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Abstract Microplastic contamination in wastewater
treatment plants (WWTPs) is well documented, but
only a few studies have investigated plastic pollut-
ants in waste fractions from biogas plants. We have
analysed microplastic contaminants in reject water
and digestate from biowaste digestion (at three time
points) and sewage sludge digestion (at two time
points). Samples were collected from a thermophilic
biogas plant in Ostrobothnia in the western part of
Finland. Plastic particles in the samples were identi-
fied with u-FTIR (Fourier transform infrared) spec-
troscopy or attenuated total reflection (ATR)-FTIR,
and the grain sizes of the investigated particles
were>40 um and<5 mm. All investigated sample
matrices contained microplastic particles, but the
numbers differed significantly at each sampling time.
In reject water from biowaste digestion, the num-
bers of microplastic particles were between 80 and
3320/L. In digestate from biowaste digestion, the
number of microplastic particles was between 2290
and 7200/L. Only 20-30 microplastic particles per
litre were found in reject water from sewage sludge
digestion, but in the digestate, the quantity of micro-
plastic particles was between 1870 and 36,800/L.
Seventeen different polymer types were identified
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from the samples all together. Our results show that
digestate from biowaste and sewage sludge digestion
can both be carriers of microplastic into the environ-
ment and can contain higher numbers of microplas-
tics at specific time.

Keywords Biowaste - Digestate - FTIR -
Microplastics - Polymers - Sewage sludge

1 Introduction

Due to the numerous applications of plastics and the
widespread use, plastics have become a source of
pollution all over the world. In recent years, a rising
environmental concern has emerged about microplas-
tics—small plastic particles under 5 mm (GESAMP,
& Kershaw, 2016). Sources of microplastics can be
divided into two main types, primary and secondary.
Primary microplastics are for example manufactured
plastic beads under 5 mm, used in industry or domes-
tic applications. Secondary plastics are the result of
the fragmentation of larger plastic particles, by physi-
cal abrasion, ultraviolet (UV) radiation, temperature,
and biological degradation (Auta et al., 2017).

Due to their small size and the fact that they are
slowly degradable, microplastics are found eve-
rywhere in nature. Studies show a global spread
of microplastics in the aquatic environment, from
densely populated areas to remote areas of Siberia
and Antarctica (Ajith et al., 2020; Cunningham et al.,
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2020; Materi¢ et al., 2022). Microplastics have been
found in all forms of marine life from zooplankton
to whales. In the marine environment, the plastic
waste contributes to 80% of the marine litter found
(Landrigan et al., 2020), and microplastics have been
reported to have a concentration of 100,000 particles
per cubic meter in seawater and sediment (Wright
et al., 2013). As much as 4-23 times more micro-
plastics may be present in the soil than in the oceans
(Wang et al., 2019). The degradation of larger plastics
after improper disposal, the influence of runoff (e.g.
tyres and road wear particles, maintenance and wear
of artificial turf pitches), and agricultural practice
(e.g. application of sewage sludge and plastic mulch-
ing) are the major pathways of microplastics into the
terrestrial environment (Martinho et al., 2022).

Studies show that microplastics are abundant in
wastewater, and the sources are mainly microbe-
ads in industry and in personal care products, fibres
from the laundering of synthetic clothes, tyres, and
road wear particles from urban runoff. The WWTPs
show good removal efficiencies of microplastics from
the incoming water. Even around 99% of microplas-
tics are removed at WWTPs (Carr et al., 2011; Lares
et al., 2018; Magnusson & Norén, 2014; Murphy
et al., 2016). On the other hand, it is estimated that
the majority of the microplastic accumulates in the
sewage sludge. A Swedish study showed that about
40% of the microplastic was separated into the sludge
fraction after cleaning grids (3 mm), whilst other
microplastics were assumed to accompany debris,
grease, and sand (Ljung et al., 2018). In a Finnish
WWTP study, it was estimated that 20% of the sepa-
rated microlitter was recycled back with the reject
water, and 80% was separated to the sludge (Talvitie
et al.,, 2017). There are also a few studies showing
that digestate and organic fertilisers from household
biowaste fermentation can contain a large number of
microplastic fragments, whilst fertilisers from agri-
cultural biogas plants and greenery compost are less
contaminated by plastics (Ljung et al., 2018; Steiner
et al., 2022a, b; Weithmann et al., 2018).

