.9 gcm−3). We use colored polyethylene (PE) spheres as surrogate standards
to assess sample specific recoveries in terms of number and size, based on visible light (vis) microscopy and focal plane
array - micro-Fourier transform - infrared (FPA-μ-FT-IR) imaging.
The FT-IR spectra of commonMPwere identical before and after the digestion procedures and morphological changes
were observed for polylactide fibers only. Average recovery rates for PE spheres, polypropylene fibers and polyethyl-
ene terephthalate fragments extracted from spiked digested sewage sludge and determined using (automated) vis mi-
croscopy ranged from 80% to 100%. Similar recovery rates of around 80%were also obtained for PE spheres based on
FPA-μ-FT-IR measurements. The median diameters of red and blue PE spheres in dry state and recovered from spiked
deionized water and from extracts of spiked digested sewage sludge determined using vis microscopy ranged between
46 μm and 67 μm. These diameters were similar to 54 μm and 61 μm obtained from the FPA-μ-FT-IR measurements of
the corresponding deionized water samples and digested sludge extracts and in line with data from the producer (53
μm–63 μm). Using our digestion protocol in combination with surrogate standards, we measuredMP number concen-
trations of around 10,000 #/g in dried, digested sewage sludge, in agreement with recent results from other studies.
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1. Introduction

Increasing production volumes, poor waste management practices and
the persistence of synthetic polymers result in their unavoidable accumula-
tion in the environment (Andrady, 2017; Barnes et al., 2009; Browne et al.,
022
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2007; Geyer et al., 2017; Jambeck et al., 2015; Thompson et al., 2005).
Consequently, synthetic polymers, here referred to as microplastic particles
(MP)< 5mm(Hartmann et al., 2019; Thompson et al., 2004) have been ob-
served in natural ecosystems including the atmosphere (Beaurepaire et al.,
2021), soils and sediments (Campanale et al., 2022; Duis and Coors, 2016;
Horton et al., 2017; Kumar et al., 2020; Van Cauwenberghe et al., 2015;
Zhou et al., 2020), aquatic environments (Andrady, 2011, 2017; Ivleva
et al., 2017), as well as in technical systems such as wastewater treatment
plants (WWTP) (Ben-David et al., 2021; Birch et al., 2020; Carr et al.,
2016; Conley et al., 2019; Gatidou et al., 2019; Horton et al., 2021; Li
et al., 2018; Mahon et al., 2017; Mintenig et al., 2017; Rasmussen et al.,
2021; Talvitie et al., 2017), and in drinking water (Kirstein et al., 2021;
Koelmans et al., 2019; Mintenig et al., 2019).

MP discharged to the wastewater are transported along the sewers sys-
tems and eventually reach aWWTP. In modernWWTP, the treatment starts
with a bar screen of a fewmmwidth, followed by the activated sludge pro-
cess where MP attach to the biomass and are sedimented in secondary clar-
ifiers. Additional sand filters installed to further increase the quality of the
effluent water eliminate remaining MP from the wastewater. Several stud-
ies have investigated the retention of MP in full-scale WWTPs and reported
removal efficiencies ranging from roughly 50%–100% with an average of
around 85% (data compiled from Ali et al. (2021)). The considerable
range of reported removal efficiencies is firstly related to different treat-
ment schemes of the WWTPs (e.g., primary, secondary or tertiary treat-
ment). Secondly, removal efficiencies are often derived by comparing MP
concentrations in the influent and in the effluent of selected WWTPs as
summarized by Ali et al. (2021), Gatidou et al. (2019) and Sun et al.
(2019). Complex process schemes of WWTPs, however, make the assess-
ment of the removal efficiencies based on influent and effluent MP concen-
trations a challenging task. In any case, the removal of MP from the
wastewater stream results in the accumulation of MP in the sewage sludge.
Anaerobic digestion conducted for energy production and volume reduc-
tion of the sludge (primary and secondary sludge) further enriches the
MP content in the remaining solids. Thus, digested sewage sludge can be
regarded as an efficient passive sampling system for MP, with considerably
less temporalfluctuation of theMP content over time compared to the influ-
ent or effluent wastewater. For monitoring purposes assessing the MP con-
tent in digested sludge, thus, seems most rewarding. Different sample
preparation protocols combined with different analytical methods having
different size detection limits and degrees of automation, however, chal-
lenge the comparison of MP concentrations reported from different
WWTP studies.

Various extraction protocols to isolateMP suitable for differentmatrices
have been published, reviewed and are continuously modified (Blaesing
and Amelung, 2018; Han et al., 2019; He et al., 2018; Horton et al., 2017;
Junhao et al., 2021; Möller et al., 2021; Stock et al., 2019). Key elements
of these sample preparation protocols are oxidative digestions using Fenton
reagents, enzymatic digestions and density separation, combined in differ-
ent ways and adjusted to different matrices. Preparation protocols suitable
for sludge matrices have been presented and reviewed by various authors
(Hurley et al., 2018; Leslie et al., 2017; Li et al., 2018; Mahon et al.,
2017; Sujathan et al., 2017; Sun et al., 2019; Tagg et al., 2016). The transfer
of analytes/MP from one sample processing media to another (e.g., from
the oxidative digestion to the enzymatic digestion media) is generally
achieved by filtration procedures using variable sizes of stainless steel
sieves to isolate the particulate fraction of interest. These sample handling
procedures may lead to a loss of MP.

