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Abstract

Background This article provides an overview of the iMulch joint project, which analysed the use of polyethylene
(PE) and biodegradable mulch films made of a polylactide (PLA) and polybutylene adipate terephthalate (PBAT)

on agricultural land as a source of microplastic. The development of a detection methodology using Raman spec-
troscopy and thermo-extraction desorption gas chromatography mass—spectrometry (TED-GC-MS), the adsorption
behaviour, ageing in drainage water and soil, their transport behaviour in lysimeters, ecotoxicity, uptake in plants, a life
cycle assessment (LCA) and upcycling were considered.

Results The PE film tested showed hardly any degradation or fragmentation during the ageing tests. The biodegrad-
able films showed incipient degradation after 8 weeks in drainage water and initial degradation after 12 weeks in soil
ageing experiments. Additionally no degradation could be detected in the lysimeter test within the 24 months ana-
lysed. The biodegradable films could be metabolized in laboratory tests with some microorganisms present in the soil.
This indicates that these films can be degraded in the environment if the conditions for degradation are optimal. No
microorganisms or fungi that could degrade the PE film within a respective period of time were detected in the soil.
Adsorption of the tested substances was not observed. Incorporated in soil, mulch film microplastic showed retention
of extractable pesticides. In the ecotoxicological tests, both film types showed no acute toxic effects in the earthworm
Eisenia fetida and the springtail Folsomia candida. Endocrine activity was observed in eluate samples from both films.
However, aged films showed fewer effects than non-aged films.

Conclusion Both types of film show no transport or degradation in the tests under real conditions, which means
that they remain in the upper soil layer, where they are available to soil organisms and can lead to high concentra-
tions in the future. As the biodegradable film could be degraded, at least under ideal conditions, we recommend

its use. However, proof of degradation must first be verified under real field conditions. In addition, we recommend
the use of thicker conventional mulch films to minimize the emission of plastic particles. For this purpose, a minimum
lower limit for the material thickness should be defined.
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Background
The production of plastic increased during the last dec-
ades from 1.7 million t in 1950 to about 400 million t in
2022 worldwide [1]. Clearly, with the myriad of applica-
tions no plastic-free future can be envisaged. However,
due to the high production volumes and the unclear end-
of-life, plastics are a major challenge, as acknowledged by
the UN. In countries with suboptimal waste logistics, the
challenge is omnipresent, while in countries with good
waste logistics, the impact on organisms and whole eco-
systems is more subtle. Plastic can enter the environment
by wear and tear and littering or by purpose, as seen by
the ever-growing use of plastic in the agricultural sector.
Mulch films are an example of agricultural plastics,
with increasing applications. They serve to regulate
temperature and moisture in the soil, prevent weed
growth and soil erosion during heavy rainfall, and pro-
tect crops from pests and predators [2]. It is expected
that the use of mulch films in agriculture will increase
in the course of climate change and the targeted reduc-
tion in the use of pesticides [3]. In Europe, about

4270 km? of agricultural land is covered with mulch
films, with polyethylene (PE) as the dominant material.
PE mulch film is often modified with additives such
as plasticizers, UV stabilizers, and colour pigments to
achieve favourable properties [2]. Most mulch film is
removed from the field after use. However, the thinner
the film, the more difficult and time-consuming it is to
remove the entire mulch film from the field after the
harvest cycle [4]. For this reason, fragments of mulch
film are intentionally or unintentionally left in the field
and can break down into microplastic fragments.

While unintentional emissions cannot be directly
regulated, the intentional use of plastic products in
the environment can be regulated if necessary. There-
fore, it is important to investigate these uses, identify,
and quantify possible emissions of microplastic. Finally,
a risk assessment of the technology comparing the
advantages and disadvantages is required.

Whether the use of mulch films on agricultural land
can have a negative effect on the soil ecosystem was
analysed from various perspectives in the joint project
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“iMulch—an investigation of the influence of polymers
on a terrestrial ecosystem using the example of mulch
films used in agriculture” The project is a Leitmarkt.
NRW project and was funded by the European Regional
Development Fund (ERDF) “Investments in Growth
and Employment”.

The joint project was carried out and supported by a
consortium consisting of six active project partners and
three associated partners. In addition to the Institut fiir
Umwelt & Energie, Technik & Analytik e.V. (IUTA), the
two Fraunhofer Institutes IME and UMSICHT, RWTH
Aachen University with the Institutes for Environmen-
tal Research (IFER) and the Institute for Applied Micro-
biology (IAMB), the company FISCHER GmbH and the
nova-Institut were involved. Associated partners were
the Research Institute Plastics and Recycling (FkuR), the
company BASF and the Federal Environment Agency.
There was also a lively exchange with the NRW Chamber
of Agriculture.

The project analysed a PE film and two biodegradable
plastic films [PLA/PBAT blend—polylactide (PLA) and
fossil-based but biodegradable polybutylene adipate tere-
phthalate (PBAT)] provided by the associated partners.
The comparison between the films also served to analyse
whether and to what extent biodegradable films are eco-
logically advantageous compared to conventional films.

