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• A full microplastics mass and particle
number balance on a WWTP digester

• Microplastics quantified in sludge and
grease down to 10 μm applying μFTIR
imaging

• Mass balance on the digester: 0.025 g
capita−1 day−1 in; 0.017 g capita−1

day−1 out
• Number balance on the digester: 4.14 ×
105 N capita−1 day−1 in; 2.95 × 105 N
capita−1 day−1 out

• Each single source, e.g. human excre-
tion, must contribute less than 0.025 g
capita−1 day−1.
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Themesophilic digester of a wastewater treatment plant serving 790,000 inhabitants was analyzed for incoming
and outgoing microplastics (MPs). The annual MP load on the digester was 7326 kg y−1 and 1.20 × 1014 N y−1,
while the digested sludge contained 4885 kg y−1 and 0.85 × 1014 N y−1. The corresponding mean reduction of
approximately 30%was thoughwithin the variability of the analyzed samples, and size distributions and polymer
composition before and after the digester could similarly neither confirm nor deny if MPs were lost in the di-
gester. The load on the digester corresponded to a per capita load of 0.025 g capita−1 day−1 or 4.14 × 105 N
capita−1 day−1. In terms of MP numbers, the values were high compared to most previous studies, which
most likely was due to differences in analytical methods, where the present study applied FPA-μFTIR
hyperspectral imaging with automatizedMP recognition in the size range 10–500 μm and ATR-FTIR on all parti-
cles in the range 500–5000 μm. The polymer composition was quite diverse, with 15 identified polymer types, of
which polyethylene and polyester were themost common in the sludge, while the variation in composition was
larger in the grease that came from the plant's grease trap and the fatty slurries which came from grease traps in
the drainage area. The load on the digester was finally used to demonstrate how especially the determinedmass
loads can be used to set upper boundaries for specific sources, for example human excretion.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
. This is an open access article under
1. Introduction

Plastic particles smaller than 5 mm, so-called microplastics (MPs),
have received much scientific and societal attention (Liu et al., 2019)
as they are suspected to have detrimental impacts on the environment
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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(Bucci et al., 2020). MPs may be vectors for organic and inorganic
micropollutants originally present or subsequently adsorbed to their
surfaces. They may be vectors for pathogenic microorganisms
(Kirstein et al., 2016), and they may cause harm due to their physical
properties, for example by translocation (Alimba and Faggio, 2019).
They enter the environment as intentionally produced particles or frag-
ments of larger plastic items (Cole et al., 2011).

MPs are among other formed in urban areas and conveyed by urban
wastewaters, where treatment plants (WWTPs) control their discharge
to the aquatic environment (Browne et al., 2011; Talvitie et al., 2017a).
WWTPs are quite efficient in retainingMPs of all sizes by concentrating
them in solid waste streams such as sludge from its various treatment
processes, fat and grease from its grease traps, and material collected
at screens (Mintenig et al., 2017; Simon et al., 2018; Sun et al., 2019;
Rasmussen et al., 2021). MP removal rates in advanced WWTPs, and
consequently their retainment in WWTP waste streams, have been re-
ported as high as 99.3% in terms of particle counts and 98.3% in terms
of mass (Simon et al., 2018). Other researchers also found retainment
rates significantly above 90%, e.g. Lares et al. (2018) who found an over-
all retainment of 98.3% in an activated sludge treatment plant, Talvitie
et al. (2017b) who found retainment rates above 99% in a similar
plant, and X. Xu et al. (2019) who found between 89 and 97%
retainment in 11 WWTPs in China.

Advanced WWTPs generally comprise several treatment stages,
where the first consists of mechanical means to remove gross solids,
sand, grit, oil, and grease. This is commonly followed by a mechanical
separation of part of the organic matter by a settling tank, creating pri-
mary sludge. At the next stage, the wastewater is frequently treated bi-
ologically through activated sludge or fixed film processes, creating
secondary sludge (Tchobanoglous et al., 2011). Floatable fat, oil, and
grease are typically removed in a skimming trough or an aerated grit
chamber, where the latter combines sedimentation of grit, sand, and
silt with the flotation of fat, oil, and grease. Fat, oil, and grease tend to
be of low density and hydrophobic, as are many plastic types. MPs can
hence readily form agglomerates with these sticky substances and be
skimmed off during the grease removal (Carr et al., 2016). Where a
WWTP has an anaerobic digester, this material is commonly fed here,
as fats increase the overall methane production of the digester. Fat, oil,
and grease received from external sources is also commonly fed to the
digester (Luostarinen et al., 2009).

There are quite large differences in concentrations reported by the
various studies, for example Raju et al. (2020), Murphy et al. (2016),
Bayo et al. (2020), andBlair et al. (2019) detectedMP concentrations or-
ders ofmagnitude belowwhat for example Simon et al. (2018) reported
for rawwastewater, or for that matter, what Bergmann et al. (2019) re-
ported for a different matrix, namely European snow. Similarly, MPs in
WWTP sludge have been reported to range somewhere between some
hundreds and some hundred thousands of MPs per kg of dry sludge
(Gatidou et al., 2019; Sun et al., 2019), albeit data on this matrix is
scarce.

