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Organic fertilizer as a vehicle for the entry of
microplastic into the environment
Nicolas Weithmann,1 Julia N. Möller,2 Martin G. J. Löder,2 Sarah Piehl,2

Christian Laforsch,2* Ruth Freitag1

The contamination of the environment with microplastic, defined as particles smaller than 5 mm, has emerged
as a global challenge because it may pose risks to biota and public health. Current research focuses
predominantly on aquatic systems, whereas comparatively little is known regarding the sources, pathways,
and possible accumulation of plastic particles in terrestrial ecosystems. We investigated the potential of organic
fertilizers from biowaste fermentation and composting as an entry path for microplastic particles into the
environment. Particles were classified by size and identified by attenuated total reflection-Fourier transform
infrared spectroscopy. All fertilizer samples from plants converting biowaste contained plastic particles, but
amounts differed significantly with substrate pretreatment, plant, and waste (for example, household versus
commerce) type. In contrast, digestates from agricultural energy crop digesters tested for comparison contained
only isolated particles, if any. Among the most abundant synthetic polymers observed were those used for common
consumer products. Our results indicate that depending on pretreatment, organic fertilizers from biowaste fermen-
tation and composting, as applied in agriculture and gardening worldwide, are a neglected source of microplastic in
the environment.
INTRODUCTION
Plastics are an integral part of everyday life. They fulfill a wide variety of
functions, primarily packaging (39.9% of the total plastics used in Europe
in 2016) (1). Additional applications are in building and construction;
the electrical, electronic, automotive, and agriculture sectors; and, to a
lesser extent, consumer and household appliances, furniture, sport,
health, and safety (1). Despite its varied applications, approximately
80% of the produced plastic falls into six categories: polyethylene
(PE), polypropylene (PP), polyvinyl chloride (PVC), polyurethane
(PUR), PE terephthalate (PET), and polystyrene (PS). Worldwide
plastic production has increased steadily since 1950, reaching an annual
production of 322 million metric tons worldwide in 2015, of which ap-
proximately 40% was used in one-way products (1). Not surprisingly,
because of inadequate end-of-life treatment, plastics are increasingly
found as contaminants in the environment (2). Recently, theWorld Ec-
onomic Forum estimated that 32% of plastic packaging is leaking into
the environment (3), and models suggest that up to 12.7 million metric
tons of plastic litter enters the oceans from land-based sources each year
(4). Therefore, the G7 has acknowledged that “plastic litter poses a
global challenge” (5). Accordingly, scientists have suggested to “classify
plastic waste as hazardous” because it may have “significant ecological
impacts, causing welfare and conservation concerns” (6). Among the
plasticmaterials found in the aquatic environment, so-calledmicroplas-
tic particles (MPPs; <5 mm)—mainly fragments, fibers, and spheres—
have attracted particular attention (7, 8) because harmful effects of
MPPs on various aquatic organisms have been proposed (6, 8–11),
linked either to the presence of MPPs per se, to toxic additives, or to
potentially harmful microorganisms or chemicals enriched onto them.
However, theoretical predictions based onmodels and empirical studies
are often contradictory, and it is not known how effects reported for
individual organisms may affect ecosystems (12).
Because of their small size, MPPs may presumably also enter the
food web (10) and thus potentially end up in human food (13). There,
they pose a risk that is not yet predictable, because the interaction of
MPPs with tissue and cells is poorly understood. Investigation of the
interaction is further complicated by the fact that MPPs are not single
compounds but constitutemixtures of different plastic types, each often
consisting of a blend of synthetic polymers, residual monomers, and
chemical additives. Furthermore, their morphology (for example, frag-
ments, fibers, or spheres) may influence their effects. In this context, a
distinction is typically made between industrially manufactured
primary MPPs, originating from cosmetics, household cleaners and
other products to which they were purposely added, and secondary
MPPs that originate from the disintegration of larger plastics caused
by ultraviolet (UV) radiation, mechanical abrasion, and biological deg-
radation (14, 15).