For an unambiguous identification of the polymer type on an individual
particle level, spectroscopic techniques, such as μ-FT-IR and μ-RAMAN are
required (Anger et al., 2018; Birch et al., 2020; Hidalgo et al., 2006; Ivleva
et al., 2017; Li et al., 2018; Moeller et al., 2020; Pico et al., 2019; Sun et al.,
2019; Zhou et al., 2020). The focal plane array (FPA) technology in combi-
nation with a high degree of automation, makes the FPA-μ-FT-IR suitable
for detecting, identifying and sizing individual MP particles deposited on
suitable substrates (Löder et al., 2015; Mintenig et al., 2017; Primpke
et al., 2017, 2018, 2020). For a quantitative assessment of the MP
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concentrations in complex (environmental) matrices, the sample specific
MP recovery in terms of particle number and particle size is essential. How-
ever, despite the high degree of automation, sample specific MP recoveries
were neither assessed nor reported in previous studies,making the interpre-
tation of related experimental results challenging.

Based on results from previous studies (see citations above), we devel-
oped a sample preparation protocol optimized for digested sewage sludge.
We used various MP types to test different process steps during the method
development and to determine MP recoveries over the analytical chain. We
subjected the most relevant MP polymer types to the developed extraction
procedure and evaluated their chemical stabilities by attenuated total re-
flection (ATR)-μ-FT-IR measurements and determined morphological
changes by visible light (vis) microscopy. Finally, we used colored PE
spheres as surrogate standards to determine the sample specific MP recov-
eries in terms of number and size in routine application by automated vis
microscopy and FPA-μ-FT-IR analysis.

2. Materials and methods

2.1. Chemicals

A list of all chemicals, including the brand, and their use in this study is
provided in the supporting information (Table S1).

2.2. Microplastics

To assess changes in the MP's chemical (i.e. polymeric) structure and
shape caused by the developed extraction protocol and to quantitatively de-
termine the extraction efficiency of the method in terms of MP number and
size, we selected MP of the polymer types and shapes specified in Table 1.

2.3. Sludge matrices

The focus of this work was on the extraction of MP from digested sew-
age sludge. Therefore, two sludges from different WWTP were selected
(Werdhölzli (WH, Zuerich) with more than 400,000 connected inhabitants
and Neugut (NG, Duebendorf), with about 40,000 connected inhabitants).
Both WWTP have fine bar screens, primary and secondary clarification,
and a biological wastewater treatment (activated sludge process) unit.
The effluent from the secondary clarifier from both WWTP are treated
with ozone and diverted through a sand filtration unit before being
discharged into the surface water. The primary and the excess secondary
sludge are anaerobically digested and dewatered, before being incinerated
at the central mono incineration of WH. Digested sludge samples were col-
lected from WH (30% total solids (TS)) and from NG (2% TS) for MP spik-
ing experiments.

We expect that MP spiked as surrogate standards were characteristic
enough to be distinguished from the MP already present in the digested
sludge samples. Nevertheless, pristine (unspiked) sludge samples from
WH and NG were prepared and analyzed the same way as the spiked sam-
ples to determine false positives of MP spiked as surrogate standards.

To assess false positives of any MP type and size, we used a (fresh) syn-
thetic sewage sludge, consisting of a mixture of tap water (240 mL), feces
(0.8 g), toilet paper (0.06 g) and urine (10mL). This synthetic sludge under-
went the same MP extraction protocol as the digested sludge that was col-
lected from the WWTP. We are aware that our synthetic sludge may not
be entirely plastic free as MP have been detected in human stool
(Schwabl et al., 2019), however, at rather low concentrations of around 2
#/g. In the absence of a certified plastic free sewage sludge reference mate-
rial, our synthetic sludge is, therefore, considered a viable option.

2.4. MP extraction protocol

Digested sewage sludge essentially consists of residual organic matter
and contains high amounts of cellulose from toilet papers. High cellulose
contents were also observed in raw wastewater samples (Simon et al.,



Table 1
List ofmicroplastic particles (MP) that were used to assess (chemical) structural andmorphological changes caused by the developed extraction protocol and to determine the
sample specific MP recoveries. ‘S’ refers to MP used for the assessment of structural/morphological changes, ‘RM’ (recovery microscopy) refers to the sample specific recov-
eries determined using (automated) visible light microscopy, ‘RIR’ (recovery infrared) refers to the sample specific recoveries determined using FPA-μ-FT-IR imaging.

