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Project summary

At STOPP, we're pioneering a transformative initiative to revolutionize the way
we approach food packaging by working with all the stakeholders in the value
chain to promote the "5 Rs": Refuse, Reduce, Redesign, Reuse, and Recycle

Our main aim is to drastically reduce the environmental impact caused by
plastic waste in food packaging, aligning closely with the EU's Packaging and
Packaging Waste Directive. Our collaborative efforts encompass every facet
of the food packaging value chain.

We're set on creating circular strategies that not only appeal to plastic
production and processing but also drive awareness through a multi-actor
network. Our strategic actions include analysing plastic waste impact,
monitoring current usage, designing sustainable business models, boosting
recycling efforts, and understanding consumer attitudes through an in-depth
study.

Swiss partner funded by

Funded by the European Union. Views and opinions expressed are, however, those of U Confédération suisse Education and Research EAER
Confederazione Svizzera State Secretariat for Education,

the author(s) only and do not necessarily reflect those of the European Union or REA. Confederaziun svizra Research and Innovation SERI

Neither the European Union nor REA can be held responsible for them.
Swiss Confederatian

Schweizerische Eidgenossenschaft Federal Department of Economic Affairs,



Executive summary

Microplastic contamination in organic waste-derived products such as
compost and digestate is an emerging environmental concern due to their
application in agricultural soils. In this study, plastic particles larger than 630
um were analysed in compost (300 g) and digestate (100 g) per sample from
four European locations, two from Finland and one each from Germany and
Slovenia (NIC, RE, HSY, and PJH).

The results revealed significant variation in both abundance and polymer
composition across samples. Compost samples were primarily dominated by
polyethylene and polypropylene, indicating contamination from packaging
materials, whereas digestate samples showed a more variable composition,
including a high proportion of polyester PES in certain cases. Notably, PES was
identified in the form of flakes rather than fibers, suggesting fragmentation of
plastic materials rather than textile-derived contamination. The lowest plastic
abundance was observed in compost derived from source-separated green
waste, highlighting the importance of feedstock quality.

Overall, the study demonstrates that both composting and anaerobic
digestion processes do not eliminate plastics and may contribute to their
persistence and fragmentation into micro/nano plastics. These findings
underline the need for improved waste management practices to reduce

plastic contamination in organic fertilizers.
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1. Introduction

1.1. Plastics pollution impact on the
environment

Global plastic production reached approximately 320 million tonnes in the
previous century and is projected to continue rising, resulting in widespread
contamination of terrestrial, aquatic, and atmospheric environments.
Inadequate disposal practices and limited public awareness have contributed
to plastic pollution becoming a critical environmental issue, with plastic debris
now widely detected on land and in marine environments. (Lalrinfela et al,
2024)

Plastics play an essential role in modern society and are used extensively
across sectors such as packaging, construction, automotive, electrical
equipment, agriculture, and consumer goods. However, their chemical
stability and resistance to biodegradation result in long persistence in natural
environments. Through biological, physical, and chemical degradation
processes, larger plastic items fragment into microplastics (MPs, <56 mm) and
nanoplastics (NPs, <1um). (Lalrinfela et al,, 2024)

In recent years, MPs and NPs have been increasingly recognised as emerging
environmental contaminants and potential risks to ecosystem and human
health. They are widely distributed across oceans, lakes, sediments, shorelines,
and soils, with global surface-ocean inventories estimated to reach tens of
trillions of particles. Due to their small size and persistence, these particles are
difficult to remove using conventional waste and wastewater treatment
technologies, allowing them to enter lands, rivers, oceans, and freshwater
supplies. Moreover, MPs and NPs can be inhaled by humans, ingested by
aquatic organisms, and taken up by plants, raising concerns regarding their
long-term ecological and health impacts. (Lalrinfela et al., 2024)
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1.2. Indirect plastics pollution from food
packaging

Plastic food packaging is a significant contributor to environmental leakage
due to its high production volumes, predominantly single-use applications,
and short service life. Consequently, large amounts of food packaging plastics
are rapidly discarded and frequently mismanaged, increasing their likelihood
of entering natural environments and causing pollution. Most food packaging
plastics enter waste streams shortly after purchase, especially single-use
packaging associated with short-lived products. This trend is largely driven by
the growing consumption of food and beverages on-the-go, which has
accelerated the use of disposable plastic packaging. Limited availability of
waste-disposal infrastructure further contributes to littering. As a result, a
substantial proportion of food packaging plastics accumulates as litter in
open spaces, municipal waste systems, landfills, and marine environments,
while only a small fraction is effectively recycled. Once released into the
environment, food packaging plastics undergo fragmentation and degrade
into microplastics, which disperse through soil, water, and air, posing risks to
ecosystems, biodiversity, and potentially human health. (Ncube et al., 2021)

While research focuses on direct pollution of mismanaged plastic waste or
litter, an important but less visible pathway of pollution arises indirectly from
biowaste treatment processes. Plastics that remain in collected biowaste,
such as films, multilayer materials, and small residual fragments, can enter
treatment processes and undergo physical and chemical fragmentation. This
leads to the formation of microplastics, which may subsequently be
reintroduced into the environment when treatment outputs like compost and
digestate are applied to land, causing indirect plastic pollution.