There are different approaches to disposal or reuse
of sewage sludge, i.e. by landfill, incineration, appli-
cation to agricultural land as fertiliser, or composted
into soil. About 50% of the total sewage sludge gen-
erated in Europe and North America is used as soil
fertiliser (Nizzetto et al., 2016; Sol et al., 2020). Dur-
ing 2019-2020, almost 90% of the sewage sludge was
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digested in Finland. About 46% of the treated sludge
was used in agriculture, 40-45% in green construc-
tions, and 4-7% for landfills (2-3% unknown) (Vil-
panen & Seppild, 2021). Most countries allow a
certain quantity of impurities such as plastics, glass,
and metals in organic fertilisers. The limits are 0.3%
dry weight for each impurity type (size>2 mm) and
0.5% dry weight for the total sum of these impuri-
ties according to regulations of the European Union
(European Parliament & European Union, 2019). In
Finland, the limits for these impurities are set to 0.2%
dry weight in packaged products and 0.5% dry weight
in fertilisers sold unpackaged (Ministry of Agricul-
ture & Forestry of Finland, 2011).

After application of sewage sludge or biowaste
compost in agricultural settings, microplastics
become part of the soil and can affect its properties,
affect animals and plants, or spread into the marine
environment. At present, there are more questions
than answers about the harmful effects of microplas-
tics in the environment. The most well-known effects
are that they can cause great damage to digestive
organs and gills in marine life. Microplastic is not just
one material but a mixture of many different plastics
and substances (e.g. stabilisers, flame-retardants or
environmental toxins, and metals adsorbed on its sur-
face) that can be harmful when ingested (Yong et al.,
2020). Abnormal behaviour or growth and reproduc-
tive problems have been linked to these substances
in several fish and mouse studies (Yong et al., 2020).
Negative impacts on the microbiological activity in
the soil and on earthworms have also been reported
(Huerta Lwanga et al., 2016; Yi et al., 2021; Zhu
et al., 2019). Furthermore, microplastic pollution in
the soil has been observed to change the soil’s parti-
cle structure and ability to store water, as well as plant
biomass and root formation can be affected (Boots
et al., 2019; de Souza Machado et al., 2018, 2019).

Our aim was to collect more information about the
quantity of microplastics in reject water and digestate
from biogas plants and to monitor their temporal vari-
ation. A municipal waste treatment company with two
thermophilic biogas digesters was selected for this
case study. Reject water and digestate samples were
collected at two to three timepoints during a time
span of 15 months. The microplastics were extracted
and characterised based on size, abundance, and plas-
tic type with FTIR (Fourier transform infrared) spec-
troscopy. FTIR is a commonly used state-of-the-art
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analytical method in microplastic research (Képpler
et al., 2016; Loder et al., 2015). To the best of our
knowledge, this is the first study to monitor the occur-
rence of microplastic particles in both reject water
and digestate from biowaste digestion over several
months.