Polymer type Form Diameter (μm) Length (mm) Distributor Use

Polyethylene terephthalate (PET) Fragments (powder, white) 100–200 NA PET-bottle (grinded, sieved) S, RM
Polypropylene (PP) Fibers (orange) 44 6 Baumhueter Extrusion GmbH, GER S, RM
Polyethylene (PE) Spheres (blue) 53–63 NA Cospheric, CA, USA S, RM, RIR
Polyethylene (PE) Spheres (red) 53–63 NA Cospheric, CA, USA S, RM, RIR
Polymethylmethacrylate (PMMA) Spheres (clear) 60 NA NA S
Polyvinylchloride (PVC) Fragments (powder, white) <300 NA Goodfellow Cooperation, PA, USA S
Polyethylene (PE) Fibers (clear) 24 4.6 Baumhueter Extrusion GmbH, GER S
Polylactide (PLA) Fibers (clear) 13 4.6 Baumhueter Extrusion GmbH, GER S
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2018). As cellulose is neither degraded during the wastewater treatment
(activated sludge process) nor during the sludge treatment (anaerobic di-
gestion), it is accumulated in the digested sewage sludge. Wielinski et al.
(2018) for example reported that roughly one third of the combustible ma-
terials in sewage sludge consisted of cellulose or hemicellulose. The ash
content, representing inorganic materials including sand particles, varies
between 30% and 50% (e.g., Fonts et al. (2009), Wielinski et al. (2018)).
Thismakes the combination of an oxidative/enzymatic digestion and a den-
sity separation as parts of the sample preparation mandatory. Therefore,
building on previous reports (Cole et al., 2014; Hurley et al., 2018;
Mahon et al., 2017; Mintenig et al., 2017; Sujathan et al., 2017; Tagg
et al., 2016), we developed an extraction protocol for MP that is tailored
to digested sewage sludge matrices (Fig. 1) and allows for a quantitative
evaluation of MP using vis microscopy and FPA-μ-FT-IR.

Glass beakers (250 mL) containing the spiked slurries of digested sew-
age sludge were covered with aluminum foil and freeze-dried. To avoid
the evaporation of water and to limit the contamination, the beakers
were also covered with aluminum foil during the following digestion
steps. To mineralize the organic matter, an oxidative digestion step
(Fig. 1) using Fenton reagents was carried out. For this purpose, 10 mL
H2O2 (35%), 5 mL deionized (DI) water, 1 mL Fe(II)SO4 (7 × H2O, 2
mmol/L) and 1 mL protocatechuic acid (2 mmol/L) were added to 0.1 g
or 1 g of freeze dried samples in a glass beaker. This mixture reacted on a
horizontal shaker (Heidolph Incubator 1000/Unimax 1010) at 100 rpm in
a fume hood at room temperature for 1 h. Afterwards, the temperature
was set to 40 °C and the sample reacted for an additional 12 h. Due to
high contents of organic material in the sludge, the oxidative digestion pro-
cedure was repeated by adding the same amounts of reagents to the digests
and letting the suspension react for another 12 h at 40 °C. The resulting sus-
pensionwas filtered through a 20 μm stainless steel sieve (diameter 47mm,
mesh 500, Zivipf.de). The beaker was rinsed 3 times with 50 mL DI water
and the rinsing water was filtered through the same stainless steel sieve.
The Fenton reagent efficiently mineralized easily degradable organic mat-
ter, but the cellulose fibers were still detected under the vis microscope.
Therefore, the sludge extracts were additionally treated with cellulase en-
zymes (Fig. 1) as follows. The particle-loaded sieve was transferred to a
glass beaker (250 mL) and incubated with 50 mL phosphate citrate buffer
(50 mM, pH 5), 0.5 g cellulase (extracted from Aspergillus niger; Sigma-
Aldrich, No. 22178) and 10 mg sodium azide at 40 °C on the same horizon-
tal shaker (100 rpm). After a reaction time of 72 h, the stainless steel sieve
was removed from the digests, rinsed from both sides using DI water,
whereas the rinsing water was collected in the same beaker. The digest
Fig. 1. Schematic of the different process steps appl
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was filtered on the same, cleaned stainless steel sieve. The beaker was
rinsed three times with 50 mL DI water and the rinse water was filtered
over the same stainless steel sieve. However, despite the use of cellulase
enzymes, cellulose was not fully mineralized and the remaining cellu-
lose materials limited the amount of sludge extract eventually to be fil-
tered on Al2O3 membranes for automated vis microscopy and FPA-μ-FT-
IR imaging.