Composting and anaerobic digestion are two widely used biological
treatment methods for biowaste. Composting is an aerobic process in which
organic materials are decomposed by diverse microbial communities in the
presence of oxygen. It involves several biological stages, including a
thermophilic phase that enhances the breakdown of organic matter and
reduces pathogens. The end product, compost, is a stable, humus-like
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material rich in organic matter, macronutrients such as nitrogen, phosphorus,
and potassium, as well as micronutrients and humic substances. Due to these
properties, compost is commonly applied in agriculture as a soil conditioner
or organic fertilizer, improving soil structure, stimulating microbial activity, and
supporting plant growth while reducing reliance on synthetic fertilizers. (Le
Pera et al., 2022)

In contrast, biogasification via anaerobic digestion is a biological process that
occurs in the absence of oxygen, where specialized microorganisms convert
organic matter into biogas, primarily composed of methane and carbon
dioxide. This process takes place in controlled environments such as digesters
and produces digestate as a residual by-product. Digestate typically has a
high moisture content and contains nutrients in more readily available mineral
forms, particularly ammonium nitrogen, making it suitable for use as a fertilizer
or soil improver, depending on regulatory conditions. (Le Pera et al., 2022)

Despite their environmental benefits in recycling biowaste and recovering
nutrients, both composting and anaerobic digestion systems can act as
pathways for the dissemination of microplastics. Plastic food packaging that
are not fully removed during pre-treatment can persist and fragment
throughout these processes. When compost and digestate are subsequently
applied to agricultural soils, they may introduce microplastics into terrestrial
ecosystems. Therefore, studying the occurrence, transformation, and fate of
plastics within compost and digestate is essential to better understand and
mitigate this indirect pathway of plastic pollution through biowaste treatment
systems.

1.3. Study objectives

To investigate indirect plastic pollution originating from food packaging, this
study evaluates the quantity and characteristics of microplastics, specifically
their origin, shape, and form, transferred through compost and digestate
produced during biowaste treatment processes. A total of eight compost and
digestate samples were collected from biogas plant and composting facilities
across three European countries, where plastic food packaging is likely to be
present in the biowaste input stream. Across all facilities, the presence of
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plastic food packaging residues is expected due to mis-sorting, the use of
plastic and compostable packaging, and the adhesion of packaging to
organic waste streams.

In Finland, samples were obtained from facilities operated by Pirkanmaan
Jatehuolto (PJH) in the Pirkanmaa region and Helsinki Region Environmental
Services Authority (HSY) serving the Helsinki Metropolitan Area. These facilities
treat source-segregated municipal biowaste from households and
commercial sources using anaerobic digestion and composting processes,
where plastic contamination may occur despite established separate
collection systems. In Germany, compost and digestate samples were
collected from a biowaste treatment facility by REMONDIS Recycling (RE), a
major waste management and recycling company handling municipal,
industrial, and commercial waste across Germany. In Slovenia, samples were
obtained in collaboration with the National Institute of Chemistry (NIC),
representing compost and digestate from regional biowaste treatment
systems.

The collected samples were analysed by NIC using optical microscopy and
Attenuated Total Reflectance—Fourier Transform Infrared spectroscopy (ATR-
FTIR) to determine both the quantity and the characteristics of microplastic
contamination. This approach enables the identification of microplastic
persistence or fragmentation during treatment and reveals the extent to
which treated outputs may contribute to environmental pollution when
applied as soil amendments or nutrients.

The objective of this study is to quantify, characterise, and compare the
microplastics originating from food packaging that are carried through
biowaste treatment processes and re-introduced into the environment.
Specifically, the study aims to:

o Determine the types, quantities, and characteristics of microplastics
present in biowaste inputs and treatment outputs across selected
biogasification and composting facilities in Finland, Germany, and
Slovenia.

e Assess how anaerobic digestion and composting processes
influence microplastic persistence, fragmentation, and distribution.
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e Evaluate the potential environmental implications of applying
compost, soil improvers, or nutrient by-products that may contain
microplastics.

e Provide science-based insights that support improved
waste-management  practices, policy development, and
design-for-recycling strategies within the food packaging system

2. Sampling of microplastics in compost
and digestate

Sampling was carried out at four composting and biogasification sites located
in Slovenia, Germany and Finland (two regions). At each site, two samples of
compost and digestate were obtained according to sampling protocol
detailed below. In total, microplastics from eight compost and biodigestate
samples were collected and subjected to analysis.