2 Material and Methods
2.1 Biogas Plant Description

The biogas plant is a municipal waste management
company located in Mustasaari municipality, in
Ostrobothnia, Finland. The population size in the col-
lection area is 105,000 inhabitants. The biogas plant
includes two thermophilic (55 °C) wet anaerobic
digesters (total volume 3,200 m®) with stirring and
continuous feeding. Biowaste and sewage sludge are
digested separately in the two digestion chambers,
and the end products are kept separate. The plant
processes approximately 15,000 tons biowaste (TS%
31, retention time 20 days) and 15,000 tons sewage
sludge (TS% 20, retention time 14 days) per year.
Municipal sewage sludge together with grease and
sludge from the own treatment plant is processed in
the sludge reactor. The biowaste is collected from
private households, grocery stores, and commercial
kitchens in the nearby municipalities. Only paper
bags may be used for the collection of household
waste. Large bioplastic bags (Bioska+, manufac-
turer Walki Plastiroll, Y16jdrvi, Finland) are used in
larger garbage collection cans. The Bioska+ bioplas-
tic bags meet the European standard for industrial
composting EN 13432. According to the manufac-
turer’s information, Bioska+ bioplastic bags consist
of 30-50% renewable vegetable starch, and the bags
are 90% degraded within 180 days during industrial
conditions. The biowaste plant removes plastics and
other nonbiodegradable materials by crusher, screw
presses, and metal separation before the substrate
mixture is transferred into the digester. Additionally,
the operators remove contaminating materials from
the digestate using a drum sieve (8§ mm) before the
dewatering step and separation of reject water. The
total volume of produced digestate from biowaste is
1577 tons per year, and digestate from sewage sludge
is 6859 tons per year (dewatered digestate, TS% 26).
The digestate is dewatered by centrifugation with

chemical flocculants of the polyacrylamide (PAM)
type. The total volume of reject water from the two
reactors together is 56,000 m® per year. The reject
water is led to a wastewater treatment facility at the
biogas plant before it is discharged to the sewage.
Only sludge from the wastewater treatment facility
is circulated back to the sludge reactor. The diges-
tate is composted together with wood chips into soil
improvement compost. The compost production
is divided into two steps, an active compost phase
(2 months) and an after-ripening phase (8 months).
The temperature requirements are for sewage sludge-
based compost 45 °C for 5 days and for biowaste-
based compost 60 °C for 7 days followed by 55 °C
for 7 days. The company commercialises certified soil
improvement compost for gardens from the biowaste
process and soil improvement compost for lawns
from the sludge process (Finnish Food Authority’s
approval number FIB389- 02602/2020NA).

2.2 Wastewater Treatment Plant Description

Sewage sludge used in the biogas plant is produced
in a local WWTP in Vaasa, Finland. The treatment
process involves multiple steps (pre-treatment, pre-
sedimentation, biological treatment, sedimentation,
flotation with chemical treatment, sand filtration,
and nitrogen reduction). At the WWTP, the sludge
is dewatered (centrifugation with polymers) prior to
transport (TS% 21.6), since the WWTP is located
13 km from the biogas plant. At the biogas plant, the
sludge is diluted again to TS% 7.1. In the dilution
step, groundwater is used. The WWTP is treating the
wastewater from ca. 70,000 inhabitants from the city
of Vaasa and partly from two neighbouring munici-
palities (Mustasaari and Maalahti). The amount of
wastewater is between 6 and 7 million m? annually,
depending on the amount of rain and meltwater.

2.3 Sample Collection

At sampling, a 4-L sample was taken from the out-
let pipe of the sludge digester (before the centrifuge
step for dewatering). The same amount of sample was
taken from the biowaste digester’s outlet pipe, before
or after the sieve step (8 mm mesh size) but prior to
the centrifuge step for dewatering. The reject water
samples were collected after the centrifuge step.
The sampling was performed under normal running
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conditions at the biogas plant, and the samples were
taken after a certain amount of digestate or reject
water had been discharged to avoid clotted residues.
A zinc bucket was used for sampling. Immediately
after, the samples were divided into smaller batches
and stored in glass jars (720 ml) with a screw lid to
avoid contamination by plastics. The glass jars had
been washed with Millipore water in advance. The
digestate and reject water from biowaste digestion
were sampled at three time points (in February 2020,
September 2020, and in May 2021) and from sew-
age sludge digestion at two time points (in September
2020 and in May 2021). The February sampling of
the biowaste plant was the first sampling to validate
the external laboratory’s performance on this type of
biological samples. The further sampling timepoints
were selected as one in the autumn and one in the
spring. The samples were shipped in ambient temper-
ature to the analysing laboratory the same day as sam-
pled, and the courier’s delivery time was 1-3 days.