MPPs are detected ubiquitously in aquatic environments across the
globe (16–19), reaching values of up to 100,000 particles per cubicmeter,
with predominantly secondary origin (8). Little is known about the exact
origin of this significant contamination, although several pathways
throughwhichMPPsmay enter surfacewater have been discussed.Most
studies assume a transfer from land, including, but not restricted to, im-
proper disposal of plasticwaste,winddistribution, andmunicipal, aswell
as industrial wastewater and sewage sludge (10, 18, 20). However,
detailed studies regarding MPP production and initial entry into terres-
trial ecosystems are currently lacking.

Here, we investigated organic fertilizers (composts, digestates, and
percolate-leachates from digestion, which is used as liquid fertilizer)
from recycled biowaste as possible vehicles for the entry of MPPs
>1 mm into the environment. According to best current practice, after
separate collection, organic waste from households and industry is
either directly composted or partially digested for biogas/energy pro-
duction in an anaerobic biogas fermenter, typically followed by com-
posting of the remaining digestates. The recycling of organic waste
through composting or fermentation and subsequent application on
agricultural land is, in principle, an environmentally sound practice
to return nutrients, trace elements, and humus to the soil. However,
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most household and municipal biowaste is contaminated by plastic
material. Sieving and sifting procedures can significantly reduce, but
never completely remove, these contaminants. Moreover, most
countries allow a certain amount of foreign matter such as plastics
in fertilizers; for example, Germany, which has one of the strictest
regulations on fertilizer quality worldwide, allows up to 0.1 weight %
(wt %) of plastics. In this regulation, particles smaller than 2 mm are
not even considered (21). Thus, organic fertilizers may be a source of
environmentalMPPs that should not be overlooked. Our study is a first
attempt to estimate the significance of this entry pathway to the terres-
trial environment.
RESULTS
In this investigation, one biowaste composting plant (plant A; aerobic
treatment) and one biowaste digester (plant B, “biogas plant”; anaerobic
treatment) were studied in detail. The biowaste composting plant (plant
A) processes the biowaste from households with a nearly equal amount
of green clippings from the area. The plant removes potential nonbio-
degradable material, including plastics, as thoroughly as possible by a
series of sieving (80 mm), metal separation, and manual sorting steps.
The remainingmaterial is subsequently transferred into a box composter
for rotting. The plant offers two types of commercial, quality-controlled,
certified compost [composting plant (CP) 8 and CP 15 mm], sieved
through 8- and 15-mm meshes, respectively. Both composts were
sampled. The batch biowaste digester (parallel boxes, plant B) mainly
processed biowaste from households with the addition of some green
clippings and occasionally energy crops. The mixture is introduced di-
rectly into the digester without pretreatment. Instead, the operators re-
move contaminating materials from the final compost using one or
two sieving steps (see Materials and Methods). From plant B, two
mature composts (“Digest A” and “Digest B”), a nonmatured fertilizer
(“Digest C”), and the pooled percolate (“Digest D”) from the parallel
boxes were analyzed.

An agricultural energy crop digester (plant C) processing only
energy crops and no biowaste served as a reference. In plant C, the sam-
ple (“Energycrop”) was taken from the postdigester outlet, correspond-
ing to an end-of-process sample. This agricultural biogas plant processes
energy crops such as corn/grass silage and, to a lesser extent, ground
wheat. Ground wheat and silage arrive in plastic encasings, but these
are removed before the substrate is passed through the shredder and
entered into the fermenter. In addition, a commercially available fer-
tilizer from a second biowaste digester (plant D, processing solely
waste fromcommerce) located in the same area, aswell as end-of-process
digestate samples from10 additional agricultural biogas plants (plants E
toN), processing feeds such as dung/manure, sunflowers, or waste from
fruit processing, together with the regular energy crops, were screened
for MPPs.