In a first step, a detection methodology was devel-
oped, which included the establishment and valida-
tion of a sample preparation, analysis and evaluation
method for TED-GC-MS and a suitable sample prepa-
ration and analysis method for Raman microspectros-
copy (uRaman). This makes it possible to determine the
concentration, size distribution, morphology and type
of polymers in soils. Weathering and ageing of the films,
transport behaviour and possible ecotoxicity were also
investigated. A life cycle assessment was also part of the
project scope, as was the attempt to identify an alterna-
tive recycling path through upcycling. Recommendations
were derived from the results in order to reduce future
emissions from mulch films into the environment. In this
article, an overview of the overall strategy and the results
is presented, while we refer to specific references for
details.

Materials and methods

Test fields

As part of the project, in addition to spiked reference
soils, real soils should also be sampled and measured in
order to be able to estimate the concentration of micro-
plastics in real cultivated soils. In addition, these sam-
ples should be used to test the hypothesis that the form
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of cultivation has an influence on the concentration of
microplastics in the soil.

Unfortunately, it was not possible to find suitable
fields within the scope of the project, so the real sam-
ples were taken from test fields of the NRW Chamber of
Agriculture.

One advantage of these fields was that the cultiva-
tion history of these fields over the last 10 years was
known, so that suitable fields could be selected to test
the hypothesis. The fields are cultivated normally but are
smaller in comparison to non-test fields. As a result, it is
easier for farmers to find and manually remove any film
residues after use. These fields therefore represent a best-
case scenario.

Sampling
The sampling was carried out in accordance with the soil
science mapping guidelines for nutrients. For this pur-
pose, up to 5 kg of soil of the first 30 cm of the soil was
collected using a Piirkhauer sampler. The sampling was
carried out diagonally across the surface of the field. The
soil was collected in a metal bucket.

If plastic particles were sighted on the surface of the
soil during sampling, this was noted and collected.

The soils samples were mixed and one part of the sam-
ple was characterized for the soil characteristics the other
part was used for the microplastic analysis.

Microplastic analysis

A sample preparation and detection method was devel-
oped with which microplastic could be detected in soils,
primarily PE and PLA/PBAT. A combination of spec-
troscopy and mass spectrometry seemed to be ideal to
gain information about the size, shape, particle number
and mass quantity of microplastics. A sample prepara-
tion method was established for both TED-GC-MS and
pRaman.

For thermoanalytical methods like pyrolysis or TED-
GC-MS the reduction of matrix is often not neces-
sary. However, a microplastic enrichment step through
the application of a sample preparation method can be
helpful to reach the limit of quantification (LOQ) of the
measurement systems. The LOQ was 1 pg/g for PE and
0.1 pg/g for PLA/PBAT.

For spectroscopic methods a reduction of the matrix
is mandatory, since single particles need to be analysed.
However, lower amounts of polymer particles can be
detected by using these techniques. Due to these two dif-
ferent preparation methods were established.

A summary of the developed sample preparation work-
flows can be seen in Fig. 1. The workflow concerning
Raman microspectroscopy analysis is already published
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TED-GC-MS Raman microspectroscopy
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Fig. 1 Workflow for the sample preparation methods for TED-GC-MS and Raman microspectroscopy

and can be seen in detail within the study of Wenzel et al.
[5].

The recovery rates for the sample preparation method
for the TED-GC-MS method was investigated using
the Reference soil AO1 and the two different mulch film
types (PE and biodegradable film—PLA/PBAT). An aver-
age recovery rate of 93% for PLA/PBAT and 109% for PE
was determined. Recovery rates for the Raman micro-
spectroscopy workflow was analysed by spiking reference
particles to the systems. For polyethylene terephthalate
(PET), a recovery rate of 77% + 11%, for polystyrene (PS),
42%+11%, and for polypropylene (PP) 65%+12% was
detected. A detailed description can be found elsewhere

[5].

Sample preparation

Density separation

Density separation is based on increasing the density of
the medium used by mixing water with a salt, e.g. sodium
chloride (NaCl-water mixture 1.19 g/cm®) or sodium
iodide (Nal-water mixture 1.8 g/cm®). Heavy matrix
components sink when a sample is added, while the light

fraction containing microplastic floats up, which can be
separated and filtered.

In order to achieve a sufficiently large density differ-
ence between polymer and solution, sodium iodide was
used. For this purpose, 200 g of the soil was mixed with
800 ml of a saturated sodium iodide (Nal) solution and
transferred to a 1000-ml beaker. The soil-Nal mixture
was stirred for 5 min and covered with aluminium foil.
After standing for 1 h, the sample was stirred again for
5 min and then left to stand for 24 h.

The supernatant was collected with a test sieve with a
50 um mesh size and filtered on a 47 mm cellulose filter
by washing with a Tween/ultrapure water solution by
vacuum filtration. The separated matrix was transferred
to a petri dish and was homogenized afterwards. To
reduce the organic-rich components of the sample, the
homogenized sample is digested using Fenton’s digestion.