2.1. Sampling protocol

The sampling followed a standardized sampling protocol designed to ensure
representative collection of compost and digestate across partner facilities.
At each site, five subsamples were collected following a radial layout
comprising one central point and four peripheral points positioned 3 meters
from the center (Figure 1). From each point, approximately 200 g of material
was collected from the top 0-10cm using stainless-steel shovels or soil
augers, yielding a total of 1kg per site. These subsamples were subsequently
homogenized to form a standard sample.
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Figure 1. Sampling collection point

To prevent secondary contamination, particularly from synthetic polymers—
only metal or glass tools were used, and samples were transferred into
aluminum trays or glass jars immediately after collection. Personnel
conducting the sampling wore cotton clothing to minimize the release of
synthetic fibers. All sampling activities included documentation of sampling
time, photographs of the sampling sites, descriptions of site conditions, and
notes on equipment used to help identify any potential contamination sources
during later analysis.

The sampling procedure was implemented in two phases. The first phase
involved collecting 1kg of compost final product, and the second phase
extended the procedure to collect digestate samples. Together, these
systematic sampling phases enable robust characterization of plastic
particles occurrence across diverse waste treatment environments.

2.2. NIC samples

Description of Biogasification and Composting Facilities

A commercially available compostable bag, produced and marketed by the
Regional Waste Management Center (RCERO), Ljubljana, Slovenia was
purchased from a market dated April 2024 and used as a sample for plastic

composition analysis.
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Digestate samples were collected in March 2026 from the waste management
company in Ljubljana, Slovenia. Following anaerobic digestion, the residual
digestate is subjected to incineration as part of the facility's waste

management process.

2.3. RE samples
Description of Biogasification and Composting Facilities

The facilities under consideration are located in Lunen and belong to the
affiliated sister company RETERRA West GmbH & Co. KG. The treatment of
green waste (primarily garden and park waste) is carried out in several

sequential process stages.

Following acceptance, the green waste is initially shredded using a grinder
(Crambo 5000e, Komptech) to a particle size of approximately 0-250 mm.
Subsequently, the material is arranged in windrows and composted over a
period of approximately three months. During the composting (rotting) phase,
the material is turned at intervals of roughly two weeks to ensure adequate

aeration and homogenization.

After completion of the composting process, the material is screened using a
trommel screen (Cribus 5000, Kompteoh) to obtain a fine fraction of 0—-15 mm.

The properties of green waste are listed in Table 1 below:

Table 1. The properties of green waste

Parameter Value
Total nitrogen (N) 113% DM
Total phosphate (P,Os) 0.46% DM
Total potassium oxide (K,0) 0.88% DM
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Total magnesium oxide (MgO) 0.65% DM
Ammonium soluble in CaCl, 1mg/LFM
Nitrate soluble in CacCl, (NO;-N) 160 mg/I FM
Soluble phosphate (P,Os) 1170 mg/I FM
Soluble potassium oxide (K,0) 4280 mg/I FM
Degree of decomposition (1-5) 5 (20.7 °C)

Lead (Pb)

35.0 mg/kg DM

Chromium (Cr)

13.0 mg/kg DM

Cadmium (cd)

0.50 mg/kg DM

Copper (Cu)

40.0 mg/kg DM

zinc (zn)

161 mg/kg DM

Mercury (Hg)

0.07 mg/kg DM

Nickel (Ni)

16.0 mg/kg DM

The annual input capacity for green waste is approximately 30,000 tonnes,

from which various green compost products are derived.

In addition to aerobic composting, an anaerobic digestion process is

employed for the treatment of bio-waste. Mixed municipal bio-waste (organic

waste bin) is processed in a plug-flow digester with a hydraulic retention time

of approximately 18 to 21 days. The resulting digestate is immediately mixed

the author(s) only and do not necessarily reflect those of the European Union or REA.
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with structural material and fresh bio-waste after discharge and used to feed
composting tunnels.

Within these tunnels, an intensive composting phase (intensive rotting) takes
place over approximately 18 days. A separate analysis of the discharged
digestate is not conducted, as it is directly integrated into the subsequent
composting process. The total annual input capacity for bio-waste is
approximately 55,000 tonnes. Of this, around 22,000 tonnes per year are
treated via anaerobic digestion, while the remaining fraction is used for the
production of bio-compost in the composting tunnels.