Quantity of MPPs
With only 20 (CP 8mm) and 24 (CP 15mm) particles per kilogramdry
weight (Table 1), the MPP load of the certified composts from the bio-
waste composting plant (plant A) was almost an order of magnitude
lower than that determined in the samples from the biowaste digester
(plant B), where up to 146 particles per kilogram dry weight were found
in the fresh digestate-fertilizer (Digest C). Mature compost from the
same biowaste digester (Digest A and Digest B) contained similar
amounts ofMPPs (70 and 122particles per kilogramdryweight, respec-
tively), whereas the pooled percolate sample (Digest D) was somewhat
Weithmann et al., Sci. Adv. 2018;4 : eaap8060 4 April 2018
less contaminated, containing only 14 particles per kilogramdryweight.
In the agricultural energy crop digester (plant C), which served as a
“blank” fermenter, no plastic particles were found in the end-of-process
digestate (sample Energycrop) (Table 1). The end-of-process samples of
digestates from the additional 10 agricultural biogas plants (plants E
to N) included in the screening contained only negligible numbers of
particles: The samples from eight plants contained no particle, whereas
the samples from the other two plants contained one particle each,
resembling amaximum of 11MPPs per kilogram dry weight. In con-
trast, with 895 MPPs per kilogram dry weight, the sample from the
second biowaste digester (plant D) included in the screening con-
tained even higher numbers of MPPs than found in composts
(Digests A to C) from the biowaste digester (plant B), despite the fact
that plant B processed biowaste collected from households, whereas
plant D processed biowaste directly supplied by commerce.

Polymer size, type, and morphology
Before further analysis, samples were gently fractionated using sieves
with mesh sizes of 5, 2, 1, and exceptionally also 0.5 mm. Analysis of
MPP size showed that most of the particles collected from the various
samples were between 2 and 5 mm (Fig. 1). Only the pooled percolate
sample (Digest D) from the biowaste digester (plant B) containedMPPs
mostly from 1 to 2mm. In some samples, we also foundMPPs as small
as 250 mm. However, because these data are not fully quantitative, we
only present data in the size range of 1 to 5 mm. All MPPs were cate-
gorized by shape into three subgroups: fragments, fibers, and spheres.
Examples are shown in Fig. 2. Most of the MPPs (75 to 100%) were
fragments, followed by fibers (0 to 8%) and spheres (0 to 8%).

Attenuated total reflection (ATR)–Fourier transform infrared (FTIR)
spectroscopy analysis identified 11 polymer types in the samples:
styrene-based polymers (PS, acrylonitrile butadiene styrene, and styrene
acrylonitrile), polyester (PES), PE, PP, PET, PVC, PUR, polyvinylidene
chloride (PVDC), polyamide (PA), and latex- and cellulose-based poly-
mers (Table 2).Most of the particles found in the high-quality composts
from the biowaste composting plant (plant A) were styrene-based poly-
mers (60%; 42%), followed by PE (30%; 33%) for the CP 8- and CP
15-mm samples, respectively. Themost abundant polymer types in Di-
gest A (73%) and Digest B (80%) from the biowaste digester (plant B)
were also styrene-based polymers, whereas most of the MPPs found in
the Digest C from this digester were PES with 38% and PE with 21%.
The few polymers found in the additional energy crop digesters
(plant E to N) were PP and PVC.
DISCUSSION
Organic waste from private households and industry is increasingly
seen as a valuable source of both fertilizer and energy. Processing
organic waste by fermentation and/or composting is a sustainable
means of producing organic fertilizer for agriculture and private
gardening, thereby reducing the need for chemical fertilizers.
An initial anaerobic fermentation step (production of biogas) before
composting is often proposed because this produces energy in a
sustainable manner and helps to economically run a plant (produc-
tion of electricity and heat) while avoiding the drawbacks of
conventional biogas production from energy crops (monocropping,
rivalry to esculents). Moreover, an initial fermentation step reduces
the amount of methane—a more potent greenhouse gas than carbon
dioxide—released into the atmosphere, as compared to composting
alone.
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Current practice for collecting organic waste fractions from private
households calls for separate collecting bins. Theoretically, a pure or-
ganic fraction very suitable to composting/biogas fermentation should
be obtained. However, in practice, most biowaste contains contami-
nants, often including plastics. Organic materials from commercial
sources, such as the food and drink industries, tend to be less contami-
nated by plastics, but in particular, unsold food items often arrive in
packaged form, some parts of which may then also enter the respective
biowaste processing plant. The fact that all the samples from biowaste
processing plants investigated in this study contained a certain number
of MPPs is therefore not surprising, although a detailed quantitative
analysis has been lacking so far. Most of the MPPs were “fragments,”
most likely secondary MPPs produced through breakdown of larger
plastic materials, such as bags and containers, used for packaging. This
hypothesis is corroborated by the fact that styrene-based polymers and
PE tended to predominate among the identified materials (that is,
materials used mainly for packaging and wrapping). In contrast, none
of the samples from the investigated agricultural energy crop digesters
contained significant amounts of MPPs, indicating that agricultural
crops are only rarely contaminated with plastic items.