Fenton’s digestion

Fenton’s digestion is based on oxidizing the organic
matrix components, catalysed by iron II in an acidic
medium. The combination of FeSO, (solution) and
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hydrogen peroxide (H,0,) produce hydroxyl radicals,
needed to degrade the organic components. Fenton
digestion has already been used in own work within
the BMBF project SubuTrack for matrix reduction
concerning wastewater samples [6] and adapted to
the matrix soil for the iMulch project. Compared to
the implementation according to Al Azzawi et al. [7],
the volumes of the reagents used were adjusted to the
sample quantity. The samples should be is completely
wetted with the catalyst solution to ensure a homo-
geneous reaction. The volumes of hydrogen peroxide
were therefore adjusted concerning the volume needed
of the catalyst solution. After the Fenton digestion, the
sample was ground with an agate grinder and an ali-
quot of 10 mg was taken for TED-GC-MS analysis.

Flotation

The basic concept of flotation was adapted from an
enrichment step in mineral processing, where rising
air bubbles in water are suitable for separating ore par-
ticles from stone. The air bubbles adhere to the surface
of hydrophobic particles. Therefore, the air bubbles
can serve as vertical transporters for hydrophobic
particles [8, 9]. Due to the hydrophobic properties of
most polymers, this process also seemed to be a suit-
able enrichment step for the analysis of microplastic in
environmental samples. A detailed description of the
method can be found elsewhere [5]. Briefly, the flota-
tion apparatus designed by Renner et al. [10] for sedi-
ments was adapted to the matrix soil. However, in this
project an improved version of the apparatus was used,
which was completely made from glass. The used sep-
arator (named pSEP) is designed as a closed circuit, i.e.
at the bottom of a separation column all particles enter
a thin bypass which is used for the vertical transport of
the whole sample and the subsequent reintroduction
into the separation column. This transport is realized
by a strong stream of large air bubbles. In contrast to
the fine stream of air bubbles in the separation column,
these large air bubbles in the transport bypass adapt
to the column diameter and ensure that all particles
are forced vertically in a non-destructive manner. The
closed loop allows for multiple microplastic—air bub-
ble interaction cycles within the separation column,
which can improve separation. In addition, the out-
let, diffuser and gas/liquid separator can be removed
or replaced to adjust system parameters and clean or
replace defective parts. The hydrophobic microplastic
particles rise via the air bubble flow and pass the out-
let, where they are collected at an overflow on a filter.
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Detection

Specific software programmes were used for the indi-
vidual analysis procedures. Details on the data analysis
are listed in the individual associated publications.

TED-GC-MS

In the context of TED-GC-MS analysis, the employed
analytical methodology is firmly established and was
concurrently utilized in previous studies of the authors
[5]. Pyrolysis of samples was conducted utilizing a ther-
mogravimetric furnace (TGA 2, Mettler Toledo GmbH,
Gief8en, Germany). Within this process, the sample of
interest was situated in a 600-pl alumina crucible (Met-
tler Toledo GmbH, Gieflen, Germany). Subsequent to
pyrolysis, the resultant pyrolysis products underwent
transfer through an interface to an adsorption unit
employing a nitrogen flow. The adsorption transpired
onto a solid-phase stir bar adsorber constructed from
polydimethylsiloxane.

The automation of this process involved the utiliza-
tion of a MultiPurposeSampler autosampler robot,
facilitating the transfer of the adsorber to the thermal
desorption unit. All instrumental components, includ-
ing the interface, adsorber, adsorption and desorption
units, as well as the MultiPurposeSampler, were pro-
cured commercially from Gerstel GmbH & Co KG,
Miilheim an der Ruhr, Germany. Subsequently, the
desorption of pyrolysis products ensued, followed by
cryofocusing (CIS4, Gerstel GmbH & Co KG, Miilheim
an der Ruhr, Germany), and injection into the gas chro-
matograph (GC7890, Agilent, Santa Clara, California,
USA). Post chromatographic separation, the pyrolysis
products were subjected to analysis using a mass spec-
trometer (5977B MSD, Agilent). Comprehensive details
pertaining to the setup parameters are delineated in
prior studies authored by the investigators. For identi-
fication and quantification, well-known marker com-
pounds of the polymers at its specific retention times
were used.

Raman microspectroscopy

A detailed description of the analytical method used
in this study can be referenced in a previous publica-
tion by the researchers [5]. In summary, particle anal-
ysis was performed utilizing an alpha300 R confocal
Raman microscope (WITec, Ulm, Germany). Initially,
a light microscopic darkfield image of the filter surface
was acquired using a Zeiss EC Epiplan HD 20x/0.5 NA
microscope objective. Following image acquisition,
WITec ParticleScout (version 5.3.18.110) was used
for image processing, whereby bright appearing parti-
cles were demarcated against the dark background by
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automated determination of a brightness threshold exe-
cuted by the software.