Description of Sample Collection Procedure

Sampling was conducted using glass containers in order to minimize
contamination by plastics. Samples were collected from five different
locations within the compost pile and digestate to ensure representativeness.

Subsequently, the individual samples were combined and homogenized in a
glass dish to form a composite sample. This composite sample was then
transferred into glass containers with a volume of 600 mL each. The containers
were first covered with aluminum foil and then sealed with screw caps.
Although the caps were made of plastic, direct contact between the sample
and plastic was prevented by the aluminum barrier.

To further reduce the risk of contamination, cotton gloves were worn during
sampling. Overall, the applied sampling procedure largely complies with the
requirements for contamination-minimized sampling as outlined in section 2.],

particularly regarding the prevention of plastic contamination.
Potential sources of secondary plastic contamination generally include:

e the use of plastic components (e.g., screw caps),
« environmental exposure (e.g. airborne particles),
e and possible contamination during handling and sample processing.

However, these risks were effectively minimized through the implemented
measures (use of glass materials, aluminum covering, and cotton gloves).

Description of Samples
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The compost sample was collected on May 26, 2025, at 14:05. The material
analysed was green compost produced exclusively from separately collected
garden and park waste (green waste). Due to the targeted and relatively clean
collection of this input fraction, a low level of plastic contamination can be
assumed. This has a positive effect on the quality of the final product,
particularly with regard to a low impurity content.

The digestate sample was collected on December 8, 2025, at 11:30. The sample
was taken directly from a discharge stream of the biogas plant. The input
material consisted of mixed municipal bio-waste (organic waste bin), which
may contain improperly sorted materials. Compared to the separate
collection of green waste, this stream presents a higher risk of plastic
contamination, as sorting quality at the source cannot be fully ensured.

Although input controls and threshold limits for impurities are applied prior to
feeding the biogas plant, the presence of plastics in the material stream
cannot be completely excluded. Such potential contamination may affect the
quality of the digestate and any subsequently produced compost, particularly
in terms of plastic content and physical purity.

2.4. HSY samples

Description of Biogasification and Composting Facilities

Helsinki Region Environmental Services Authority (HSY) is Finland's largest
public environmental services provider, delivering municipal water and waste
management services to approximately 1.3 million residents in the Helsinki
metropolitan area. HSY’s biowaste treatment operations, located in Espoo, at
the Ammassuo eco-industrial center. Today, HSY receives approximately 50
000 tons of (separately collected) biowaste per year (Contains also some
green waste from households).

The treatment system at HSY has been developed in successive phases,
including tunnel composting capacity (established in 1998 and expanded in
20086) followed by the commissioning of a dedicated biogas plant in 2015, and
biogas power plant added in 2016. This treatment method changed
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composting to a partial-flow digestation process in which incoming biowaste
is first sieved and screened. The fine fraction goes to a dry anaerobic digestor,
while the coarse fraction is routed directly to composting together with
digestate and bulking materials (clean wood).

In 2025, HSY completed a major process upgrade, biowaste refining (digestate
upgrading) plant that enables a larger share of biowaste to be routed into
digestation and the product, digestate to be upgraded for direct agricultural
use as organic fertilizer. In the upgraded process, incoming source-separated
biowaste is first crushed and screened (80 mm). The separated coarse
fraction is composted. The fine fraction goes to anaerobic digestation. In
further treatment steps like screening and centrifugation the dry matter
content of the digestate is reduced and it is sanitized at 70 degrees for at least
1 hour. This enables to utilize the digestate slurry in organic farming.

Description of Sample Collection Procedure

A composite sample was collected 5 of November 2024, by excavating 25
discrete sampling points within the batch and combining the subsamples into
one representative field sample. Sampling was performed using metal
shovels, and the material was transferred directly into a metal container.

To avoid potential sources of secondary plastic contamination in compost
sampling no plastic gloves were used during collection and only metal tools

were used.
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Figure 2. HSY compost sample collection on 5.11.2024

HSY collected also a digestate sample. Two sets of triplicate samples were
collected to represent successive processing stages in the upgraded
digestate treatment chain. First, three bottles (15 Dec 2025) were taken from
digestate after anaerobic digestion and after the mechanical separation step,
i.e, following screening via an approximately 5-mm sieve and screw-pressing,
thereby representing the post-press digestate fraction prior to final product
conditioning. Second, three bottles (17 Dec 2025) were collected as the final
fertilizer product, which has undergone additional refining, including
hygienisation (>70 °C for >1 h) and centrifugation (solid removal).