However, the relative distribution of MPPs among the different
polymer types was not necessarily consistent for all samples from a given
plant. For example, although polymer distributionwas similar inDigests
A and B from the biowaste digester (plant B), a different distribution was
found in Digest C from the same plant. The three composts/fertilizers
(Digests A to C) from plant B were sampled simultaneously. Because
they had matured for differing lengths of time, the observed differ-
ences in MPP composition may very well reflect seasonal changes in
Weithmann et al., Sci. Adv. 2018;4 : eaap8060 4 April 2018
biowaste composition. However, because no samples of the original
feed substrate were available, this aspect could not be further investi-
gated.

The final processing step for compost is typically sieving using 8-,
10-, or even 15-mmmesh sizes. MPPs, defined as particles smaller than
5 mm, will therefore pass through these sieves and enter the compost.
Here, samples were gently fractionated using sieves withmesh sizes of
5, 2, 1, and exemplarily 0.5 mm before the analysis. In most samples,
MPP sizes ranged between 2 and 5 mm. The only exception was the
percolate sample (Digest D) from plant B, which mainly contained
particles between 1 and 2 mm. This may be because the percolate is
filtrated because it passes through the fermenter content, and reten-
tion increases with particle size. Thismay also explainwhy the percolate
sample contained a comparatively low number of MPPs compared to
the other samples from plant B.

Although particles as small as 250 mm were found in some of the
fractions, most likely because they had attached to larger fragments
and were therefore retained, the smallest MPP size that could be
examined with certitude in this study was 1 mm. At present, quantita-
tive evaluation of smaller particles via the existing methodology is very
difficult because the removal of the high organic load is extremely
challenging and hampers reliable analysis (22). Hence, quantitative
results are presented in this study only for the size range of 1 to 5 mm.
Studies focusing on aquatic environments have reported that sites
contaminated by MPPs in the range of 1 to 5 mm typically also con-
tain an even higher amount of particles <1 mm, presumably created
through further fragmentation of larger MPPs (23). However, frag-
mentation into a size <1 mm is perhaps more likely in the natural
environment, where mechanical forces act (for example, wave action
at a beach), than in biowaste treatment plants. Nevertheless, it cannot be
excluded at present writing thatMPPs <1mmare produced during bio-
waste treatment as well (for example, due to themechanical forces pres-
ent during the various sieving steps), indicating that actual MPP
numbers in fertilizer originating from biowaste may be much higher.
This needs further study, particularly in view of the intended use of
the material as organic fertilizer.