To separate the remaining inorganic particles from the MP, a density
separation (Fig. 1) was performed using a sodium polytungstate (SPT,
Roth, 8828) heavy liquid (15 mL). We used a density of 1.9 g/cm3, which
is above the density of commonly used plastics and allows including tire
wear particles in future studies (Kloeckner et al., 2019). The stainless
steel sieve containing the extracted particles was placed into a 120 mL
glass beaker together with 15 mL SPT solution entirely covering the stain-
less steel sieve and the beaker was put into an ultrasonic bath (TP690-A,
Bioblock Scientific) for 20 s. The SPT suspension was then transferred
into a 50 mL centrifuge tube, the tube was closed and rotated for 1 h in
an overhead shaker (30 rpm, Heidolph overhead shaker, type: Reax2).
The well-mixed suspension was centrifuged at 2900 ×g for 45 min, and the
supernatant was carefully decanted onto a sieve cascade (Fig. 1) (100 μm
stainless steel sieve followed by a 20 μm stainless steel sieve), resulting in
two size fractions. Particles >100 μm and fibers which were up to a few
mm in length remained on the top stainless steel sieve. Fibers were, thus, ex-
cluded from the automated FPA-μ-FT-IR analysis. Even if we were able to
remove the fibers from the stainless steel mesh and deposit them on
an Al2O3 filter membrane, an automated analysis of the fibers would re-
main very challenging. Due to the complex 3 dimensional shape of the
fibers only selected parts of the fibers would be in the focal plane of
the IR laser and thus yield an interpretable spectrum. Particles between
20 μm and 100 μm were collected on the second sieve. This sieve was
rinsed from both sides using DI water and the resulting suspensions
were filtered on Al2O3 membranes (Anodisc, diameter 47 mm (extracts
of 1 g sewage sludge), 25 mm (extracts of 0.1 g sewage sludge), pore
size: 0.2 μm, Whatman®) for subsequent vis microscopy analysis and
FPA-μ-FT-IR imaging. The rinsed sieves were inspected under the vis
microscope to check for adhering particles.

2.5. Recovery assessment and quality assurance/quality control (QC/QA)
measures

The MP-specific recovery rate was calculated as the ratio between
spiked and recovered MP and is expressed in percent. Spiking experiments
ied to extract MP from sewage sludge matrices.
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were conducted using DI water, digested sewage sludge and extracts
thereof (Fig. 2).

2.5.1. DI water
The number and the size of the colored (red, blue) PE spheres deposited

on glass slides in dry state were determined based on vis microscopy in
combination with image analysis tools. The colored PE spheres transferred
from the glass slides to DI water and filtered on Al2O3 membranes were in-
vestigated by both, vis microscopy and FPA-μ-FT-IR to determine their
number and their size (Fig. 2).

2.5.2. Digested sewage sludge
To determine the MP recovery from digested sludge matrices, red PE

spheres, PET fragments and PP fibers were jointly spiked to aliquots of
the different sludge samples (Table S2) and blue PE spheres were spiked
to digested sewage sludge after the enzymatic digestion but before the den-
sity separation step (blue; Fig. 2). The different MP (except the blue PE
spheres) were placed in dry state on individual glass slides, imaged under
the vis microscope and rinsedwith 2mLDI water into a 250mL glass beaker.
The sewage sludge samples (0.1 g or 1 g dry weight (dw)) were added to the
glass beakers, and in the case of WH sludge, 50 mL of DI water were added.
For the NG and synthetic sludge addition of DI water was not necessary as
the water content of these samples was >95%. The filled glass beakers were
incubated for 2 h on a horizontal shaker (100 rpm, Heidolph Incubator
1000/Unimax 1010) resulting in a well-mixed sewage sludge slurry.

The PP fibers and the PET fragments were larger than 100 μm and the
recovery rates were determined by identification of the spiked polymers
under the vis microscope (on the 100 μm stainless steel sieve). Recovery
rates for PE spheres were assessed based on the extracts of spiked digested
sewage sludge filtered on the Al2O3membranes and investigated using (au-
tomated) vis microscopy and FPA-μ-FT-IR imaging (Fig. 2).

2.5.3. Method blanks
The following 3 matrices were processed the same way as the spiked

samples and served as method blanks: i) unspiked WH and NG sludge
(MB-WH and MB-NG, Table S2) to assess false positive detections of spiked
(colored) PE spheres used as surrogate standards, ii) synthetic sludge sam-
ples (MB-syn, Table S2) to identify false positive detections of any type of
MP and iii) DIwater (MB-DI, Table S2) to evaluate the extent ofMP contam-
ination.

2.5.4. Measures to avoid contamination
Limiting contamination along the whole analytical chain is of key im-

portance when quantifying MP contents from various matrices. In this
work, however, the focus was on the recovery of clearly identifiable MP
spiked to digested sewage sludge. For this reason, an excessive exclusion
of laboratory utensils containing plastic materials was not required. Never-
theless, the following measures were taken to avoid MP contamination:
Lab-coats made of cotton were worn at all times when samples were either
processed or measured on the microscopes. The glass vials, petri dishes and
the filtration funnels were always covered with aluminum foil. Plastic ma-
terials were avoided where possible (e.g., by using glass filtration devices),
but pipettes and squirt bottles were still made of plastic.
Fig. 2. Schematic of the approach to determine the recoveries over (parts of) the develop
and blue polyethylene (PE) spheres (~60 μm in diameter), orange polypropylene (PP) fib
200 μm in diameter). Red PE spheres also served as surrogate standards to determine n
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2.6. Visible light microscopy