The alpha300 R configuration included a WITec UHTS
300 spectrometer and an Andor iDus Deep Depletion
charge-coupled device (CCD) camera. A laser with a
wavelength of 532 nm was applied for particle measure-
ments. Raman spectra of the particles were acquired
using a Zeiss EC Epiplan-Neofluar DIC 50x/0.8 NA
microscope objective with a laser power of 2 mW on the
sample. Particle positioning in the laser focus was auto-
mated using coordinates derived from the particle mask-
ing, and the focus was precisely adjusted to the surface
via spectral autofocus. Subsequently, a Raman spectrum
was recorded for each particle. The particles were iden-
tified by an automated spectral comparison using a self-
generated spectral database that was precisely matched
to the composition of terrestrial soils.

Environmental fate
UV aging
In the field, mulch films are spread on the fields for sev-
eral months. The films are then exposed to various abi-
otic factors such as wind, temperature and UV light,
which causes ageing of the films. In order to test if the
toxicity of fresh versus aged films differs, the three tested
films were artificially aged with a light source in a climate
chamber.

The films were placed in glass trays filled with refer-
ence soil A0O1 and irradiated with an artificial light source
(burner). A burner simulating the spectrum of the sun
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was used for the ageing tests. The burner was lent by Lar-
sol GmbH, it is a Yuma HMI1200 DS SOLAR.

The ambient temperature and humidity were kept
constant. The films were aged for 4 weeks at constant
temperature (42 °C) and humidity (approx. 25% relative
humidity) to simulate a 6-month period of use (April-
September). The pyranometer and the black standard
thermometer were fixed at the height of the film to deter-
mine the temperature and radiation intensity at film level
and to adjust them if necessary. The black standard tem-
perature was 60 °C.

After ageing, the films were weighed and then stored
airtight in amber glass bottles, all films showed a signifi-
cant reduction in weight. Part of the films were sent to
the partner for ecotoxicological studies.

Aging in drainage water
In the iMulch project, no pure plastic degradation tests
were deliberately carried out, as there are already many
publications on this subject. Also, the project duration
would not have been sufficient for degradation of the
mulch films, as complete degradation in water can take
years. Rather, weathering and alteration of mulch film
particles were focused on, as these factors directly affect
emission, dispersion, and fate of the particles.
Weathering tests of square and powdered test materi-
als from petroleum and biodegradable mulch films were
conducted in the aqueous medium with a laboratory
wastewater treatment plant (Fig. 2) in two experiments,
each lasting approximately 3 months. Test materials and
aqueous medium were examined before and after the

Fig. 2 Laboratory wastewater treatment plant type KLD4N/SR
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runtime by digital microscopy, spectrometry and pyc-
nometry, among other methods.

Ageing on soils under laboratory conditions

A soil test stand for weathering mulch films under natural
conditions in the laboratory was established (Fig. 3). Pre-
liminary tests were carried out in a prototype (self-built).
This has shown that the observation period lasts longer
than initially expected due to accelerated climate cham-
ber tests, as the samples were weathered on the ground
under almost “normal” ambient conditions in terms of
soil moisture and air temperature. Therefore, a duration
of at least 16 weeks had to be assumed. To determine the
influence of soil type, soil moisture and UV irradiation,
appropriate sensors were tested and selected for the con-
struction of the new test stand. The system concept was
modified in that a drainage floor was installed to avoid
water stagnation. In addition, the number of registers
in the new test stand was increased to six. This makes it
possible to test different soil and film types at the same
time. Here the test were conducted with one soil type
and the three mulch films (two biodegradable and one PE
Film).

The six registers of the soil test stand were filled with a
reference soil Refesol 01-A. RefeSol are soils recognized
by the Federal Environment Agency (UBA) for test pro-
cedures in accordance with the Federal Soil Protection
Act/Ordinance. Refesol 01-A is a Dystric cambisol, the
soil is medium acid and very light humic and shows an
effective cation exchange capacity of 11.6 mmolc/kg.
The individual registers were each fitted with six drip-
pers for irrigation and a capacitive moisture sensor to
control the irrigation using a solenoid valve. A UV lamp
for irradiation was positioned centrally above every two

Fig. 3 System components of the soil test stand (a) registers which can be filled with different type of soils, b Photo of the irrigation system
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registers. A lamp system from Vilber (vilber.com) was
used that has a similar spectrum to the UV-A lamps
from the measuring device manufacturers ATLAS and
QLab (pausch.com).

The radiation output is determined in one register
using a UV sensor as an example. Two pieces of film of a
mulch film type were placed in each of two registers for
weathering.

During the test operation, data on humidification and
ambient temperature were continuously recorded and
photographic documentation of the samples was carried
out. The moisture content of the soil was also checked
using an external capacitive measuring device and the
amount of water was determined manually. During irri-
gation, it was noticeable that the water remained on the
surface of the soil for a long time before it seeped away.
Samples were taken before and after the test to evalu-
ate the test regime. Soil samples were taken at a depth of
up to 5 ¢cm, up to 10 cm and down to the bottom of the
register.