Although all samples from the biowaste treatment plants contained
MPPs, significant differences in the level of contamination were ob-
served. High-quality compost (“quality seal” label) from the biowaste
composting plant (plant A) contained less than 25 MPPs per kilogram
dry weight, whereas the contamination of the composts/digestates from
the biowaste digester (plant B)was nearly an order ofmagnitude higher.
Several factors may have contributed to this result. Although aerobic
rotting (composting) reduces the dry mass of the material by approxi-
mately 50%, anaerobic conversion to biogas, followed by composting,
will often achieve a reduction of more than 80%. Nondigested material,
such as MPPs, is therefore enriched by a factor of 5 during anaerobic
biowaste digestion but by only a factor of 2 during simple composting.
Table 1. Overview of plants and compartments. The total number of particles is shown as particles >1 mm per kilogram of dry weight.
Plant A
 Plant B
 Plant C
 Plant D
 Plants E to N
Type
 Biowaste composting
 Biowaste digestion
 Energycrop digestion
 Biowaste digestion
 Agricultural digestion
Sampled
 CP 8 mm
 CP 15 mm
 Digest A
 Digest B
 Digest C
 Digest D
 End-of-process
 Commercial binding
 End-of-process
Particles per kilogram
 20
 24
 70
 122
 146
 14
 0
 895
 0 to 11
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Fig. 1. Size fractions of MPPs in different fertilizers. Digests A/B/C/D, biowaste
digester; EC, energy crop digester; CP 8 mm/15 mm, biowaste composting plant.
3 of 7



SC I ENCE ADVANCES | R E S EARCH ART I C L E
Concomitantly, in the biowaste composting plant (plant A), biowaste
fromprivate householdswasmixedwith at least equal amounts of green
clippings. The latter is typically much less contaminated with plastics
and thus dilutes theMPP contamination. In addition, an elaborate sub-
strate preparation protocol is in place at the biowaste composting plant
(plant A), which attempts to remove contaminating materials as thor-
oughly as possible before the substrate enters the composter. Finally,
Weithmann et al., Sci. Adv. 2018;4 : eaap8060 4 April 2018
temperatures of up to 75°C are reached during aerobic rotting (com-
posting as in plant A), whereas most anaerobic biowaste digesters, such
as plant B, are operated between 45° and 55°C. This will directly influ-
ence, for example, the fraction of cellulose-based MPPs found in the
final compost, which, in consequence, was nondetectable in the samples
from the composting plant (plant A). In addition to the lower tempera-
ture, a lack of oxygen and UV radiation will also block potential MPP
Fig. 2. Examples of MPPs of various shapes found in samples. (A) PE sphere. (B) PVC fragment. (C and D) PE fragments. (E) PES fiber. (F) PP fiber.
Table 2. MPP abundances in different samples. Digests A/B/C/D, biowaste digester; EC, energy crop digester, CP 8 mm/15 mm, biowaste composting plant;
MPP per kilogram of dry weight; A, proportion of polymer type in specific sample.
CP 8 mm
 CP 15 mm
 Digest A
 Digest B
 Digest C
 Digest D
 EC
MPP per
kilogram (
A
%)
MPP per
kilogram (
A
%)
MPP per
kilogram (
A
%)
MPP per
kilogram (
A
%)
MPP per
kilogram (
A
%)
MPP per
kilogram (
A
%)
MPP per
kilogram (
A
%)
Styrene-based
polymer
12
 60
 10
 42
 51
 73
 97
 80
 10
 7
 0
 0
 0
 0
PES
 1
 5
 0
 0
 2
 3
 2
 2
 56
 38
 14 1
00
 0
 0
PE
 6
 30
 8
 33
 6
 9
 3
 2
 31
 21
 0
 0
 0
 0
PP
 0
 0
 4
 17
 3
 4
 2
 2
 24
 16
 0
 0
 0
 0
PET
 0
 0
 1
 4
 0
 0
 0
 0
 16
 11
 0
 0
 0
 0
Cellulose-based
polymer
0
 0
 0
 0
 6
 9
 11
 9
 5
 3
 0
 0
 0
 0
PVDC
 0
 0
 0
 0
 2
 3
 0
 0
 0
 0
 0
 0
 0
 0
PVC
 1
 5
 1
 4
 0
 0
 5
 4
 2
 1
 0
 0
 0
 0
Latex
 0
 0
 0
 0
 0
 0
 0
 0
 1
 1
 0
 0
 0
 0
PUR
 0
 0
 0
 0
 0
 0
 0
 0
 1
 1
 0
 0
 0
 0
PA
 0
 0
 0
 0
 0
 0
 2
 2
 0
 0
 0
 0
 0
 0
∑ MPP
 20
 24
 70
 122
 146
 14
 0
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degradation pathways in the anaerobic biowaste digesters, such as
plant B, compared to aerobic composting, as in plant A. A recent
study testing the degradability of PE and PET in an active anaerobic
environment at 50°C showed no appreciable degradation of polymers
over the investigation period of 500 days (24). In particular, PE and PS,
which were detected in all samples from the biowaste treatment plants,
are known to be highly persistent in the environment. It is therefore likely
that these particles, once released, will accumulate in nature over time.