Although the μ-FT-IR system is equippedwith a vismicroscope, the lack
of autofocusing routines, limited stitching capabilities and objectives with
fixed magnifications made the use of a separate vis microscope mandatory.
In this study, we used separate vis microscopes (SZX10, Olympus and VHX-
7000, Keyence) to image MP in dry state (aliquots of powders deposited on
glass slides), filtered from spiked DI water and filtered from extracts of
spiked digested sewage sludge samples. PET fragments and PP fibers were
always in the >100 μm fraction and counted under the vis microscope. The
colored PE spheres (red and blue) were automatically detected on stitched
images (recorded using the VHX-7000) of glass slides (PE spheres deposited
in dry states) or Al2O3 membranes (filtered spiked DI water and filtered
sludge extracts). The stitched images covered the entire filter area. In addi-
tion to the number, also the size of differently colored PE sphereswas deter-
mined using image analysis tools.

2.7. Micro Fourier transform infrared spectroscopy (μ-FT-IR)

For the characterisation of MP before and after the digestion protocol,
as well as for the identification of MP in the sludge extracts, a μ-FT-IR sys-
tem (Cary 670 FTIR instrument, Cary 610 IR microscope, Agilent) was
used. The systemwas equippedwith an ATR unit for manualmeasurements
and with a focal plane array detector (FPA, 64× 64 detector elements) for
automated measurements of larger areas. The 15× IR objective was used
for all measurements. Measurements by ATR were performed from 4000
to 400 cm−1 at a spectral resolution of 4 cm−1, the measurements and
the background were both integrated 64 times. Analyses by FPA were con-
ducted in transmission mode between 3900 and 1250 cm−1 at a spectral
resolution of 8 cm−1. The measurements were integrated 16 times and
the background was integrated 64 times. The pixel resolution of the FPA
measurements was 5.5 μm and thus one FPA measurement covered an
area of 352 μm×352 μm. For the Al2O3membranes containing PE spheres
from the spiked DI water, 4 areas each consisting of ~100 FPA measure-
ments (3.5 mm× 3.5 mm) were recorded resulting in a total area of ~50
mm2, or ~25% of the total filter area (192 mm2). For the extracts of the
spiked digested sewage sludge samples, 4 areas of~200 FPAmeasurements
(5 mm × 5 mm) were recorded resulting in a total area of ~100 mm2 or
~50% of the total filter area. The recorded spectra from the FPA measure-
ments were processed using the software Microplastics Finder (R2021a,
Purency, Austria), which is based on a random decision forest algorithm
(Hufnagl et al., 2019, 2022). Using this software, detected MP were sepa-
rated into 21 different polymer types. In all experiments, the setting of
the software to identify different polymers were identical (Relevance 0.3,
Similarity 0.15).

The identified polymer types and the associated areas derived from the
Microplastics Finder software code were exported as text files and further
processed using Matlab (R2019b). To identify the spiked PE spheres on
the FPA-μ-FT-IR images, the (high resolution) images from the VHX-7000,
with automatically detected PE spheres, were projected on the FPA-μ-FT-
IR images and the coordinates of the spiked PE spheres were determined.
The MP sizes and polymer types at these coordinates were then obtained
from the Microplastic Finder software.
ed extraction method. Various particles were added over the extraction process: red
ers (44 μm in diameter), and polyethylene terephthalate (PET) fragments (100 μm–
umber and size based recoveries in routine applications.
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3. Results and discussion

3.1. Impact of the digestion protocol on the chemical structure and the morphology
of the MP

Of key importance for the suitability of an extraction protocol for MP
from solid matrices such as digested sewage sludge is an assessment of
the changes of the chemical structure and the morphology caused by the
different treatment steps. For that purpose, we recorded ATR FT-IR spectra
and vis microscopy images of selected MP before and after oxidatively and
enzymatically digesting the MP as described in the extraction protocol
(Fig. 1).

The FT-IR spectra of all MP polymer types investigated in this study re-
mained unaffected by the digestion procedures (Fig. 3). In agreement with
the chemical structural preservation of the investigated polymer types dur-
ing the digestion protocol, also the morphology and the coloration (red and
blue PE spheres) of the MP mostly remained unaffected by the digestion
procedures. Only polylactide (PLA) changed its appearance macroscopi-
cally; the surfaces became milky and the fibers more brittle (Fig. S1). Our
results are, thus, in agreement with previous reports where enzymatic
and/or oxidative treatments were used to digest organic materials without
noticeable impacts on the polymer structures (Hurley et al., 2018; Li et al.,
2018; Mintenig et al., 2017; Sujathan et al., 2017; Tagg et al., 2016).
Fig. 3. ATR-FT-IR spectra of selected microplastic particles (MP) before and after
oxidative and enzymatic digestion according to the optimized extraction protocol (for
details, see text). Two spectra are provided for each MP type, the blue (upper) one
representing the spectra recorded on the MP after the digestion procedure, the red
(lower) one representing the spectrum of the pristine MP. The offset between the
pristine and the ‘aged’ spectra is 1.1 normalized absorption units and the offset
between the spectra of the different polymer types is 3. Vertical dashed lines at 2920,
2848, 2359, 1720 and 1257 cm−1 are guides to the eye. Visible light microscopy
images of the pristine MP particles are provided to the right of the spectra and larger
images are provided in Fig. S1. PET: polyethylene terephthalate, PP: polypropylene,
PE: polyethylene, PMMA: polymethylmethacrylate, PVC: polyvinylchloride, PLA:
polylactide.
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3.2. Recovery of spiked MP