The issue of inconsistency in results when attempting to quantify
MPs in environmental matrices is well recognized. Already in the early
days of microplastics research, the review of Hidalgo-Ruz et al. (2012)
pointed towards issues causing poor comparability across studies. This
has been a recurring theme since then, as for example revived for fresh-
water microplastics by Lu et al. (2021), who discussed that differences
in sampling techniques, sample processing, quantification and identifi-
cation, reporting units, aswell as the degree of quality assurance/quality
control significantly affected the obtained results. The authors con-
cluded that these differences made it difficult to compare studies on
freshwaters and freshwater sediments. In concrete terms, they reported
that MP abundances in freshwaters varied by 8 orders of magnitude, of
which a large part could be attributed to the above mentioned differ-
ences in experimental approaches.

The discrepancies in MP contents related to WWTPs is most likely
due to differences in analytical techniques, where for example some
2

studies applied Focal Plane Array (FPA)-Micro Fourier Transform Infra-
red spectroscopy (μFTIR) imaging, while others used visual sorting
followed by Attenuated Total Reflectance (ATR)-FTIR quantification.
The issue of visual sorting versus a full analysis is thoroughly discussed
by J.L. Xu et al. (2019)who points out that visual sorting becomes highly
uncertain below 100–500 μm in MP size, as small MPs tend to be
overlooked. Automated spectroscopic imaging approaches based on
μFTIR or μRaman, on the other hand, are able to detect a larger part of
the small MPs and not biased by manual pre-sorting. They are hence
able to find more MPs in a matrix and doing it with less human bias.

The present study has the objective to increase the knowledge on
MPs in WWTP sludge, applying a FPA-μFTIR imaging approach for MPs
of 10–500 μm and ATR-FTIR for 500–5000 μm. It attempts to quantify
MPs in terms of particle number and mass in waste streams entering
and exiting a mesophilic anaerobic digester and evaluate whether sig-
nificant changes can be observed. The incoming waste streams are
WWTP grease trap materials, fatty slurries from external grease traps
(at restaurants and food factories referred as food industries), and
mixed primary and secondary WWTP sludge. The exiting waste stream
is sludge discharged from the digester.

2. Materials and method

2.1. Sampling and sample type

The studied WWTP, Ryaverket, is one of the largest in Sweden,
collecting on average 4000 L s−1 of wastewater from seven municipali-
ties and providing services to some 790,000 people. It applies mechan-
ical, biological, and chemical treatment and produces some 440,000
tons y−1 of wet sewage sludge from its primary sedimentation and bio-
logical treatment stages, which is fed to its anaerobic digester. Around
1000 tons y−1 of wet grease is skimmed at the primary treatment and
fed into thedigester alongwith14,000 tons y−1 of fatty slurries fromex-
ternal sources such as restaurants, bakeries, and food factories. The di-
gester is fed continuously and run at mesophilic conditions (35 °C)
with a 20 days retention time (Tumlin and Berholds, 2020). The fatty
slurries samples were taken in 1 L aluminum bottles from the outlet
hose of the transporting tanks. Grease samples were taken with the
help of metal buckets from the grease trap and taken to the laboratory
in 1 L aluminum bottles. Likewise, the sewage sludge and digested
sludge samples were taken in 1 L aluminum bottles from the respective
inlet and outlet hoses of the sludge digestion chamber. The three types
of bio-solids fed to the digester, as well as the digested sludge, were an-
alyzed to establish a MP-balance over the digester (Table 1).

2.2. Sample preparation

Approximately 800 g of wet grease and 800 g of wet sludge were
dried at 50 °C, homogenized, and 2.5 g dry grease and 5 g dry sludge
subsampled. Approximately 1 L of fatty slurries was homogenized and
0.4 L subsampled. All samples were analyzed for MPs in the range of
10–5000 μm. An additional 30 g of grease was processed to extract
MPs >500 μm in order to develop a simple algorithm to estimate the
particle thickness from a 2-dimensional visual particle image and its
polymer type.

2.2.1. Extraction of MPs, 10–5000 μm
Grease and fatty slurries were incubated with 500mL of sodium do-

decyl sulfate solution (SDS, 5%w/vol) for 48 h at 50 °C, uponwhich 1mL
lipase (Lipozyme® TL 100 L, Strem Chemicals Inc.) was added. The solu-
tion was again incubated for 48 h at 50 °C. The particles in the sample
mixture were filtered onto a 10 μm stainless steel filter and transferred
to 400mLMilli-Q, and 100mL of 50% hydrogen peroxide (H2O2) added.
Sludge was pre-oxidized by adding 100 mL of 50% H2O2 to a mixture of
5 g dry sludge and 400 mL Milli-Q. After filtration on the 10 μm steel



Table 1
Samples analyzed for MPs.