In Germany alone, which has one of the strictest regulations on fer-
tilizer quality worldwide, more than 12 million metric tons of biowaste
were either composted or passed through municipal biogas plants in
2013 (25). This quantity of biowaste translates into more than 5million
metric tons of compost from these plants, most of which is used in tra-
ditional agriculture and gardening. We recorded particle counts vary-
ing from14 to 895particles per kilogramdryweight (when conservatively
calculated, 1-kg compost contains approximately 50% dry weight con-
tent) forMPPs larger than 1mm, together with a yet unquantified num-
ber of smaller particles.Althoughourdatamaynot be representative of all
biowaste treatment plants, an extrapolation based on our results suggests
that, in Germany alone, although counting only particles >1 mm, be-
tween 35 billion and 2.2 trillion MPPs are potentially introduced via this
pathway into the environment each year.

An evaluation of our data is difficult because there is no other quan-
titative study on MPPs in compost available. However, our data can at
least be compared with similar potential sources of MPPs such as sew-
age sludge, which is also used for fertilization of agricultural land.When
considering only MPPs >1 mm, recent studies on theMPP contamina-
tion of sewage sludge have found concentrations ranging between 0 and
300 particles per kilogram dry weight in the analyzed samples (26, 27).
The highest concentration found for sewage sludge in the latter study
is by a factor of 3 lower than the highest concentration found in the
compost samples in our study. However, as stated above, sewage sludge
may be contaminated with an even higher amount of smaller MPPs
(<1 mm) indicated by recent studies, which have found between
1000 and 24,000 particles per kilogram dry weight (26, 27). For various
reasons, sewage sludge is in the public opinion increasingly seen as
problematic waste inappropriate for redistribution into the environ-
ment, probably not least because of the contamination with heavy
metals, residual pharmaceuticals, and also artificial fibers. The latter
was detectable in agricultural soils up to 15 years after application of
sewage sludge (28). This abandonment is not the case for composts
and digestates from biowaste processing plants, which, in principle,
do constitute valuable organic fertilizers.

However, compared to sewage sludge, which, in Germany, is rou-
tinely incinerated, fertilizer contaminated with MPPs from bio-
waste processing plants inevitably enters the environment. Because
Germany has one of the strictest regulations on fertilizer quality
worldwide, we here report only on the “best case scenario,” whereas
the MPP contamination in countries with less strict regulations may
be even higher.