Description of Samples

The sampling comprised of one compost sample and two digestate samples
from different processing stages. Compost sample was taken on 5 Nov 2024
from a batch produced from biowaste and digestated biowaste with clean
wood (bulking agent). For digestate (from household biowaste), two triplicate
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sets were taken (15 Dec 2025) represents digestate after anaerobic digestion
and the mechanical separation step (5 mm screening and screw-pressing),
whereas the second sample (17 Dec 2025) represents the refined end product
after additional treatment, including hygienisation (>70°C for >1 h).

2.5. PJH samples

Description of Biogasification and Composting Facilities

Pirkanmaan Jétehuolto (PJH) is a municipal waste management company in
Pirkanmaa Region, Finland, serving nearly half million people. Biowaste from
the region has been treated in a biogas plant (Nokia, Finland) since 2021,

Annual processing capacity is around 20 000 t of biowaste. This feedstock
consists primarily of kitchen waste from households and public services such
as schools, collected separately across the region.

Our biogas plant operates a dry, thermophilic anaerobic digestion process in
a reactor of approximately 3000 m?®. The main product of the plant is biogas
as traffic fuel. After digestion stage liquid and dry fraction are separated. Liquid
fraction (12 000 t/a) is used as fertilizer in agriculture. Dry fraction is further
composted in tunnels for three weeks and finally post-composted outside. Bio
compost production is 6 000 t/a and it is used in green areas building.

Process of the biogas plant is illustrated in the Figure 3.

Swiss partner funded by

Funded by the European Union. Views and opinions expressed are, however, those of c Confédération suisse Education and Research EAER
Confederazione Svizzera State Secretariat for Education,

the author(s) only and do not necessarily reflect those of the European Union or REA. Confederaziun svizra Research and Innovation SERI

Neither the European Union nor REA can be held responsible for them.
Swiss Confederatian

Schweizerische Eidgenossenschaft Federal Department of Economic Affairs,



the :ﬁﬁ;ﬂmm Neither the European Union nor REA can be held responsible for them.

Process

BloLNIA:  Bjogas reactor

Biojdte WViherjate

l Kaatopaikka-
Vasinanotin kaasu Heating with
I . raw biogas
Kaasukattila
Esikasittely
Pre treatment I *
. - Biokaasun varasto |
TTV-reaktori ja puhdistus * Torch
Dry process :
r}" D Kaasun jalostus " Soihtu
1 :
Dewatering Madatteen | Kaasun Biogas
; ki.livaus komprimointi storage,
Ma3datevarasto l purlﬂcatmn .
I Kaasun varasto- ja and Upgl’ﬂdll"lg
. tankkausasema _ .
compostlng[; Kompostointi > biogas to
v . gas filling
) - Biometaani )
Lannoitetuote Lannoitetuote station
Fertilizer

Fertilizer
Figure 3. Process of PJH biogas plant
Description of Sample Collection Procedure
Samples were collected following the sampling instructions in section 2.1.
Description of Samples

Two sampling events were carried out. The first sampling took place on 22
November 2024 at 10:00 and involved collecting bio-compost from the
biowaste reactor to establish an initial reference point for material quality and
composition. The second sampling was conducted on 15 January 2026 at 14:30
and included the collection of bio-compost from the same biowaste reactor
to allow for direct comparison with the earlier sample. In addition to the
compost, liquid fertilizer produced by the reactor was also collected during the
second sampling event to broaden the assessment of outputs generated by
the biowaste treatment process.
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Table 2 provides an overview of the 8 representative samples of compost and
digestate collected across four partner facilities in Slovenia (NIC), Germany
(RE), Helsinki region of Finland (HSY), and Pirkanmaa region of Finland (PJH).

Table 2. Sample collection summary

NIC
(slovenia) 1 Commercial compost bag purchased
from the market by the Regional Waste
Management Center (RCERO Ljubljana,
Slovenia).
2 Digestate of biowaste and sludge
RE
(Germany) 3 May 26, Compost from separately collected
2025, at garden and park waste (green waste)
14:05
4 December | Digestate of mixed municipal bio-waste
8, 2025, at (organic waste bin)
11:30
HSY
(Helsinki 5 5.11.2024 Compost (separately collected
Finland) household biowaste, clean wood)
6 15.12.2025* Digestate (separately collected
and household biowaste)
17.12.2025
PJH .
(Pirkanmaa 7 22.11.2024 Bio compost (separately collected
Finland) household biowaste)
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15.1.2026 Bio compost (separately collected
household biowaste)

8 15.1.2026 Liquid fertilizer (separately collected
household biowaste)