The soil samples were subjected to a simplified leaching
test. For this purpose, 100 ml of water was added to each
sample in a beaker and stirred at room temperature for
approx. 30 to 60 min until a homogeneous dispersion was
formed. The filtrate was then filtered, concentrated, and
analysed using infrared spectroscopy (IR). No evidence of
films could be found in the filtrates.

The mulch films were examined before and after the
test using various analysis methods. Fragmentation was
investigated using digital microscope images and scan-
ning electron microscopy (SEM) analysis. The change in
the polymer was measured using differential scanning
calorimetry (DSC) and thermogravimetry (TG) for the
change in thermal parameters such as mass loss, melting

d)

with which the moisture in the soil can be adjusted, ¢ UV-lamp system for illumination, d photo of the test stand with mulch film
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range, crystallization, and glass transition. IR was used to
detect the change in molecular parameters.

Lysimeter experiments

For the lysimeter studies the *C-radioactive labelled
polymers were synthesized, *C-PBAT and '*C-PE were
synthesized. The polymers were cryo-milled and the
resulting particles were spiked on the top 5 cm of undis-
turbed outdoor lysimeter. The lysimeter experiments
were run for 24 months. Different plants were cultivated
on the lysimeters according to normal agricultural prac-
tice. The transport of the polymer particles or degrada-
tion products in the lysimeters as well as the uptake into
the plants were investigated.

Carrier function, adsorption of contaminants on the polymer
surface
A frequently discussed problem with the adsorption of
substances is that the non-toxic sorbent can serve as a
vector for sorbed, toxic substance. On the other hand, it
can be of great advantage if the concentration of the toxic
substances is reduced by the sorption, provided that des-
orption does not occur again downstream.

Therefore, it is important to better understand both the
adsorption and desorption processes of the films.

Sorption studies are mainly conducted in batch experi-
ments [11]. The batch approach is widely used because
of its simplicity [12]. It requires that the sorbate (target
compound) and the sorbent are mixed in a liquid matrix
[12]. Once sorption equilibrium is reached, the equilib-
rium concentration of the remaining sorbate in the liq-
uid phase can be determined using various detection
methods that depend on the sorbate, such as UV-vis
spectrometry or mass spectrometry (MS)-based meth-
ods. The sorbate concentration in or on the solid phase
is determined by a mass balance calculation using the
initial spiked mass and the equilibrium concentration in
the liquid phase. For the batch method, an established
method based on OECD TG106 [13] was adapted for the
adsorption experiments in this project.

The adsorption behaviour of the three films [con-
ventional PE film and two biodegradable (PLA/PBAT)

. Water
e

mulch film ; P‘
[}

5 mg mulch film
20 ml Water

Fig. 4 Simplified scheme of the adsorption tests
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films (biodegradable 1 and biodegradable 2)] was tested
according to the procedure shown in Fig. 4. The pes-
ticides atrazine, tebuconazole and thiacloprid and the
heavy metal copper were selected as adsorbates. For the
tests, a constant mass (5 mg) of the films was mixed with
a certain concentration of the substance under investi-
gation and shaken with water at a constant temperature
(21 °C) for a certain time (24 h, 48 h, 1 week, 2 weeks).
After the selected time points, the liquid was removed
with a pipette and then analysed for the pesticide con-
centration using liquid chromatography—tandem mass
spectrometry (LC-MS/MS) or for the copper concentra-
tion using inductively coupled plasma mass spectrometry
(ICP-MS). To prevent the films from floating, they were
weighted down with glass beads.

The measured concentration in the liquid provides
information about the amount of the substance adsorbed
on the substrate surfaces.

Ecotoxicity

Potential ecotoxicological effects of mulch films were
investigated in a bidirectional approach, considering
exposition in water and soil, whereby the focus was set
on terrestrial exposure scenarios.

In the aquatic approach, films were eluted in water over
1 d and 30 d to simulate leaching and thus exposure in
aquatic system. They were tested in an aquatic biotest
battery including the micronucleus assay [14], the ER-
CALUX assay [15], the micro-EROD assay [16] and pre-
vious cytotoxicity tests in order to estimate exposure
concentrations for the mechanism-specific assays with-
out acute toxicity.

For terrestrial investigations, films were cryoground
to microplastic particles of 50-1000 um size range and
evenly distributed in soil to assess effects of possibly
remaining microplastic particles in soil on native species.
Reproduction assays were conducted with the earthworm
Eisenia fetida and the springtail Folsomia candida in dif-
ferent concentrations up to 5 and 10 mg/g soil dry weight,
respectively, according to the OECD guidelines 222
[17] and 232 [18]. Survival, weight change, reproductive

Pesticide or
heavy metal

—> LCMS
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output, and hatching delay were investigated for the
earthworm and reproductive output for springtails.