3.2.1. MP specific recovery based on visible light microscopy
The average recoveries of the fragments, spheres and fibers were be-

tween 80% and 100% over the whole analytical procedure for both exper-
iments conducted using 0.1 g and 1 g of digested sewage sludge (dry
weight) (Fig. 4). The recoveries of the red and the blue PE spheres were
very similar, suggesting that MP can be kept in the extract during the diges-
tion processes and were either lost during the density separation procedure
or remained undetected during the following vis microscopy and FPA-μ-FT-
IR analyses. The reason for a loss during the density separation procedure
may be an aggregation between the PE particles and other particulate ma-
terials (heteroaggregation), followed by sedimentation.

In the method blanks conducted with DI water (MB-DI, Table S2) and
synthetic sludge (MB-syn, Table S2), false positives did neither occur for
blue nor for red PE spheres. In experiments where unspiked sewage sludge
was extracted and analyzed (MB-NG andMB-WH, Table S2), 3 (1 g digested
sewage sludge) and 1 (0.1 g digested sewage sludge) false positive PE
spheres (red) used as surrogate standards were observed in total (3–4 repli-
cates) resulting in roughly 1 false positive per replicate. In comparison to
the total number of red PE spheres spiked to any given sample (33 on aver-
age) the false positives were a few percent only. The false positives are re-
lated to the automated sphere identification. In rare cases particles with a
similar shape, color and size as the spiked PE spheres occurred in the sludge
leading to an erroneous assignment of these particles. An example of such a
particle is provided in Fig. S2.

3.2.2. Comparison of the visible light microscopy and the FPA-μ-FT-IR data
In the previous section, we demonstrated that spiked PE spheres re-

mained in the extract and can be automatically detected by vis microscopy.
However, the quantification of theMP content in complexmatrices requires
an identification of the chemical structure and an assessment of the size of
the MP extracted from the respective matrices. The results from vis micros-
copy analyses (number, size, color) and from FPA-μ-FT-IR imaging (num-
ber, size, chemical structure) are summarized in Fig. 5 and discussed in
the following sections.

3.2.2.1. Size and number of PE spheres in dry state. 116 (red) and 98 (blue)
spheres were deposited in dry state on the glass slide. The size distribution
of both MP types was very similar with a median diameter of 54 μm for the
red and 56 μm for the blue spheres. The median sizes of the PE spheres
agreed well to the data from the supplier, which were 53 μm – 63 μm.

3.2.2.2. Size and number of PE spheres recovered from spiked DI water (experi-
ment ‘DI water’, Table S2). After transferring these PE spheres from the glass
slides into DI water and filtering the suspensions on Al2O3 membranes, 100
(red) and 91 (blue) PE spheres were detected using automated vis micros-
copy, corresponding to a recovery of 86% for the red and 93% for the
blue PE spheres. The median diameter of the red and the blue PE spheres
were 58 μm and 67 μm, and thus significantly larger compared to the me-
dian diameter of the respective PE spheres determined on the glass slides
(calculated based on a two-sample t-test at the 5% significance level). The
PE spheres were deposited on either glass slides or on Al2O3 filter mem-
branes and these two substrates provide a different (background) color.
The spiked PE spheres (red and blue) are detected based on the contrast be-
tween the color of the particles and the color of the background. Slightly
different degrees of contrasts between the glass slides and the PE spheres
compared to the Al2O3 filter membranes and the PE spheres may result in
different threshold levels for particle detection and eventually in slight dif-
ferences in the area of the individual particles identified by the software.
The similar recovery in terms of number and size, however, underlines
that the two types of PE spheres can reliably be distinguished using auto-
mated vis microscopy.

Based on the FPA-μ-FT-IR imaging 41 PE spheres (red and blue) were
detected or 151 when scaled to the total filter area, resulting in a recovery
rate of 71%. This recovery rate is lower compared to the recovery rates



Fig. 4.Microplastic particle (MP) specific recovery rates for sewage sludgematrices (sludgeWH and sludge NG samples, Table S2). MP in the extracts were detected under a
visible light microscope either visually (fragments and fibers) or using automated image analysis tools (colored PE spheres). In total 22 PET fragments, 296 PE spheres (red),
199 PE spheres (blue) and 73 PPfibers were spiked to the sludgematrices. Occasionally, individual (1–3) red and blue PE spheres were detected on the 100 μm stainless steel
grid. These PE spheres were also included in the calculation of the recoveries.
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determined based on the vis microscopy data, whichwere around 90%.We
assume that the lower recovery was related to an uneven deposition pattern
of the PE spheres on the Al2O3 membranes, resulting in a lower recovery
when scaling the number counts to the total filter area. The size of the PE
spheres (red and blue) derived from the FPA-μ-FT-IR imaging of the
Al2O3membraneswaswith amedian diameter of 54 μm in good agreement
with the results from the vis microscopy.