2.4 FTIR Spectroscopy

Isolation of microplastic particles was performed at the
ALS Scandinavia Ab laboratory in Danderyd, Sweden.
ALS Scandinavia Ab is a commercial laboratory that
offers identification and quantification of microplastics
in environmental samples (in-house, non-accredited
test) (ALS Scandinavia, n.d.). The laboratory is accred-
ited by the Swedish accreditation body SWEDAC
(Reg. No. 2030). The samples have been treated in
different cleaning steps (oxidation with the Fenton
reaction and addition of peroxide prior to analysis of
microplastics) to remove natural organic and mineral
particles. The Fenton reaction has been described as a
suitable method for the extraction of microplastic parti-
cles from environmental matrices (Hurley et al., 2018).
The preparation was done in a separate room (plastic-
free, preparation in a fume hood, and cotton laboratory
coats were used) in the laboratory. Blank samples were
routinely done in parallel with an order of samples to
monitor contamination. After the preparatory steps, the
sample has been filtered through a 40-pm metal filter.
Sample volume for filtration varied from 50 to 300 ml
for reject water and 17 to 30 ml for digestate samples,
depending on the quantity of organic matter remaining
in the sample after the preparatory steps have been per-
formed. The digestate samples contained more organic

@ Springer

materials than the reject water, and especially the bio-
waste digestate samples contained a lot of cellulose.

Microplastic particles (including fibres), with a
grain sizes>40 pm and <5 mm, were identified with
a p-FTIR and reference libraries of PerkinElmer and/
or SiMPle (Systematic Identification of Microplastics
in the Environment) software. Black particles and rub-
ber particles that cannot be illuminated or give a light
scattering reflectance were manually analysed with
ATR-FTIR and separated from the analysis of other
microplastics. A complementary reference library for
styrene butadiene rubber (SBR) and ethylene propyl-
ene diene monomer (EPDM) spectra in PerkinElmer’s
software was used for black particle and rubber particle
identification. Results from FTIR were reported accord-
ing to polymer type and number of microplastic par-
ticles/100 ml or particles/L. The mass of microplastic
was reported in pug/100 ml. Limit of reporting (LOR)
represents the standard LOR for the respective param-
eters in each method and may be affected if, e.g. addi-
tional dilution was required because of matrix effects,
or sample quantity was limited.

2.5 Determination of Dry Weight

The dry weight (DW) of the samples was determined
at the ALS Scandinavia Ab laboratory, according to
the standard SS-EN 15934:2012 ed 1 and reported as
total solids in percent (TS%). TS% was determined
once from the different matrices (at sampling 2): reject
water from biowaste digestion TS% 1.5; reject water
from sewage sludge digestion TS% 0.1; digestate from
biowaste digestion before sieve step TS% 2.9 and after
sieve step TS% 3.3; digestate from sewage sludge
digestion TS% 4.0.

The imaging system of the FTIR detector in com-
bination with the programme SiMPle allowed the cal-
culation of the amount of microplastics in pug and per-
formed at the ALS Scandinavia Ab laboratory. The
calculation of microplastics per glkg DW in digestate
samples was calculated according to the following sim-
ple equation by the authors:

Microplastics(g/kgDW) = 122 pasiics (g) "fnf’.l;‘mcs )

m = the total mass of the sample(kg)
p =TS8%/100

At the ALS Scandinavia Ab laboratory, samples
were analysed in volume, and no total mass of the
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investigated sample was noted. Therefore, the total
mass of the sample was estimated based on aliquot
samples of digestate from the specific sampling time.

Statistical analysis has not been performed due to
the small dataset and the single-site case study con-
straints (it is not considered appropriate to generalise
from a single case study). The study is presented as
an indicator of microplastic presence in reject water
and digestate from biogas plants.