Further, biomarker measurements of catalase (CAT),
Glutathione-S-transferase (GST) and acetylcholine ester-
ase (AchE) activities and oxidative stress were conducted
for earthworms exposed for 4 weeks and also after a
subsequent recovery time in uncontaminated soil for
another 4 weeks according to the methods detailed in
Lackmann et al. [19].

Additionally, polyethylene film particles were mixed
with established pesticides based on active ingredients
tebuconazole and thiacloprid and tested in acute mor-
tality tests with Eisenia fetida to observe the particle’s
impact on pesticide exposure and availability to organ-
isms. Investigated concentrations ranged from 50 to
300 mg/kg,, (tebuconazole) and 0.5 to 500 mg/kgy,,
(thiacloprid).

Life cycle analysis (LCA)

A life cycle analysis (LCA) according to ISO 14040 [20]
and ISO 14044 [21] was carried out to assess the envi-
ronmental impact of a biodegradable mulch film in com-
parison to a conventional non-biodegradable mulch film.
Potential environmental hotspots were identified within
the life cycle. The results of this LCA have not been criti-
cally reviewed.

As a functional unit, 1 ha of mulch film for the cultiva-
tion of courgettes was selected for both types of mulch
film. A conventional one based on polyethylene (PE) with
a layer thickness of 30 pm and a biodegradable one based
on bio-based polylactide (PLA) and fossil-based polybu-
tylene adipate terephthalate (PBAT) with a layer thick-
ness of 10 pm were compared.

A cradle-to-grave study was conducted and covered
material production, transport between processing
plants, compounding, extrusion of the film and various
end-of-life (EoL) treatment options. At EoL, the biode-
gradable film remains in the field and biodegrades there
whereas for the conventional film, two types of EoL were
considered, namely mechanical recycling and incinera-
tion with energy recovery. The PE are collected, cleaned
and dried before being incinerated or recycled. This study
assessed a scenario where 80% of the PE film are inciner-
ated and 20% are mechanically recycled.

The value chain definition and the inventory data
are based on LCA databases (Ecoinvent 3.6), literature
research [22-25] and communication with different
experts on biodegradable compounds, mulch films and
recycling. Therefore, this study compares two generic
mulch films and is not specifically representative of com-
mercially available mulch films.

For the LCA, the EF 3.0 (Environmental Footprint
3.0) was used as the impact category set [26]. In this
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publication, only the results for Global Warming Poten-
tial (GWP100) are reported [27].

Biogenic carbon uptake from PLA for the biodegrada-
ble mulch films, as well as credits from energy and mate-
rial recovery at the end of life of the PE mulch films are
considered and showed separately. The biogenic carbon
embedded in PLA is released as biogenic carbon emis-
sions to the atmosphere during biodegradation.

Can the plastic be kept in the loop? Upcycling

as potentially sustainable end-of-life option

The use of low value mixed plastic fractions or contami-
nated plastics is a challenge in countries, in which waste
logistics is implemented at a quality that avoids to the
large extend littering in to the environment. Besides
incineration, a clearly beneficial technology compared
to landfilling, few ideas exist on how one could use these
mixed plastic fractions. Depending on the quality of
the plastics, pyrolysis as discussed for decades and now
brought to industrial scale. Alternatively, catalytic deg-
radation of plastic to the monomers followed by subse-
quent use of these chemical mixtures as carbon source
for microbes is discussed by [28]. Examples include the
enzymatic degradation of PET and subsequent utiliza-
tion of ethylene glycol and terephthalic acid by engi-
neered Pseudomonas species to rhamnolipids [29] or
the pyrolysis of PE to alkanes, followed by chemical oxy-
genation. The latter product was a superior substrate for
PHA synthesis by Pseudomonas [30]. More complex is
the utilization of PU monomers, as showcased by Utomo
et al. In iMulch, we hence investigated if upcycling rather
than leaving the plastic in the soil, could contribute to an
improved material use. As an alternative end-of-life sce-
nario, we discussed, if the addition of microbes that can
utilize the plastic monomers and may even have a hydro-
lytic activity on the mulch film, as discussed elsewhere
[31], would help to reduce the time of (micro)plastic in
the field. The first step was to identify microorganisms,
which are able to metabolize the PLA/PBAT mulch film
monomers lactic acid, adipic acid and 1,4-butanediol,
terephthalic acid. This was done by isolating microor-
ganisms from several field soil samples as well as by a
literature study on potential promising organism groups
and respective screening of the institute’s strain collec-
tion. The entirety of bacteria in the field soil samples was
analysed by 16S rRNA Illumina amplicon sequencing.
Microbial phenotypes on the monomers in pure culture
was confirmed by simultaneously measuring microbial
growth photometrically and the dissipation of mulch film
monomers from the cultivation supernatant via high-
performance liquid chromatography. Further experi-
ments aimed at the microbial conversion of mulch film
monomers into molecules of value. Finally, a microbe was
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identified that not only could natively use all four PLA/
PBAT monomers, but also showed low hydrolytic activ-
ity on the mulch film directly (analysis via CO,-emission,
SEM, EDX and enzymatic assays). The conditions of the
microbial cultivation such as preculture, temperature,
pH, and oxygen supply were optimized.