Type Label Sample collected period Dry matter Descriptions about the samples

Fatty slurries Fatty slurry 1 June 2019 5.5% Waste from four grease traps at restaurants
Fatty slurry 2 2.4% Waste from two grease traps at a bakery and a butter factory
Fatty slurry 3 15.4% Waste from two grease traps at an ice-cream factory

Grease Grease 1 December 2018–January 2019 19.5% Waste from the grease trap of the primary treatment stage
Grease 2 17.6%
Grease 3 7.3%

Sewage sludge Sewage sludge 1 April 2019 6.5% Thickened sludge produced from the primary and secondary treatment processes
Sewage sludge 2 6.6%
Sewage sludge 3 6.8%

Digested sludge Digested sludge 1 April 2019 3.0% Anaerobically digested sludge, mesophilic at 35 °C and 20 days residence
time. Sludge collected before dewateringDigested sludge 2 3.0%

Digested sludge 3 3.0%
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filter, the particles were transferred to 500 mL of SDS solution and left
for 48 h at 50 °C. The samples were kept gently stirred at all times.

Hereafter all samples followed the same procedure. The solutions
were filtered on 10 μm steel filters and particles transferred by sonica-
tion into 300mL of acetate buffer (pH 4.8). 500 μL of cellulase (Cellulase
enzyme blend®, Sigma-Aldrich) and500 μL cellulolytic enzymemixture
(Viscozyme®L, Sigma-Aldrich) was added and the solution incubated
for 48 h at 50 °C. The solution was again filtered on 10 μm steel filters
and particles transferred to 300 mL of tris buffer (pH 8.2). 500 μL prote-
ase (Protease from Bacillus sp. ®, Sigma-Aldrich) was added and the so-
lution incubated for 48 h at 50 °C. The solution was again filtered on
10 μm steel filters and the collected particles subjected to a Fenton oxi-
dation by adding 145 mL of 50% H2O2, 65 mL of 0.1 M NaOH, and 62 mL
of 0.1 M FeSO4, resulting in a pH between 2.5 and 3. The temperature
was kept at 15–30 °C by keeping the reactors on ice. The process was
followed closely until the temperature stabilized at room temperature.
Further details can be found in Simon et al. (2018).

After the Fenton reaction, remaining particles were collected on a
10 μmsteelfilter and transferred to a 250mLpear-shaped separation fun-
nel containing a sodium polytungstate (SPT) solution of 1.8 g cm−3. The
samplemixture in the funnel wasmixed by passing dry and filtered com-
pressed air from the bottom for 30 min, left to separate for 24 h, upon
which the floating particles were collected. The process was repeated
3 times to ensure high flotation efficiency. The collected particles were
filtered over a 500 μm and a 10 μm steel mesh. The particles retained by
the larger mesh were collected for analysis by ATR-FTIR. The particles
on the 10 μm filter were collected into approximately 25 mL 50%
ethanol, dried in an automated solvent evaporator (TurboVap® LV,
Biotage), and finally re-suspended to a fixed volume of 5mL 50% ethanol.
As far as possible, the 10 μm steel filters were reused for same samples
in order to minimize potential losses due to particles sticking on the
filters.

2.2.2. Additional extraction of MPs >500 μm from grease
30g dry greasewasmixed into 500mLof SDS solution, 2mL of lipase

(Lipozyme® TL 100 L, Strem Chemicals Inc.) gradually added, and incu-
bated for 72 h at 50 °C. The suspension was filtered on a 500 μm steel
mesh and the collected particles transferred to 400 mL Milli-Q to
which 100 mL of 50% H2O2 was added. The mixture was kept for 24 h
at room temperature, upon which the suspension again was filtered
on a 500 μm steel mesh and particles transferred to 500 mL acetate
buffer (pH 4.8). 1 mL cellulase (Cellulase enzyme blend®, Sigma-
Aldrich) and 1 mL cellulolytic enzyme mixture (Viscozyme®L, Sigma-
Aldrich) were added and the solution incubated for 48 h at 50 °C. The
solution was again filtered on a 500 μm steel mesh, transferred to 500
mL of tris buffer (pH 8.2), 1 mL protease (Protease from Bacillus sp.®,
Sigma-Aldrich) added, and incubated at the same temperature and
time. Finally, the clean particles were dried at 50 °C and stored for fur-
ther analysis.
3

2.3. MP identification

2.3.1. MPs of 10–500 μm
The particle concentrate was homogenized on a vortexmixer before

taking a subsample with a disposable glass capillary pipette 50/100 μL.
The subsample was deposited on a 13 × 2 mm zinc selenide window
(Crystran, UK) held in a compression cell (Pike Technologies, USA),
restricting the free opening to 10 mm in diameter. The window was
dried at 50 °C and visually inspected under a microscope to judge the
particle density. The deposition was repeated until the particle density
was deemed suitable for further analysis, resulting in deposited vol-
umes of 50–200 μL. For each sample, three such windows were pre-
pared and analyzed.