3 Results and Discussion

3.1 Quantity of Microplastics Particles in Biowaste
and Sewage Sludge

Microplastic load in reject water and digestate from
the two digesters were detected with u-FTIR or ATR-
FTIR spectroscopy, and the sizes of the examined
microplastic particles (including fibres) were >40 pm
and<5 mm. All sample matrices collected from
the biowaste and sewage sludge digester contained
microplastics. Our results showed that digestate from
the biowaste digester (before the sieve step) contained
0.13-11.20 g microplastics’kg DW (Table 1), which
is significantly more than previously reported in
digestate residues from biowaste in a Swedish study
(6 mg microplastics’kg DW). The biogas plant in
Sweden treated food waste and manure (Ljung et al.,
2018). It was not unexpected that a high amount of
microplastics in digestate from the biowaste digester
would be found at the study cite. In Finland and in
many other countries, current practice for collection
of organic waste fractions from private households,
grocery stores, and commercial kitchens calls for

separate collection bins. Therefore, a pure organic
fraction for biogas digestion should be obtained. In
practice, this is not the case, and most biowaste con-
tains contaminants such as plastics from food pack-
aging. For example, often unsold food items arrive
in their packaged form to the biowaste fermentation
plant. In addition, biodegradable plastic bags used for
collection of biowaste may also still be present in the
digestate after anaerobic digestion. There is still great
variation in the degradation of bioplastics during
anaerobic digestion, and not all bioplastics designed
to be aerobically degraded will be biodegradable
under anaerobic conditions (Quecholac-Pifia et al.,
2020; Steiner et al., 2022a, b; Zhang et al., 2018).

In digestate from sewage sludge fermentation, the
microplastic load ranged between 0.20 and 11.86 g
microplastics’kg DW (Table 1) in our study. A low
amount of microplastics has been reported from a
sewage treatment plant in Sweden, where the amount
was 0.42 g microplastics/kg DW (Ljung et al., 2018).
Several other studies have analysed the occurrence of
microplastic particles in sewage sludge, and the aver-
age concentrations were very variable, 1500-170,000
particles’kg DW (Sun et al., 2019). The variation in
previously reported studies is mainly caused by dif-
ferent types of treatment processes at the WWTPs,
accompanied by different detection sizes, sample
preparations, and identification methods (Hartmann
etal., 2019).

In our current study, a number of microplas-
tic particles were 1870-36,800/L in digestate and
20-30/L in reject water from the sewage sludge
digestion (Tables 1-2), demonstrating that a major
part of the microplastic particles end up in the
sludge. A similar trend was seen for the biowaste

Table 1 Number of microplastic particles (including fibres) in digestate identified with u-FTIR and black and rubber particles iden-
tified with ATR-FTIR. Particle size >40 pm and <5 mm. NA, not analysed

Sampling Biowaste digester

Sewage sludge digester

Before sieve

After sieve

Particles/L. g/kg DW  Black and rub- Particles/LL g/kg DW Black and rub- Particles/L g/kg DW Black and

ber particles/L ber particles/L rubber
particles/L
5600 NA NA
107,080 11.20 510 7200 NA NA 36,800 11.86 1200
1200 0.13 200 2290 0.23 <190 1870 0.20 1340

Sampling 1, February 2020; Sampling 2, September 2020; Sampling 3, May 2021
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Table 2 Number of microplastic particles (including fibres)
in reject water identified with p-FTIR and black and rub-
ber particles identified with ATR-FTIR. Particle size>40 um
and <5 mm. NA, not analysed