Results

Detection method

In a first step, a detection methodology was developed,
which included the establishment and validation of a
sample preparation, analysis and evaluation method for
thermo-extraction desorption (TED)-GC-MS on the
one hand and a suitable sample preparation and analysis
method for Raman microspectroscopy on the other.

The Raman microspectroscopic method was success-
fully used for particle characterization of soil samples.
The workflow could be (partially) automated, so that in
addition to the particle identification, statements could
be made about the material and particle size distribution
as well as the particle shape. Small amounts of microplas-
tics of different types could be detected in all soil samples
investigated. However, the (time) limiting factor in the
use of this measurement technique is still the high matrix
load of the soil samples. In the course of the project, the
matrix separation could be improved significantly, but
the high heterogeneity of terrestrial soil matrix is still a
big problem. Currently, 200 particles need to be spectro-
scopically measured in order to find one plastic particle.
For more details, please refer to [5].

Concentration in field samples
With the established TED-GC-MS method, different soil
samples, for which the type of cultivation was known,
were analysed. The hypothesis was that the different
forms of cultivation, cultivation with/without mulch
film, with biodegradable mulch film and conventional PE
film would lead to different concentrations of PE or PLA/
PBAT in the soil. However, this could not be confirmed
by the measurements.

It was also shown that the two sampling campaigns
show different results, indicating an inhomogeneous dis-
tribution of the microplastic on the field (Table 1).

Environmental fate studies

Ageing in drainage water

Ageing tests with conventional (PE) and biodegradable
mulch films were carried out in a laboratory-scale test
sewage treatment plant, which was filled with drainage
water from an arable field. The PLA/PBAT mulch films
showed clear deterioration after only a few days. At the
end of the tests after 8 weeks cracks and holes were evi-
dent, but no complete degradation. However, fouling
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Table 1 Concentration of PE and PLA/PBAT from the different
fields measured with TED-GC-MS

Field ug PE/gsoil  pg PLA/
PBAT/g
soil

Field with biodegradable film_A <1 03

Field with biodegradable film_A2 44 <0.1

Field with biodegradable film_B 5.2 0.5

Field without film_A <1 <02

Field without film_A2 14 <03

Field without film_B <4 0.5

Field with mulchfilm/strawberries_A <1 <0.1

Field with mulchfilm/strawberries_B <1 2.2

Field close to motorway service station_A <1 <0.1

Field with asparagus film_A <1 0.2

Field with asparagus film_B <1 04

Reference soil RefesolAO1 8.2 04

All soils are Luvisol with a pH between 6.4 and 6.7. The last field shows a pH
of 7.5.A=sampling in March 2021, B=sampling June 2021, A2 samples were
shipped in plastic foil made of PE

and weathering occurred on all mulch films (Fig. 5).
Both film types showed a significant increase in density
over time due to fouling, which causes film fragments to
sediment in water bodies. Additionally the FTIR spec-
tra changed over time, especially for the biodegradable
film fragments, due to fouling, which can make it diffi-
cult to clearly identify the polymers. Using 10% HC], this
process is reversible, so HCI treatment is recommended
prior to spectrometric studies.

Aging in soil test stand

The weathering of mulch films was additionally investi-
gated in a soil test stand, here more naturally like condi-
tions could be tested compared to a climate chamber test
system. After about six to eight weeks, the first changes
in the bio degradable films were visible (cracks, holes).
By the end of the test, no complete degradation of the
biodegradable films could be observed and the PE Film
shows no degradation at all. The following Fig. 6 shows
the results of the photo documentation.

This observation was confirmed in the SEM images
(not shown). Here fragmentation was observed with
cracks and holes for the biodegradable films and no deg-
radation for the PE film.

However, no significant change over time was observed
in the IR spectra and in the thermal analysis, also indicat-
ing a low degradation of the material at all.

The degree of soil mass on the biodegradable film was
greater than in the PE film. This “contamination” influ-
ences the IR spectroscopy as bands are covered by the
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Fig. 5 Fouling and weathering of biodegradable (1) and PE (r) mulch film fragments

Start Midterm End

Fig. 6 Photo-documentation (from top to bottom biodegradable 1-15 um, PE black—40 um, biodegradable 2-16 um)

soil material and can therefore not be evaluated. In the Lysimeter experiments

DSC curves, small changes can be seen in the crystal- In order to analyse the transport and degradation behav-

lization and melting areas of the biodegradable films iour of the polymers in the soil, mulch film particles with

whereas no differences can be seen in the PE film. !4C-radioactive labelling were synthesized, placed in top-
soil and investigated in a lysimeter study for 24 month.
Under realistic field conditions, no transport, no
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significant degradation and no uptake of the mulch film
particles or their degradation products in plants could be
detected.