3. Microplastics analysis

The protocol was designed to enable the extraction and identification of
microplastics larger than 10 pm. Preliminary observations indicated that
compost samples contained a higher abundance of plastics compared to
digestate samples. A bulk compost sample (300 g, dry weight equivalent) was
processed to ensure representativeness of this heterogeneous matrix, as
compost exhibits high spatial variability in plastic distribution; therefore, a
larger sample mass was selected to improve analytical reliability. In contrast,
a 100 g dry weight digestate sample was analysed due to its comparatively
more homogeneous nature. Several preliminary experiments were conducted
to optimize the extraction procedure, and a suitable methodology was
adopted since no standardized protocol currently exists for microplastic
extraction from compost and digestate matrices. Empirical experiments
concerning purification efficiency were carried out using subsamples of 300 g
(compost) and 100 g (digestate) from composite samples. In this report, only
the results of the >630 pym fraction are presented, while the results of the <630
pm fraction will be published in a research article and made openly available.

To prevent contamination, strict precautionary measures were implemented.
Samples were kept covered with glass lids or aluminium foil except during
handling, and all tools used were made of glass or metal. Laboratory
equipment was thoroughly rinsed with pre-filtered deionized water, followed
by 35% ethanol and again with deionized water before use and between steps.
Plastic screw caps were replaced with glass caps where possible, and cotton
laboratory coats were worn to avoid synthetic fiber contamination. Blank
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samples were processed alongside environmental samples to monitor
potential contamination throughout the procedure.

3.1. Methodology

All samples were homogenized and subsampled to ensure representative and
manageable aliquots for analysis. The subsamples were dried at 50 °C for 72
h to remove moisture while preserving particle integrity and preventing
microbial degradation. For compost, 300 g of sample was analysed, whereas
for digestate, 100 g was used, both following the same protocol. The analysis
was conducted in two size fractions (>630 um and <630 um) to allow size-
specific processing. The compost samples and NIC digestate sample were
characterized using Attenuated Total Reflectance—Fourier Transform Infrared
spectroscopy (ATR-FTIR) with a PerkinElmer Spectrum One spectrometer
equipped with a diamond ATR crystal, operating in the spectral range of 4000-
400 cm™, with spectra obtained by averaging 16 scans at a resolution of 4 cm™.
The other digestate samples were analysed using a Bruker Lumos FTIR
microscope in attenuated total reflection (ATR) mode with a diamond crystal,
and the spectra of the isolated polymers were recorded over the frequency
range of 4000-600 cm™, averaging 64 scans at a resolution of 4 cm™.

Initially, large plastic particles visible to the naked eye were manually sorted
under visual inspection, cleaned with hydrogen peroxide, examined using an
optical microscope, and analysed by FTIR spectroscopy. The obtained spectra
were compared with reference libraries to determine polymer composition. A
rigorous purification protocol was then applied to remove organic matter and
isolate potential plastic particles. Samples were treated in small batches with
a mixture of 0.05 M Fenton'’s reagent and H,O, (1:] rotio), generating hydroxy!
radicals to break down resistant organic impurities. This was followed by a
sequential enzymatic—oxidative digestion designed to degrade different
classes of organic material while preserving synthetic polymers. Enzymatic
treatments included protease (12 h at 50 °C) for protein degradation,
pectinase (48 h at 50 °C) for pectins, viscozyme (48 h at 50 °C) for
hemicellulose and other polysaccharides, and cellulase (24 h at 40 °C) for
cellulose hydrolysis. A final treatment with 0.05 M Fenton’'s reagent and
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hydrogen peroxide ensured removal of any remaining organic residues. This
combination of oxidative and enzymatic treatments enabled efficient
digestion of biological material without altering plastic particles.

Following digestion, the samples were separated into two size fractions (>630
um and <630 um), and density separation with 1.6 g/cm? zZnCl, solution was
performed to further purify and concentrate the target fraction. The manually
sorted plastic particles and the <630 pm fraction were subsequently analysed
together. The isolated particles were transferred onto steel mesh for analysis.
Chemical identification was carried out using FTIR, which provides high-
resolution spectral data suitable for small particles. The acquired spectra were
processed using automated classification software, allowing accurate
identification and quantification of polymer types. This comprehensive
workflow ensures effective removal of organic and inorganic impurities and
reliable characterization of plastic particles across a wide range.