The deposited particles were analyzed by μFTIR using an Agilent
Cary 620 FTIR microscope equipped with a 128 × 128 pixel FPA
(Mercury Cadmium Telluride detector) and coupled to an Agilent 670
IR spectroscope. The microscope used a 15× Cassegrain IR objective
yielding a pixel size of 5.5 μm. 14 × 14 FPA-tiles were combined into
one spectral image, corresponding to 3,211,264 individual IR spectra
per image. To create the image, 30 scans per sample were co-added,
while the backgroundwas acquired by 120 co-added scans. The spectral
resolution was 8 cm−1, covering the wavenumber range 3750–850
cm−1. The acquired IR-spectra were analyzed using the software siMPle
(previously MPhunter) which compares the raw spectra to a custom-
made reference database, in this case containing 114 spectra of different
materials (Liu et al., 2019; Primpke et al., 2020b). The output of the anal-
ysis was MP numbers, minimum and maximum Feret diameter of each
particle, its polymer type, and mass estimated from the particle size as
described by Simon et al. (2018).

2.3.2. MPs >500 μm
All potential plastic particles>500 μmwere analyzed using a Cary 630

FTIR from Agilent Technologies equipped with a diamond ATR. The soft-
ware OMNIC 8.2.0.387 (Thermo Fisher Scientific Inc., version 1) and its li-
brarywere used to identify thematerial of the recorded IR spectra. Plastic
particles were further imaged using a stereoscopic microscope (ZEISS,
SteREO Discovery.V8) with Axiocam 105 color camera andmax. 8×mag-
nification. The software ZenCore (Zen2Core SP1 from ZEISS) was used to
quantify the particle's area, minimum, and maximum Feret diameter.
Randomly selectedparticles from the additionally extracted 30 g of grease
were weighted (Mettler Toledo XSE205 DualRange) and the weight used
to estimate the particle's third dimension (thickness).

2.4. Contamination and quality control

Contamination is an issuewhen analyzingMPs and stepswere taken
to reduce it. All tools and vessels were of glass or metal and rinsed at
least thrice with particle-free Milli-Q water. Steel filters were muffled
at 500 °C and stored in clean and closed Petri dishes till use. When a
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filter was used multiple times for the same sample, it was stored in a
closed Petri dish with Milli-Q water between uses. Liquid chemicals
and solutions were filtered through 0.7 μm glass fiber filters before
use. Filtration and sonication of filters were done inside a clean fume
hood. Incubation of samples was done in a covered water bath. The
wearing of natural fabric laboratory clothes was mandatory in the lab.
A laminar flow cabinet was used for the final subsample deposition on
a zinc selenide window and the window was covered by a clean glass
beaker during drying. A continuous air-filtering device (Dustbox®
Hochleistungsluftreininger) was installed in the room of the FTIR
microscopes.

Some contamination was though unavoidable, and three blanks
were hence processed: One L of filtered Milli-Q was treated with lipase
and pre-oxidized with H2O2, upon which the processing followed the
steps described for the 10–500 μm particles. A recovery test was not
conducted as the main steps of the method were similar to Simon
et al. (2018) who, working in the same lab with similar equipment,
found recovery rates of 58-78%, indicating that the method used in the
present study was likely to yield acceptable recovery rates.

3. Results and discussion

3.1. Blank sample analysis

A sum of 6053 particles were identified as MPs in the 12 samples of
the study. In comparison, the blanks held a total of sixMPs (Supplemen-
tary materials, Table S1). These six MPs were all of polyester (PEsT) and
had an estimated total mass of 2399 ng. They were detected after scan-
ning 33% of each of the 3 blanks (1650 μL per blank). No other plastic
types were found in the blanks. This corresponds to an averageMP con-
tamination per processed sample of 18 PEsT particles with an estimated
mass of 7269 ng. The contamination quantified by the blanks relates to
the sample processing and not to the sample volume or mass analyzed.
Hence this was the contamination per processed sample and not per
processed volume or mass. Table 2 shows the corresponding level of
contamination by MP number and mass in each analyzed sample
when normalizing the contamination towards sample mass. The con-
tamination was quite low, namely 0.05–3.88% by particle number and
0.10–4.07% by mass and the analyzed samples hence not corrected for
blank values. In comparison, Liu et al. (2019) found eight MPs in three
blanks scanning a similar-sized subsample. They found 3 PE, 2 polyam-
ide (PA), 2 PEsT, and 1 acrylic particles, corresponding to a final blank
concentration of 22.2 items and 942 ng of polymers per processed sam-
ple. Simon et al. (2018) reported contamination of 2110N L−1 and 84 μg
L−1 of raw wastewater, which was 16.3% of the particles and 28.4% of
the mass in their sample. Talvitie et al. (2017b) achieved a microliter
particle contamination of 0.4–0.8 N L−1, which corresponded to 30% of
the estimated microliter in effluent water. Murphy et al. (2016) found
25 MPs on a filter left in the laboratory to examine atmospheric
Table 2
MP number and mass concentrations with standard error (SE) and contamination calculated f

Sample ID Particle conc.
[N kg−1]

Mean particle conc.
[N kg−1]

Mass conc.
[g kg−1]

Mean m
[g kg−

Fatty slurry 1 5.99 × 105 3.11 (±1.70) × 105 0.07 0.045 (
Fatty slurry 2 3.23 × 105 0.065
Fatty slurry 3 9.81 × 103 0.003
Grease 1 6.65 × 105 1.22 (±0.78) × 106 1.10 3.23 (±
Grease 2 2.44 × 105 1.22
Grease 3 2.76 × 106 7.36
Sewage sludge 1 4.59 × 106 4.08 (±0.25) × 106 0.29 0.23 (±
Sewage sludge 2 3.84 × 106 0.18
Sewage sludge 3 3.81 × 106 0.23
Digested sludge 1 5.12 × 106 6.36 (±0.80) × 106 0.27 0.37 (±
Digested sludge 2 6.08 × 106 0.37
Digested sludge 3 7.86 × 106 0.46

4

contamination for the duration of the sample preparation. Lares et al.
(2018) presented their field sampling and sample preparation contam-
ination for wastewater and sludge as 4.4 and 0.1 MPs per sample, re-
spectively, when addressing particles above some 250 μm.