However, advantages and disadvantages of the continuation of using
biowaste for fertilizer production need to be carefully balanced, partic-
ularly because studies on the impact ofMPPs on terrestrial life forms are
still inconclusive. It cannot be excluded that, analogous to aquatic
systems,MPPs can accumulate in the soil detrital foodweb (29). At least
one study has shown that (pristine) PE particles mixed with litter and
offered to earthworms for uptake led to higher mortality and a reduced
growth rate (30). Another study showed that polybrominated diphenyl
ether, a substancemixed into polymers as a flame retardant, is bioacces-
Weithmann et al., Sci. Adv. 2018;4 : eaap8060 4 April 2018
sible and can enter soils after volatilization or polymer deterioration.
Accumulation in earthwormswas shown, and transfer to higher trophic
levels is likely (31). However, it is unknown whether these additives are
still present in secondary MPPs after fermentation and/or composting.
In addition, it cannot be excluded that MPPs in the investigated size
range, or smaller, exert a direct influence on active microbiota in bio-
waste treatment plants or soils, which has not been considered yet in the
literature. Hence, further studies on the possible consequences and im-
pacts of MPP contamination of fertilizers originating from biowaste
treatment plants for soil quality and soil life forms are necessary before
any risk assessment can be undertaken.
MATERIALS AND METHODS
Biowaste composting plant (aerobic treatment), plant A
The biowaste compositing plant (plant A) processes approximately
8000 metric tons per year (t/a) of biowaste solely from households,
together with approximately 12,000 t/a of green clippings. The plant
commercializes quality-controlled, certified composts of two compost
qualities (sievingwith 8- and15-mmsieves), both ofwhichwere sampled.
Arriving biowastewas initially sieved using an 80-mmmesh. The fraction
<80mmwas passed through themetal separator and then directly placed
into the rotting containers for fast initial decomposition. The fraction
>80mmwas sortedmanually to remove stones,metals, plastics, and glass.
Afterward, the material was mechanically shredded and again added to
the sieving drum. In the rotting container, temperatures >70°C were
reached. After initial rotting, the compost was left to mature and stabilize
in open piles for several months, followed by a final sieving step to reach
the desired final corn sizes of below 8 and 15 mm, respectively.

Biowaste digester (anaerobic treatment), plants B and D
The investigated biowaste digester (plant B) was a nonstirred, dis-
continuous box fermentation system. The plant comprised several qua-
drangular box digesters, each with a volume of 945 m3 and a filling
capacity of 500 m3, which corresponds to a mass of 350 metric tons
of organic material. All boxes were equipped with a floor heating and
operated at temperatures between 40° and 45°C. The substrate consisted
of a pourable mixture of biowaste (11,000 t/a, solely from households)
and green clippings (3000 t/a) with a water content below 15 wt %. The
composition of the substrate follows seasonal changes. In thewinter, the
substrate is occasionally supplemented with energy crops.

To initiate the fermentation in the box, fresh substrate was predi-
gested via aerobic digestion for several days and mixed with two vol-
umes of fermenter content. The mixture was added into a fermenter
box using an excavator. Afterward, the box was locked, assuring
anaerobic conditions, and inoculated by sprinkling with percolate from
other boxes. Nomechanical treatment ormanual presorting took place.
After 28 days of fermentation, the box was emptied, 30 volume percent
(volume %) of the digestate was removed, and the rest was mixed with
30 volume % of fresh substrate. Subsequently, the digestate was sieved
(20-mmmesh) to remove impurities, such as stones, larger plastics, and
metals, before it is processed to fertilizer and potting soil using an
aerobic composting process. To produce high-quality compost, digestates
werematured for 11 to 13months and sievedusinga10-mmmesh. Lower-
quality fertilizer was matured for only 8 to 9 months, and no additional
sieving step was performed at 10 mm.

In addition, to expand the range and verify our findings, 1.5 liters of
liquid fertilizer for private and agricultural use produced by another
anaerobic plant (plant D) was screened for MPPs. This plant processes
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16,000 t/a biowaste from commerce, particularly waste from the local
market, as well as waste from food and drink industries.