3.2.2.3. Size and number of PE spheres recovered from spiked digested sewage
sludge (experiment ‘Sludge WH 2.2’, Table S2). Out of 15 red PE spheres
that were spiked to the digested sludge, 11 and 6 (12 when scaled to the
total filter area) were detected on filtered sludge extracts by vis microscopy
and FPA-μ-FT-IR imaging, respectively. Furthermore, out of 83 blue PE
spheres that were spiked to the sludge extracts after the digestion steps
but before the density separation, 73 and 35 (68when scaled to the total fil-
ter area) were identified by vis microscopy and FPA-μ-FT-IR imaging, re-
spectively. This translates into similar recovery rates of around 80% for
the blue and for the red PE spheres by either vis microscopy and FPA-μ-
FT-IR imaging (Fig. 5).

The median size of the PE spheres extracted from the spiked digested
sewage sludge (red) and from the spiked sludge extracts after the digestion
but before the density separation process (blue) determined by vis micros-
copywas 46 μmand 65 μm, respectively. Again, themedian diameter of the
blue PE spheres derived from the vismicroscopy datawere larger compared
to themedian diameter of the red PE spheres, consistent with the results ob-
tained from the spiked DI water samples. The median diameter of the red
Fig. 5. Boxplots of the size of the polyethylene (PE) spheres that were deposited on glass
water’, same particles as for ‘Dry state’)) or extracted from spiked digested sewage slu
‘Sludge WH 2.2’, Table S2). The number of particles detected (N) and the calculated r
glass slides are provided at the bottom of the figure. Numbers in brackets refer t
measurements). ‘vis’ and ‘IR’ refer to data derived from visible light microscopy analys
PE spheres were spiked to the digested sludge and 83 blue PE spheres to the extracts af
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and blue PE spheres derived from the FPA-μ-FT-IR imaging (note: the
FPA-μ-FT-IR imaging only provides information about the size and the
chemical structure of the MP. Detected PE spheres were thus separated
into red and blue PE spheres according to the data from the vis microscopy
analyses) was 59 μm and 61 μm respectively. These results are in good
agreement with the results from the vis microscopy and with the results
from the PE spheres spiked to and recovered from DI water, where PE
spheres from the same stock powders were used (Fig. 5).

In conclusion, results from both automated vis microscopy and FPA-μ-
FT-IR imaging showed that the number based recovery rate for spiked PE
spheres over the whole analytical chain was around 80% and that the me-
dian size of the PE spheres recovered from extracts of the spiked sludge
was similar to the median sizes of the PE spheres in the stock powders.
This demonstrated the suitability of colored PE spheres as surrogate stan-
dards.
3.3. MP contents in digested sludge and comparison with other studies

After having i) assessed the stability of differentMP types during the de-
veloped extraction protocol, ii) quantified the recoveries of MP based on
spiking experiments in combination with automated vis microscopy and
FPA-μ-FT-IR measurements, and iii) demonstrated that the size of MP can
successfully be derived from FPA-μ-FT-IR imaging, we considered the estab-
lished analytical protocol ready for routine application. Hence, one repli-
cate experiment where PE spheres were spiked as surrogate standards to
slides (‘Dry state’), spiked to deionized water and filtered on Al2O3 membranes (‘DI
dge and filtered on Al2O3 membranes (‘Sludge’, referring to data from experiment
ecovery rates (R) with respect to the number of spiked PE spheres detected on the
o the number counts, which were scaled to the total filter area (FPA-μ-FT-IR
es and from FPA-μ-FT-IR imaging, respectively. In the ‘Sludge’ experiment, 15 red
ter the enzymatic digestion.
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sewage sludge was exemplarily analyzed for its MP contents using FPA-μ-
FT-IR imaging.

PE, PP and PET were the most prominent polymer types in all but the
smallest size bin (Figs. 6 and S3). In the smallest size bin, corresponding
to the MP with a circular equivalent diameter between 20 μm and 30 μm,
polyamides (PA) were most prominent. In the following size bin (30 μm–
40 μm), PA MP were only of minor importance. The dominant polymer
types (PE, PP, PA, PET) identified in the sludge samples reflect the high pro-
duction volume of these materials (Plastics Europe, 2021) and is consistent
with other reports of polymer types in sewage sludge samples (Enfrin et al.,
2019 (and references therein)).