3.2. Results

Four compost samples (NIC, RE, HSY, and PJH) were analysed to evaluate the
abundance and polymer composition of plastic particles. The results showed
considerable variation in both total plastic counts and polymer distribution
among the samples. Polyethylene (PE) was the dominant polymer in all cases,
indicating that packaging-related materials are the primary source of
contamination. The NIC sample exhibited the highest level of contamination
(total = 356 particles), with PE accounting for the majority (304 particles,
~85%), along with smaller contributions from polypropylene (PP), polyester
(PES), polystyrene (PS), and polyvinyl chloride (PVC). In contrast, the RE sample
showed minimal contamination (total = 11 particles), consisting predominantly
of PP, suggesting a comparatively cleaner or more controlled input source. The
HSY and PJH samples showed moderate contamination levels (40 and 62
particles, respectively), with PE again being the most abundant polymer,
accompanied by PP and PES, indicating mixed contamination sources such as
packaging materials and textile-derived fibers. Notably, the PJH sample
exhibited greater polymer diversity, including the presence of polycarbonate
(PC) and polyacrylic acid (PAA), suggesting more complex and
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heterogeneous waste inputs. Overall, the dominance of PE across all samples
highlights the significant contribution of single-use plastics, while the
observed variability in abundance and polymer diversity reflects differences
in feedstock composition and waste management practices.
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Figure 4. Plastic particles found in four compost samples (NIC, RE, HSY, and PJH)

Table 3. Distribution of polymer types (PE, PP, PES, PS, PVC, PC, PA, and PAA) identified
in the four analysed compost samples (NIC, RE, HSY, and PJH)

PE PP PES PS PVC |PC PA PAA | Total
NIC 304 2 15 6 9 1 356
RE 1 10 n
HSY |25 5 6 2 1 1 40
PJH 40 7 7 2 3 2 1 62
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Figure 5. Optical microscope images of plastic particles in NIC compost sample

Figure 6. Optical microscope images of plastic particles in RE compost sample
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Figure 7. Optical microscope images of plastic particles in HSY compost sample
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Figure 8. Optical microscope images of plastic particles in PJH compost sample

The distribution of plastic particles in the analysed digestate samples (NIC, RE,
HSY, and PJH) showed clear variation in both abundance and composition.
The NIC sample exhibited the highest plastic abundance (176 particles), with
PP as the dominant polymer (116 particles), followed by PE (42 particles). Minor
contributions from PES, PS, and PVC were also observed. The RE sample
showed minimal contamination, with only 2 plastic particles identified, both
belonging to PE. In contrast, the HSY sample displayed moderate
contamination (32 particles), with PES as the dominant polymer (26 particles),
accompanied by smaller amounts of PE, PP, and PS. The PJH sample showed
relatively high plastic abundance (72 particles), strongly dominated by PES (71
particles), with single PE. Overall, the results indicate that polymer composition
varies significantly among samples, with PP and PE dominating in NIC, while
PES is the predominant polymer in HSY and PJH samples.
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Figure 9. Plastic particles found in four digestate samples (NIC, RE, HSY, and PJH)

Table 4. Distribution of polymer types (PE, PP, PES, PS, PVC, PC, PA, and PAA) identified
in the four analysed compost samples (NIC, RE, HSY, and PJH)

PE PP PES PS PVC Total

NIC 42 116 4 5 9 176

RE 2 2

HSY 3 2 26 1 32

PJH 1 71 72
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Figure 10. Optical microscope images of plastic particles in NIC digestate sample
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Figure 11. Optical microscope images of plastic particles in RE digestate sample
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Figure 12.. Optical microscope images of plastic particles in HSY digestate sample
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Figure 13. Optical microscope images of plastic particles in PJH digestate sample

4. Discussion

Four sampling locations (NIC, RE, HSY, and PJH) representing different waste
management systems and feedstock compositions were analysed to assess
plastic contamination in compost and digestate samples. The present study
provides a comparative assessment of plastic particles larger than 630 pm in
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compost and digestate samples, highlighting the influence of feedstock
composition and treatment processes on both abundance and polymer
distribution. The analysis revealed substantial variability among samples, with
compost generally exhibiting higher heterogeneity and digestate showing
more distinct polymer-specific trends. These differences can be attributed to
the nature of the input materials, as well as the physical and biological
processes involved in composting and anaerobic digestion.

In compost samples, PE and PP were the dominant polymers, which is
consistent with their widespread use in packaging materials such as films,
bags, and rigid containers. The high abundance of these polymers, particularly
in commercially sourced compost (e.g, NIC), indicates contamination
originating from mixed waste streams where plastic separation is incomplete.
Composting, as an aerobic process, is effective in degrading organic matter
but has limited capacity to break down synthetic polymers. Instead,
mechanical turning, aeration, and microbial activity may contribute to the
fragmentation of larger plastic items into smaller particles, thereby increasing
the number of detectable plastics without achieving true degradation. The
presence of fiber-like particles was initially observed in PJH compost samples,
raising the possibility of textile-derived microplastics. To verify this, an
additional PJH compost sample was analysed; however, plastic fibers were
not detected in this second sample, suggesting that fiber occurrence may be
sample-specific or influenced by contamination or heterogeneity within the
compost matrix. Furthermore, a cleaning cloth was examined as a potential
source of fibers, but FTIR analysis confirmed it to be biodegradable jute/cotton
rather than synthetic polymer material.