3.2. Thickness ratio

For the smaller MPs detected using siMPle (MPs <500 μm), the vol-
ume and mass estimation was based on Simon et al. (2018), assuming
an ellipsoidal shape togetherwith a ratio of thickness to Feretminimum
diameter of 0.60. It stands though to reason, that thickness ratio and
shape depends on particle size and what is a suitable shape and size
ratio for smaller MPs is not necessarily so for larger MPs (examples of
MPs >500 μm illustrating this are in Supplementary materials,
Fig. S1). The 30 g of grease analyzed to evaluate this yielded 162 MPs,
for which visual inspection indicated the dominant shape to be flake-
like. For calculation purposes, such shape was hence assumed, with
the visible area being the flat part of the flake. The third dimension
(thickness) could then be estimated from the equation: area× thickness
× density=mass, where themass had beenmeasured by a scale. Based
on a sub-sample of 19 randomly selected andweighted particles, a ratio
between thickness and Feret minimum diameter of 0.18 was deter-
mined, while the ratio to the Feret maximum diameter was 0.11. To
be consistent with the mass estimation approach of the small MPs, the
Feret minimum diameter was then used to estimate masses of all MPs
>500 μm in all analyzed samples. For the 162MPs from the additionally
analyzed grease samples, the calculated thickness ranged from 61 to
645 μm (Supplementary materials, Fig. S2).

3.3. MP abundance

The digested sludge held 20.5, 5.2, and 1.5 times more MPs than the
fatty slurries, the grease, and the sewage sludge, respectively. The
highest dry matter mean concentration and the standard error (SE) in
terms of MP numbers (Table 2) was in digested sludge with 6.36 (±
0.80) × 106 N kg−1, followed by sewage sludge with 4.08 (±0.25) ×
106 N kg−1, grease with 1.22 (±0.78) × 106 N kg−1, and fatty slurries
with 3.11 (±1.70) × 105 N kg−1. The difference between the means of
the digested sludge and sewage sludge, as well as the difference be-
tween themeans of grease and fatty slurries, were though not sufficient
to reject the possibility that the differencewas due to random sampling
variability. In comparison, Edo et al. (2020) reported 1.33 × 105 N kg−1

in digested sludge from a SpanishWWTP and Lusher et al. (2017) found
an averageMP abundance of 6 × 103N kg−1 in samples fromNorwegian
WWTPs (mix of raw and digested sludge types). Carr et al. (2016), Lares
et al. (2018), Li et al. (2018),Magnusson andNorén (2014),Mahon et al.
(2017), and Mintenig et al. (2017) reported MP concentrations in
sludge between 4 × 102 and 1.7 × 105 N kg−1. For materials from grease
skimmers and grease traps there has so far been presented only a few
rom blanks. All sludge and slurry masses are measured as dry matter.

ass conc.
1]

Estimated particle contamination
[N kg−1]

Estimated mass contamination
[g kg−1]

±0.02) 7.69 × 102 3.11 × 10−4

1.65 × 103 6.65 × 10−4

2.67 × 102 1.08 × 10−4

2.06) 7.64 × 103 3.09 × 10−3

9.37 × 103 3.79 × 10−3

7.73 × 103 3.12 × 10−3

0.03) 3.60 × 103 1.45 × 10−3

3.60 × 103 1.45 × 10−3

3.60 × 103 1.45 × 10−3

0.05) 3.43 × 103 1.38 × 10−3

3.60 × 103 1.45 × 10−3

3.60 × 103 1.45 × 10−3
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studies. Murphy et al. (2016) reported around 19 particles in 2.5 g of
grease from the grease removing stage of a WWTP, which corresponds
to 7.86 × 103 N kg−1. The size range of the MPs was not reported. They
furthermore found nearly ten-fold more particles in the grease than in
undigested sludge of that WWTP. For a somewhat related matrix,
namely skimmed materials from a primary tank, Carr et al. (2016) re-
ported a MP concentration of 4–5 × 103 N kg−1 (wet basis). They
found that these skimmings containedmoreMPs than thebiosolids pro-
duced at the plant.