Sampling Biowaste digester Sewage sludge digester

Particles/LL Black and  Particles/LL Black and

rubber rubber
particles/L particles/L
1 2100 NA
2 3320 NA 30 NA
3 80 10 20 40

Sampling 1, February 2020; Sampling 2, September 2020;
Sampling 3, May 2021

digestion in our dataset, the number of microplastics
were 2290-7200/L in digestate and 80-3320/L in
reject water from biowaste digestion (Tables 1-2).
This is in line with the results from other WWTPs,
where microplastic particles have been described
to accumulate to the sludge fraction (Magnusson &
Norén, 2014; Michielssen et al., 2016; Talvitie et al.,
2017). For example, at Viikinmdki WWTP in Hel-
sinki, Finland, the number of microlitter in excess
and raw sludge mixture was 63,611 (+3544)/L and
in reject water 12,867 (+275)/L (Talvitie et al.,
2017). Notably, the Viikinméki WWTP was treat-
ing 99-101 million m® of wastewater from ca.
800,000 inhabitants at the time the study was done,
compared to 67 million m? of wastewater from ca.
70,000 inhabitants in our study. The study by Talvi-
tie et al. included microlitter from excess and raw
sludge, and our results included only microplastics
found in digested sludge.

3.2 Plastic Particles Above 500 um

Plastic particles above 500 um in size were also
reported but were not considered in the summary
tables of microplastic abundance (Tables 1-2). Two
polyethylene (PE) particles sized 0.8—1.0 cm were
found in 125-ml reject water from biowaste diges-
tion at second sampling, and five PE particles above
500 um were detected in 20-ml digestate from bio-
waste (before the sieve step) at third sampling. A
relatively low quantity of plastic particles above
500 um was present in the samples.

@ Springer

3.3 Variations of Microplastic Concentrations

We detected very variable results during the
15 months that the monitoring continued. The num-
ber of microplastic particles in biowaste is mostly
depending on the incoming type of substrates and the
quantity of contaminants in the biowaste. The bio-
waste fermented at the study site was collected from
private households, grocery stores, and commercial
kitchens in the nearby municipalities. This kind of
biowaste is typically contaminated by plastic bags
and foils from food packaging in variable quantities
(Steiner et al., 2022a, b; Weithmann et al., 2018). The
polymer types found in the biowaste digestate sam-
ples were common plastic types used for packaging
(Fig. 1a) and are discussed further in section “Poly-
mer Diversity of the Detected Microplastic Particles”.
However, the sewage sludge could be susceptible for
seasonal variations. Seasonal variations of micro-
plastic concentrations have been described, as being
higher in hot periods, caused by higher levels of UV-
radiation which help fragmentation and degradation
of plastics. As well as larger numbers of microplas-
tics are detected after rainfall due to entrance into
the sewage system washed from the ground (Sol
et al., 2020). This could explain the higher number
of microplastics in digested sludge detected in Sep-
tember 2020 (36,800 particles/L) compared to May
2021 (1870 particles/L) (Table 1) in our dataset. The
month of September is usually a period of high pre-
cipitation in this area of Finland that is preceded with
a period of higher UV-radiation (June—August). The
monthly precipitation in Vaasa in September 2020
was 111 mm and 64 mm in May 2021, which could
have contributed to a higher quantity of plastics enter-
ing the sewage system (Finnish Meteorological Insti-
tute, n.d.).

3.4 The Impact of the Sieve Step Remains Unclear

Microplastic abundance in digestate from biowaste
fermentation after the final sieve step ranged between
2290 and 7200 particles/L. The first sample taken
before the sieve step showed a very high number of
microplastic particles (107,080 particles/L) and a
15-times lower number of microplastic particles after
the sieve step (7200 particles/L). At the next (third)
sampling, the same effect could not be seen, 1200
microplastic particles/L. were detected before the
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Fig. 1 Number of micro- a No. of microplastic particles / L
plastic particles/L and
. . 0 20000 40000 60000 80000 100000 120000
polymer type in digestate
samples (a) and reject B, before sieve, s2 [l [ |
water samples (b), biowaste
digester (B) and sew- B, before sieve, s3 |
age sludge digester (SS),
sampling number marked B, after sieve, s1 [l
with s1-3
B, after sieve,s2 [ |
B, after sieve, s3 I
ss,s2 | L |
SS,s3 |
mPE mPP mPS ©EVA PA mPLA mPOM =PUR mEPDM m=PVC
b
No. of microplastic particles / L
0 500 1000 1500 2000 2500 3000 3500
B, s1 I —
B, s2 [l |
B,s3 W
SS,s2 |
SS, s3
mPE mPP mPS ©EVA mPolyester mPUR mEPDM mKraton

sieve step and 2290 particles/L after the sieve step
(Table 1). The efficiency of the sieve step remains
unclear, and more samples need to be analysed
before any conclusions can be drawn. Sieving has
been reported to efficiently remove bigger fragments
(>5 mm) in compost or solid organic fertilisers but
is less efficient for the removal of smaller fragments
(1-5 mm) (Steiner et al., 2022a, b).