Digestate samples, on the other hand, exhibited a different pattern of polymer
distribution. While PE and PP were present, certain samples (notably HSY and
PJH) were strongly dominated by PES. Importantly, these polyester particles
were identified as flakes rather than fibers, indicating that their origin is more
likely related to fragmented plastic materials such as multilayer packaging,
coatings, or composite plastics rather than textile-derived fibers. The
persistence of polyester flakes in digestate also highlights the limitations of
anaerobic digestion in removing or degrading plastics. Although anaerobic
digestion efficiently reduces organic content and stabilizes waste, it does not
significantly affect the chemical structure of most synthetic polymers.
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Moreover, pre-treatment steps such as shredding and mixing may enhance
the fragmentation of plastic materials, leading to an increased presence of
smaller particles. This suggests that both composting and anaerobic
digestion act primarily as transformation processes, redistributing and
fragmenting plastics rather than eliminating them.

A key observation from this study is the strong dependence of plastic
contamination on feedstock quality. Samples derived from well-separated
organic waste streams, such as green waste (RE), showed minimal
contamination, whereas samples associated with mixed or household waste
streams exhibited higher abundance and greater polymer diversity. This
underscores the critical role of source separation in mitigating microplastic
inputs into organic waste treatment systems. In particular, the presence of
packaging-related polymers (PE and PP) and polyester flakes indicates that
contamination originates primarily from improperly sorted consumer waste.
From an environmental perspective, the detection of plastic particles larger
than 630 pm in both compost and digestate is significant, as these materials
are commonly applied to agricultural soils as fertilizers or soil amendments.
Although larger particles are less mobile than smaller microplastics, they can
undergo further fragmentation in the environment, contributing to the
formation of secondary micro/nano plastics over time. This raises concerns
about the long-term accumulation of plastic particles in soils and their
potential impacts on soil structure, microbial activity, and plant health.

Furthermore, the study highlights the importance of analytical verification
methods such as FTIR spectroscopy. Several visually identified particles were
confirmed to be non-plastic materials, emphasizing that reliance on visual
sorting alone can lead to overestimation of plastic abundance. The
identification of biodegradable cellulose-based materials among suspected
particles further reinforces the need for spectroscopic confirmation in
microplastic studies.
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Figure 14. Particles identified in compost samples that visually resemble

microplastics prior to FTIR confirmation

Overall, the findings demonstrate that neither composting nor anaerobic
digestion effectively removes plastic particles from organic waste streams.
Instead, these processes may facilitate the fragmentation and redistribution
of plastic, leading to their persistence in final products. Addressing this issue
requires improvements in upstream waste management practices, including
enhanced sorting, reduction of plastic contamination at the source, and the
development of more effective pre-treatment technologies.

5. Conclusion

This study demonstrates that both compost and digestate contain plastic
particles larger than 630 pm, confirming that current waste treatment
processes do not eliminate plastic contamination. While compost samples
showed higher variability and were largely dominated by PE and PP, digestate
samples revealed a notable presence of PES in the form of flakes, indicating
fragmentation of plastic materials rather than textile-derived inputs. The
results highlight that feedstock quality is the most critical factor influencing
plastic contamination, with source-separated green waste showing minimal
plastic presence compared to mixed or commercial waste streams.
Furthermore, the occurrence of polyester flakes suggests that treatment
processes such as composting and anaerobic digestion may contribute to the
physical breakdown of plastics into smaller fragments rather than their
complete degradation, potentially increasing their environmental mobility.
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From an environmental perspective, the presence of these particles in
compost and digestate is of concern, as both products are commonly applied
to agricultural soils, where they may accumulate over time and enter
terrestrial ecosystems. Therefore, improving pre-treatment technologies,
waste sorting efficiency, and contamination control at the source is essential
to reduce plastic inputs into organic fertilizers.

Future research should focus on:

e Quantifying smaller microplastics including nanoplastics to assess
total contamination load.

¢ Investigating long-term accumulation of microplastics in soils following
repeated application.

e Developing standardized extraction and analysis protocols for
microplastic extraction in solid organic waste matrices.

e Evaluating the effectiveness of advanced treatment or filtration
technologies in removing plastics.

Overall, this study emphasizes that addressing plastic contamination requires
a system-level approach, targeting waste management practices before and
during waste treatment processes.
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