These previous studies reported between one and four orders of
magnitude less MPs in sewage sludge and digested sludge than the
present study found in these matrixes. A contributing factor to this dif-
ference is most likely the applied analytical approach, where the previ-
ous studies applied manual sorting approaches combined with single-
particle identification techniques. As discussed thoroughly by J.L. Xu
et al. (2019) and Primpke et al. (2020a) the automated chemical imag-
ing approaches suggested by Löder et al. (2015), further developed by
Primpke et al. (2017), and now applied for example in the present
study, are able to reliably identify smaller and hence more MPs than vi-
sual sorting based methods. While the quantification bias due to differ-
ent analytical approaches can be quite substantial, the concentration
ratio between samples analyzed following the same analytical protocol
should though be less affected. Hence the ratio of MP concentrations
within a study is more likely to be comparable to that of another
study, than are the actual numbers. This is for example reflected in
most studies finding somewhat comparable MP removal rates at
WWTPs, even though the analytical methods and consequently the ab-
solute numbers are quite different (Bretas Alvim et al., 2020; Ngo et al.,
2019).

Unfortunately there is no peer reviewed published data on WWTP
sludge applying the same analytical method as in the present study.
Only indirect comparison of the obtained data can hence be done. Con-
sidering 1 L of rawwastewater produces roughly 0.25 g of dry sludge in
case of the studied WWTP, and that roughly all MPs ended up in the
sludge, this leads to a rough MP estimation of 1320 N L−1, which is
less than what Simon et al. (2018) found in raw wastewater, namely
7216 N L−1. A study conducted by Rasmussen et al. (2021), on the
other hand, found 533 N L−1 in raw wastewater and 1.4 × 106 N kg−1
Fig. 1. Annual mass balance of MP over the digester (se
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in sludge from the sameWWTPwhich is lower compared to the present
study. A study conducted by a different group on marine sediments af-
fected by discharges of untreated wastewater found 0.2 × 106 N kg−1 in
the most affected sediments, indicating that the wastewater must have
held substantially amounts which otherwise would have ended up in
the sludge of a WWTP (Haave et al., 2019).

With respect to theMPmass determined in the present study, it was
the grease that held the highest concentrations, followed by digested
sludge, sewage sludge, and fatty slurries. The difference between the
means of the digested sludge and sewage sludge was though not suffi-
cient to reject the possibility that the difference was due to random
sample variability. The reason for the grease holding so much more
mass than the other fractions relates to the particle size, where the
grease held many large particles which contributed substantially to
the MP mass concentration but little to the MP number concentration.
This also illustrates the difficulties in comparing MP number and mass
data, and the difficulties in estimating MP mass from particle numbers.
The obtainedMPmass data could unfortunately not be compared to sci-
entific literature, as no such data has previously been published.

3.4. MP balance

The determinedmasses cover all waste streams entering and exiting
the anaerobic digester. It was hence possible to establish a balance over
the digester (Fig. 1). In the year of sampling, the digester received 1080
tons of fatty slurries, 148 tons of grease from the grease trap, and 29,166
tons of sewage sludge, all measured as dry matter. The same year,
13,342 tons of digested sludge dry matter was retrieved from it. The
dry matter contents were deducted based on the water content of the
analyzed samples (Table 1).

The total annual amount of MPs entering the digester was 7326 kg
y−1 and 1.20 × 1014 N y−1 while 4885 kg y−1 and 0.85 × 1014 N y−1

exited it. Based on the 790,000 people served by Ryaverket, this
corresponded to an annual per capita load of 9.3 g capita−1 y−1 and
1.5 × 108 N y−1 entering the digester and 6.2 g capita−1 y−1 and 1.1 ×
108 N y−1 exiting it. Accordingly, the daily MP mass balance in the di-
gester was 0.025 g capita−1 day−1 in and 0.017 g capita−1 day−1 out
and MP number balance was 4.14 × 105 N capita−1 day−1 in and 2.95
e also Supplementary materials, Tables S4 and S5).
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× 105 N capita−1 day−1 out. The fatty slurries and the grease together
contributed 0.43% to the total number of MPs entering the digester,
while they contributed 7.2% of the mass. The main part of the latter
came from the grease trap, which contributed 6.5% of the MP mass en-
tering the digester. In terms of removal rates, the digester reduced the
number of MPs by 29% while it reduced the MP mass by 33.3%. While
this at a first glance seems a substantial reduction, the differences
were not statistically significant at a 95% confidence level.

Nevertheless, assuming that a reduction had actually taken place,
such could have been caused by plastic degradation or depolymeriza-
tion in the digester. No conclusive evidence has been published on
whether or not such processes occur in mesophilic digesters, but some
indication that this might happen has been presented by Mahon et al.
(2017). Furthermore, Gómez andMichel (2013) performed a laboratory
study of the mineralization of so-called biodegradable plastic materials
during 50 days ofmesophilic digestion. They found 20–25% degradation
of some plastics of enhanced degradability while others only were de-
graded by 2%. Another potential reason for finding lessMPs after the di-
gestion could be fragmentation of the particles to sizes below the
detection limit of the applied analytical approach (10 μm).