3.5 Polymer Diversity of the Detected Microplastic
Particles

Altogether, 17 different polymer types were identi-
fied from the study samples, 12 polymer types with
u-FTIR, and 8 polymer types with ATR-FTIR of
which 3 were of the same polymer type. The poly-
mer types identified in the samples with p-FTIR
were EPDM, ethylene vinyl acetate (EVA), polyam-
ide (PA), kraton (trade name for high performance

styrenic block copolymers), PE, polypropylene (PP),
polyester, polylactic acid (PLA), polyoxymethylene
(POM), polystyrene (PS), polyurethane (PUR), and
polyvinylchloride (PVC).

The most abundant synthetic polymers in reject
water from biowaste digestion were EVA (44%), PE
(31%), and PP (14%) (Figs. 1b, 2a). The most abun-
dant polymer in digested biowaste was EVA (61%
before the sieve step; 32% after the sieve step), but
also particles of PUR type were present at 25% in
samples taken before the sieve step. In samples taken
after the sieve step, particles of PE type were pre-
sent at 28% (Figs. 1a, 2b). PE and PP are both very
common types of plastic. PE is the most widely used
household plastic today and is used in plastic bags,
plastic film, cans, buckets, and in e.g., agricultural
plastic. PP is used in bread packs, microwave packs,
and jars (Plastics Europe, 2021), whilst PUR is used
in paints, foam, elastic fibres, and liquid coatings

@ Springer
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Fig. 2 Type of microplastic a
(%) is displayed in reject
water from biowaste (n=3)
or sewage sludge (n=2) (a),
in digestate samples before
sieve step (n=2) or after
sieve step from biowaste
digestion (n=3), and from
sewage sludge digestion
(n=2) (b), in ¢, type of
black particles and rubber
particles (%) are displayed
in digestate samples before
sieve step (n=2) from
biowaste digestion and from
sewage sludge (n=2)

Biowaste digester, after sieve _
Sewage sludge digester -

uPE mPP

Sewage slugde digester

EPE mPP ®PS

Biowaste digester, before sieve .

0% 20 % 40 % 60 % 80 % 100 %

EVA mPolyester mPUR mEPDM mKraton

0% 20 % 40 % 60 % 80 % 100 %
PS ="EVA PA mPLA mPOM =PUR mEPDM mPVC

0% 20 % 40 % 60 % 80 % 100 %

(Liong et al., 2021). EVA plastic is a mixture of ethyl-
ene and vinyl acetate and is a soft and flexible plastic.
EVA is used in plastic film and bags for frozen foods,
but is also used in many other packaging and plastic
goods industries (Mekonnen et al., 2020; Polymerda-
tabase.com, n.d.). Dominance of EVA particles has
not been described in prior microplastic studies from
digestate, to our knowledge, but has been detected in
river water samples recently (Liong et al., 2021). Our
results are in line with the other studies done about
microplastics in organic fertilisers, in which PE and
PP polymers were commonly found as well as poly-
ester (Ljung et al., 2018; Steiner et al., 2022a, b;
Weithmann et al., 2018).