The total number of particles - in our study spanning a size range be-
tween 20 μm and 160 μm (circular equivalent diameter) - amounted to
about 650 (exact: 664), which, when scaled to the total filter area (99
mm2 area scanned, total area 192 mm2) amounts to roughly 1300 particles
in 0.1 g (dry basis) of digested sewage sludge. With about 10,000 #/g, the
MP number concentration in sewage sludge observed in this study is higher
compared to most other reports. MP number concentrations were around a
few to a few tens or hundreds of MP per g in dried sewage sludge (Blaesing
and Amelung, 2018; Leslie et al., 2017; Li et al., 2018; Mahon et al., 2017;
Mintenig et al., 2017; Sujathan et al., 2017). Most recently, however,
Horton et al. (2021) reported MP number concentrations of up to 10,000
#/g (dried sewage sludge), which is very similar to our results. This sug-
gests that older studies, where MP were mainly detected on a manual
basis, may have greatly underestimated the MP number concentrations
in sewage sludge. Furthermore, Simon et al. (2018) reported MP num-
ber concentrations of up to 10,000 #/L in raw wastewater. Using typical
total suspended solids (TSS) concentrations of a few 100 mg/L in un-
treated wastewater (Gujer, 2007), this translates into up to 100,000
#/g of dry weight. Reported concentrations of MP particles in treated
wastewater range from 10−2 to 104 #/L (Koelmans et al., 2019),
which - assuming a total solid content of 5 mg/L in the treated wastewa-
ter - translates into a concentration of up to 106 #/g, which is two orders
of magnitudes above our results. The most plausible reasons for the ap-
parent discrepancies between different studies in the reported MP con-
centrations are different size detection limits, different degrees of
automation and most likely also different recoveries, which have
Fig. 6. Polymer specific particle size distribution (PSD) of the identified, native
microplastic particles (MP) extracted from 0.1 g (dry weight basis) of digested
sewage sludge (Experiment ‘Sludge WH 2.2’, Table S2). The PSD of individual
polymers is provided in the SI (Fig. S3). The inset shows the spiked polyethylene
(PE) spheres that were detected in the extracts. These PE spheres were excluded
from the PSD. For abbreviations of individual MP polymer types, see Text and
Table S3.
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unfortunately never been determined on a sample specific basis in pre-
vious studies. When assessing the sample specific recoveries, especially
using automated systems, it is essential to evaluate the recoveries also
based on these same systems, e.g., when using an FPA-μ-FT-IR system,
the recovery for both size and number concentrations also has to be
determined using the FPA-μ-FT-IR technology. Introducing a surrogate
standard as a routine QA/QC measure (e.g., by adding colored PE
spheres), will allow the comparison and interpretation of data from
different studies using different analytical methods.

Method blanks (DI water and synthetic (MP ‘free’) sludge) digested
the same way as the experimental samples both resulted in low total
MP number concentrations of around 10 particles per 5 × 5 mm2, cor-
responding to about 80 particles per filter (192 mm2, Figs. S4 and S5).
Hence, the MP introduced by either contamination or false positives
contribute to about 5% to the total number of MP detected in the
digested sewage sludge samples. In both method blanks - DI water
(MB-DI) and synthetic sludge (MB-syn) - polyamid (PA) particles were
detected. Apart from PA, different types of polymers were found in
these two blank samples. However, the interpretation of low MP num-
ber counts as observed in this study is challenging and the polymer
types and numbers in blank samples will have to be monitored over an
extended period of time for a reliable interpretation of these data.

4. Conclusions

The chemical structure of the investigated MP, covering the most com-
monly used polymer types, remained unaffected by the developed extrac-
tion protocol and morphological changes were only observed for PLA
fibers. The developed sample preparation approach successfully removed
easily digestible material and efficiently separated inorganic particles of
higher density from the sludge digests. Surrogate standards in the form of
colored PE spheres spiked to digested sludge samples during routine appli-
cation, allowed the determination of sample specific recovery rates, both in
terms of MP number and MP size and, as such, constitute a QA/QC quality
control instrument for routine MP quantification.

There is a consensus amongst scientists that harmonized and vali-
dated sample preparation protocols have to be developed to better as-
sess MP pollution in different environmental compartments. Based on
the data of this study, we argue that an assessment of sample specific re-
coveries is as important as validated sample preparation procedures.
Often, researchers are challenged by demanding sample matrices re-
quiring the adoption of published sample preparation schemes. It is,
therefore, of key importance to have QA/QC on the individual sample
level, which makes the addition of a surrogate standard mandatory.
The approach described in this paper goes along these arguments and
can be extended to also include particles of smaller and larger diame-
ters. In the future, we envision using a multitude of PE spheres of differ-
ent sizes and colors to constrain the sample specific MP recoveries on a
largely automated basis. The assessment of the samples specific recover-
ies using automated vis microscopy requires roughly 15 min, which is
negligible compared to the FPA-μ-FT-IR analysis lasting several hours.
The initial screening of the samples and the determination of the spe-
cific MP recoveries, thus, will also save time as ill prepared samples
can quickly be identified and do not need to be further analyzed using
more time consuming analytical techniques. Our novel approach of
spike-recovery experiments using colored PE spheres can be adapted
to other matrices (e.g., soils, sediments, food) and may, thus, become
a cornerstone for QA/QC measures for MP analysis under routine
conditions.
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