Itmight seemas if sludge fromRyaverket contained several orders of
magnitude more MPs than reported for most other WWTPs. However,
such conclusion would be a misinterpretation of the data as the differ-
ence inMPnumber is dominated bydifferences in analytical approaches
and not by actual differences in MP concentrations. It is hence not pos-
sible to state that sludge from Ryaverket held more MPs than for exam-
ple a Finish WWTP of a capacity of 10,000 m3 day−1 for which Lares
et al. (2018) found 1.7 × 1011 N y−1 in its sludge, or a Spanish WWTP
of 45,000 m3 day−1 capacity for which Edo et al. (2020) found 8 ×
1011 N y−1 in its sludge. The same goes for an Italian WWTP for which
Magni et al. (2019) reported 1.2 × 1012 N y−1 and a Canadian one, for
whichGies et al. (2018) reported 1.64 × 1012 N y−1. This issue of incom-
parability becomes quite obvious when comparing to the findings of Li
et al. (2018) who investigated 28 Chinese WWTPs and estimated the
MP content in the total amount of sludge produced in China to be 1.56
× 1014 N y−1, i.e. about the same number as found in Ryaverket serving
Sweden's second-largest city. It is obviously unreasonable to conclude
that one single Swedish WWTP should contain a similar amount of
MPs as all Chinese WWTPs put together.

The reason for differences in reported numbers in studies applying
different quantification techniques is illustrated well by the MP size
and mass distributions. Fig. 2 shows how particle sizes are distributed
versus MP numbers in bins of 10 μm, and how smaller particles tend
to be much more abundant in terms of number than the larger ones.
Fig. 2. Abundance of all MPs identified by μFTIR imaging (10–500 μm). “Prior anaerobic
digestion” includes all identified MPs in fatty slurries, grease and sewage sludge and
“After anaerobic digestion” includes MPs identified in digested sludge.
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Hence a quantification method which allows precise quantification
down to e.g. 500 μm will obviously find much fewer MPs than one
which is able to quantify precisely down to a lower size.

This raises the question what the MP size quantification limit of the
present study actually is. It is quite common in microplastics research
that studies report their smallest detectable or detected particle size
as the lower size limit of their study. One could call this the MP size de-
tection limit. For the present study that would be 10 μm, defined by the
filter size and the settings of the μFTIR imagingmachine. One has to take
care not to confuse such smallest detectableMP sizewith the size quan-
tification limit, i.e. the size limit down to which a reliable and accurate
quantification of the number of MPs in a sample can be made. When
using spectroscopic techniques, being they based on manual sorting
and single particle identification, or on imaging combined with auto-
mated recognition as in the present study, there will be an increasing
number of false negatives with decreasing size. In other words, the
smaller the MPs, the easier they are to overlook. While it stands to rea-
son that the applied imaging approach recognizes significantly more
small particles than manual sorting combined with single particle iden-
tification, it does not recognize them all. Part of this is due to small par-
ticles also being thin particles, andwhen analyzed in IR-transmission or
transflection mode, the amount of absorbed light decreases with parti-
cle size. In other words, the signal to noise ratio tends to increase
when particles become small. Another issue is that small MPs – all
else being equal – have a higher risk of being affected by the sample pu-
rification and MP extraction. It is most likely a combination of these
mechanisms that causes the particle sizes of the present study to de-
crease towards the MP size detection limit.

This can be illustrated by results of studies applying manual sorting
followed by single particle identification. Magni et al. (2019) found for
example that MPs were most abundant in the 100–500 μm range,
while therewere fewparticles in the 10–100 μmrange. The authors rec-
ognized this issue, at least to some degree, stating that especially MPs of
10–30 μm are more difficult to identify using manual sorting. Another
example is Kazour et al. (2019), who also found that particle numbers
did not increase when sizes became small. On the other hand, studies
applying automated imaging tend to find more smaller particles
(Primpke et al., 2020a).

3.5. Removal over the digester

While an overall MP removal over the digester was not conclusive,
as the observed approximately 30% reduction was not statistically sig-
nificant at a 95% confidence level,more subtle changes could still be hid-
den behind the overall numbers. For example changes in particle size
and polymer composition. The particle sizes of all analyzed samples
(Fig. 3) did though not provide such confirmation, as the median size
and size distribution of MPs in the sewage sludge and the digested
sludgewere quite similar. The variation between the triplicates was fur-
thermore quite low, giving confidence in this comparison. The fatty
slurries and the grease showed a higher variability between the sam-
ples, with some tendency towards somewhat larger sizes than the two
sludge types. These two fractions did, however, contribute less than
10% to the total MP count in the sludge, and would hence not affect
the overall MP size distributionmuch. Comparing theMPmass distribu-
tions yielded a quite similar picture (Supplementary materials, Fig. S3).