EVA (57%), PUR (25%), and PP (9%) were the
most abundant polymers in digested sludge (Figs. 1a,
2b). The few polymer types found in reject water
samples from sewage sludge digestion were PP, EVA,
polyester, and kraton (Fig. 2a). Polyester, PA, PE, PP,

@ Springer
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and PS have been frequently reported in solid efflu-
ent fraction from WWTPs or digested sludge by oth-
ers (Hansen & Vollertsen, 2017; Lares et al., 2018;
Mintenig et al., 2017; Murphy et al., 2016). Poly-
ester has been frequently detected in effluent sam-
ples from WWTPs (Murphy et al., 2016; Talvitie
et al., 2017), with clothes washing as the most likely
source. On contrary, polyester was not detected that
frequent in our samples. It is possible that polyester
fibres are mostly accumulated in the liquid fraction
and not the solid fraction at the WWTP in our case
study. Because of a limited sample size, it cannot be
excluded that the observed differences are due to ran-
dom variability.

Furthermore, black particles and rubber particles
(such as wear of car tyres and granules used on arti-
ficial turf) were manually analysed with ATR-FTIR
in our study. Black particles cannot be illuminated or
give a light scattering reflectance for detection and



Water Air Soil Pollut (2023) 234:432

Page 9of 12 432

therefore difficult to analyse with p-FTIR. The black
particles identified with ATR-FTIR were EPDM, PE,
polyester urethan, polyacrolyonitrile (PAN), polybu-
tyl methacrylate (PBMA), polyethylene terephthalate
(PET), PUR, and SBR.

All sample matrices were analysed for black par-
ticles at least once, and digested sludge and bio-
waste (before sieve step) were analysed twice. Black
particles were more abundant in digestate samples
from sewage sludge (1200 and 1340 particles/L)
than in digestate samples (before the sieve) from
biowaste (510 and 200 particles/L) (Table 1). In the
reject water sample from sewage sludge digestion,
the detected black particles (40 particles/L) were of
PE, PAN, PBMA, and PUR type, and in the reject
water from biowaste fermentation, only 10 black PE
particles/L were found. In digested biowaste (before
the sieve step), the identified black particles were of
either PE or SBR type (52% and 48%, respectively)
(Fig. 2c). Most of the black particles in digested
sludge represented SBR (31%), EPDM (31%), and
PE (19%) polymers (Fig. 2c). SBR occur in car tyres,
and both SBR and EPDM rubber granules are used
in ground cover on playgrounds, schoolyards, and as
filling material in artificial turf (Magnusson et al.,
2016). Both these types of polymers are expected to
be transported with the stormwater to sewage treat-
ment plants, but the source of SBR black particles in
digestate from biowaste fermentation is unclear. SBR
and EPDM are relatively new kind of materials, and
they have not been described in digested sludge sam-
ples before, as far as we could ascertain.

4 Conclusion

The recycling of digestate as fertilisers in agricul-
ture is a valuable source of nutrients for plant and
soil quality. Nonetheless, there are barriers to the
agricultural use of digestate in terms of organic and
inorganic contaminants. Our results indicate that
digestate from both biowaste and sewage sludge
produced by a biogas plant can contain a significant
amount of microplastics and act as a transporter of
microplastics into the environment. The results also
show that most of the microplastic particles end up
in the digestate fraction and not in the liquid frac-
tion during biowaste treatment, which mainly have
been described in WWTPs previously. Furthermore,

the results demonstrate substantial variation of
microplastic concentration that could be linked to
seasonal variation for the sewage sludge. Mean-
while, the biowaste treatment is more dependent on
how well the biowaste from households and com-
mercial kitchens have been sorted. Decreasing the
plastic content in the incoming biowaste is thus the
most important measure for reducing the discharge
of plastics and microplastics into the environ-
ment via digestate from biowaste. This single-site
case and a small dataset are limiting factors to this
study. Also, a more detailed description of the size
of microplastics would have been more informa-
tive but was not available from the commercial
laboratory contracted for this study. More quantifi-
cation analyses are needed to gain more insight on
the amount of microplastic in waste fractions from
biogas plants and will increase the awareness for
microplastic pollution into the terrestrial environ-
ment. A consensus about the standardised analytical
process of microplastic detection in these kinds of
environmental matrices needs also to be established
for risk assessments to be carried out.
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