Energy crop digester, plant C and plants E to N
The agricultural energy crop digester (plant C) serving as a presumably
uncontaminated reference in this study was a standard two-stage “wet-
digester” tank system consisting of a 30-m3 unit for feeding, a 400-m3

plug-flow fermenter with spool agitators, and a 1000-m3 agitated post-
digester. The fermenter and postdigester were equipped with heating
aggregates and operated between 42° and 45°C. The plant converts ap-
proximately 3200 t/a of corn silage and 200 t/a of ground wheat,
together with varying amounts of grass silage, and produces approxi-
mately 950,000 Nm3 of biogas per year. Before feeding, the silage was
removed from its plastic encasing and passed through a mechanical
shredder. Enough water was added to ensure pumpability. In addition,
similar end-of-process samples were taken from 10 additional agricul-
tural biogas plants (plants E toN),with feeds ranging fromdung/manure,
sunflowers, or waste from fruit processing, together with regular energy
crops; none of these plants processed any biowaste. Whatever material
arrived in plastic encasings was taken from these foils before being either
mechanically shredded or directly entered into the digester.

Sampling
All samples were stored in glass jars to avoid contamination by plastics.
In the case of the energy crop digester (plant C), a 2-liter sample was
taken from the outlet pipe of the postdigester after a certain amount of
digestate was discharged to avoid clotted residues. The 10 additional
agricultural biogas plants (plants E to N) included in the study were
sampled in the same way as the agricultural biogas plant (plant C).

Four 0.75-liter subsamples were taken from the biowaste digester
(plant B) and pooled from a compost (Digest A)matured for 11months
and a compost (Digest B)matured for 13months. Bothwere sievedwith
a mesh size of 10 mm. In addition, one compost (Digest C) sample,
which had not been matured beforehand, was sieved with a mesh size
of 20 mm. For each compost sample, four subsamples were taken
equidistantly at a constant height per heap according to the heap size
(50 cm for heap A, 30 cm for heap B, and 1.5 m for heap C). The first
subsample was always taken at a distance of 1 m from the wall, and
every subsequent subsample was taken at an interval of 1 m from the
previous subsample. Compost heap C was sampled from the rightmost
end to the middle to maintain the greatest possible distance from the
adjacent heap (which had not yet undergone sieving) to avoid contam-
ination with objects that would not have passed the sieving process. In
addition to the compost, 5.5-liter samples were taken from the percolate
at the outlet of the pipeline pooling the percolate from all fermenter
boxes (Digest D). In the second anaerobic biowaste digestion plant
(plant D) in the study, a representative sample was drawn from com-
mercially available 5-liter bindings.

In the case of the biowaste composting plant (plant A), two 40-liter
batches of compost were purchased and subsampled to a 3-liter volume.
One batch was sieved with a mesh size of 8 mm (“CP 8 mm”), and the
other was sieved with a 15-mm mesh (“CP 15 mm”).

Isolation of MPPs
For MPP isolation, samples were wet-sieved through three stacked
stainless steel sieves with mesh sizes of 5, 2, and 1 mm and exem-
plarily 500 mm (see below). Objects >5 mm were thoroughly rinsed
over the sieves with filtered water and filtered ethanol (30%) to re-
move any attached MPPs. The material remaining on the sieves was
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visually presorted under a Leica M50 stereomicroscope. Potential
plastic particles were photographed, sized at a magnification of
×40 with a digital camera for microscopy (Olympus DP26), and
stored for further analysis using ATR-FTIR spectroscopy (see below).
Additional samples from 10 agricultural biogas plants and one liquid
fertilizer were treated equally, with the exception of sieving with mesh
sizes of 1 mm and 500 mm.

FTIR spectroscopy
A Bruker Tensor 27 FTIR spectrometer equipped with a germanium
crystal for measurements in the ATR mode was used for spectral anal-
ysis of the putative MPPs. Following 16 background scans, 16 sample
scans were performed with a spectral resolution of 8 cm−1 within a
range of 3940 to 800 cm−1. The measured spectra were identified by
comparison with reference spectra from a custom-made spectral poly-
mer library. The library includes 131 records and contains not only the
most common plastic polymers but also natural materials such as sili-
cate, chitin, cotton, or keratin (32).

Determination of dry weight
For standardization, the dry weight of each pooled sample (n = 5)
was determined by weighing before and after drying at 60°C to a
constant weight.
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