The polymer composition also seemed rather unaffected by the
mesophilic digestion, albeit the variation between determinations was
quite high, making it difficult to draw solid conclusions (Fig. 4). The var-
iation between samplesweremost pronounced for the fatty slurries and
the grease, where, for example PS in one grease sample accounted for
40% of the MP number and 45% of the mass, whereas it was below 1%
in another. For one fatty slurry sample, PE accounted for 59% of the
MPmasswhile it accounted for 4% in another. The triplicates of the sew-
age sludge and digested sludge showed less variation between samples,
indicating that these waste streams were more homogeneous. The

Image of Fig. 2


Fig. 3.Major dimension of MPs 10–5000 μm versus sample type. A: fatty slurries, B: grease, C: sewage sludge, and D: digested sludge (see also Supplementary materials, Table S3).
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annual average loading on the digester, i.e. the weighted average of the
mass flows entering it, and the mass flow exiting it (Fig. 4, the two col-
umns to the right) shows that the difference in overall polymer compo-
sitionwas small. PE, themost abundant polymer, constituted 46% of the
load and 50% of the discharge from the digester when measured as MP
numbers. In terms of MPmass, it accounted for 51% of the load and 61%
of the discharge. PEsT, the second most abundant polymer, accounted
for 39% of the load and 26% of the discharge in terms of MP numbers,
and 36% and 25% in terms of mass. Similarly with other polymer
types. There was variation in average load and average discharge,
where some polymers were more abundant after the digester, and
some less. But there was no clear tendency that a certain type of poly-
mer ‘disappeared’ in the digester. Taking the high (and difficult to quan-
tify) uncertainty of the mass balance into account, it could not be
concluded that the digester significantly affectedMPs in general or spe-
cific polymer types. However, it can on the other hand not be excluded
that the digester had an actual impact on the MPs, and that such hypo-
thetical impact was hidden behind the random variability between
samples.

3.6. Estimating source strengths

Wastewater is the main source of MPs entering the digester of
Ryaverket. AmodernWWTP like Ryaverket is highly efficient in treating
for microplastics, and by far the largest part of MPs will end up in the
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sludge (Simon et al., 2018). It is hence fair to assume that the total
load on theWWTP is close to the sum of the load on its digester. Assum-
ing the average MP number and mass concentrations and 790,000 peo-
ple served by the WWTP, this leads to a load per inhabitant of 9.3 g N
y−1, corresponding to 1.5 × 108 N y−1. The main sources of these MPs
are though only partly known. It is known that washing machines con-
tribute MPs (Salvador Cesa et al., 2017), and other sources related to
wear and tear of materials in households play a role. Industries will
also contribute plastics, as will stormwater runoff when drainage sys-
tems are combined (Liu et al., 2019). Finally, human excretion is a
source of MPs in wastewater (Schwabl et al., 2019). The latter study re-
ported amedian of 2.0MPs per gramof human stool within a size range
of 50–500 μm, but it did not report theMPmass. TheMPs of Ryaverkets
digester are the sum ofMPs from such sources and can hence be used as
a tool to backtrack MPs. Each single source must of course contribute
less than the whole, which leads to source strengths between 0 and
0.025 g MP capita−1 day−1. Assuming purely for the sake of the argu-
ment that there are no other MP sources in the drainage area than
human stool, this means human excretion in this drainage area cannot
have exceeded 7 × 0.025=0.175 gMP capita−1 week−1. This is a factor
28 lower than what recently was up in themedia, namely that ‘an aver-
age person could be ingesting approximately 5 grams of plastic every
week. The equivalent of one credit card’ (Dalberg Advisors et al.,
2019). Most likely the true value is substantially below the 0.175 g, as
it seemsunreasonable to assume that human stool is the onlyMP source

Image of Fig. 3


Fig. 4. Proportion of MP polymer types (10–5000 μm). A: MP numbers, B: MP mass.
Polymer types labelled “OTHERS” cover PVC, PVAc, ABS, aramid, PAN, PVS and cellulose
acetate. “Prior AD” refers to the MP load from fatty slurries, grease and sewage sludge
and “After AD” refers to MP load in digested sludge. Details on number of particles
identified are in Supplementary materials, Table S2.
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in the drainage area. This example shows how studies onMPs in sewer-
age systems can be applied to qualify estimates on sources and also on
human exposure.

4. Conclusion

The mesophilic digester of Ryaverket in Göteborg, Sweden, received
an averageMP load of 1.20× 1014N y−1with an estimatedmass of 7326
kg. The digester discharged 0.85 × 1014 N y−1 and 4885 kg y−1, corre-
sponding to an average reduction of 33% in terms of MP mass and 29%
in terms of MP numbers. However, variation between replica meant
that the observed reductionwas not statistically significant. Close exam-
ination of particle size distribution and polymer composition showed
that size and composition of MPs could neither confirm nor deny if
they were affected by the digester.

The digester received material by three main streams: Sludge from
primary settling and secondary treatment; grease, fat, and oil from the
primary grease trap; and fatty slurries from external grease traps. The
primary settling and secondary treatment sludge contributed the most
MPs, namely 92.8% of the mass and 99.6% of the numbers. The grease
trap accounted for 6.5% of themass but only 0.2% of the numbers,mean-
ing thatmaterial here fromheld largerMPs than the othermatrices. The
fatty slurries contributed 0.7% of the mass and 0.3% of the numbers.

The daily per capita load on the digester was 4.1 × 105 N capita−1

day−1 and 0.025 g capita−1 day−1. These values, together with an as-
sumption that the WWTP was efficient at retaining MPs, lead to the
8

conclusion that no single MP source in the catchment, such as human
stool and laundry machines, can exceed these values. Analyzing espe-
cially the mass-based data of wastewater treatment plant loads can
hence be used to put other estimates, for example on human egestion,
into perspective.
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