Carrier function, adsorption of contaminants on the polymer
surface

The results of the adsorption tests indicate that no detect-
able adsorption of the heavy metal copper was observed
(data not shown). Additionally, among the three pesti-
cides tested on the films (see Fig. 7) using the selected
method, only the pesticide tebuconazole showed a slight
tendency toward low adsorption on the biodegradable
film. Given that negligible or minimal adsorption was
detected for all the substances tested, no desorption
tests were performed. Consequently, it can be concluded
that the film fragments do not serve as carriers for the
pesticides.

Ecotoxicity studies

The ecotoxicological effects of the mulch films on aquatic
and terrestrial organisms were studied. In the terres-
trial toxicity tests, no negative effects on soil organisms
could be detected in the acute reproduction tests with
the earthworm Eisenia fetida and the springtail Folsomia
candida. Some biomarker analyses indicated slight con-
centration-dependent increase in earthworms. Further,
the presence of microplastic seemed to lower the avail-
ability and, thus, toxicity of pesticides in acute testing.

140%
120%
100%

80%

60%

40%

20%

percentage of the initial concentartion

Page 12 of 16

In the investigation of effects on aquatic organisms,
similar estrogenic effects in range of 8—10 17f3-Estradiol
eq./mg mulch film in the ER CALUX assay could be
detected for both film types (PE and PLA/PBAT blend)
in different elution time frames, with the aged films
showing a lower effect. No differences in effect strength
between the film types could be shown. Detailed results
will be given elsewhere [32—34].

Life cycle analysis (LCA)

As seen in Fig. 8, raw material sourcing has a significant
impact on the cradle-to-gate results for both film types.
For biodegradable films, the high impact of fossil-based
PBAT production is mainly due to the high carbon foot-
print of adipic acid, linked to the release of N,O during
its synthesis. For PE films, PE production shows a high
contribution to climate change. The energy contribution
from the processing steps (compounding and extrusion)
is also relevant, especially for PE films, as more material
has to be processed to produce 1 ha of mulch film.

At the end of the life cycle of biodegradable mulch film,
the film remains on the ground. The emissions of CO,
released during biodegradation enter the atmosphere and
contribute to climate change. The disposal of PE films
is more complex requires several steps: they have to be
collected, cleaned and dried, and then recycled or incin-
erated. Therefore, the end-of-life impact of PE films on
climate change is higher than the end-of-life impact of
biodegradable mulch films.

1l

168 h 336 h 168 h 336 h 168 h 336 h 168 h 336 h
PE biodegradable 1 biodegradable 2 beaker and glass
beads
B Tebuconazol ™ Thiacloprid Atrazine

Fig. 7 Results of the adsorption experiments after 168 h and 336 h for the pesticides tebuconazole (blue), thiacloprid (orange) and atrazine
(yellow). Concentration: 400 ng/ml. Shown is the percentage of the initial concentration in the liquid; n=3
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Global Warming Potential (kg CO,eq/ ha mulch film)
Cradle-to-grave results

2000

500

kg CO,eq/ ha mulch film

Biodegradable

Biogenic CO2 uptake
mulch film PLA

-500

PE muich film

Credit energy recovery

= Incineration

= Credit material recovery

= Recycling

® Cleaning and drying (PE)

= Collecting (PE)

® Biogenic CO, uptake (PLA)
Biodegradation
Extrusion mulch films
Compounding
Production PBAT
Production PLA
Production PE

Fig. 8 Life cycle analysis (cradle-to-grave) for both mulch film types, PE mulch film and biodegradable mulch film. Shown is the global warming

potential (kg CO,eq/ha mulch film)

Additionally, the contribution of end-of-life processes
(recycling and incineration) to the final LCA results
strongly depends on the allocation methodology applied.
For climate change impacts, PE mulch films perform bet-
ter than biodegradable mulch films when energy recov-
ery and material recycling credits are taken into account.
If only the EoL burdens are taken into account, the two
mulch films perform equally well.

Finally, potential for greenhouse gas emissions savings
have been evaluated in the full LCA study, particularly
with the use of bio-based adipic acid for the synthesis of
PBAT and an increase in the recycled content of the PE
film.

Upcycling as potentially sustainable end-of-life option
Another focus of the work was the biotechnological
upcycling of the biodegradable PLA/PBAT- mulch films.
Within the framework of the project, microorganisms
able to utilize all of the monomers lactic acid, adipic
acid, 1,4-butanediol and terephthalic acid and of the bio-
degradable mulch film were identified and a conversion
to other molecules of value was demonstrated. Further,
hydrolytic activity of the microbe directly on the mulch
film could be shown. On the other hand, the conven-
tional film consisting of PE, could not be degraded or
transformed by the microorganisms. Detailed results are
yet in preparation to be published [35, 36].

Discussion

A strength of this project is that not only an analysis
method was developed, but also that various aspects of
the life cycle and their impact were considered.

A sample preparation method for TED-GC-MS and
Raman microspectroscopy was successfully estab-
lished and various real soil samples were analysed. It
was investigated whether a correlation with the form of
cultivation could be detected. While it was possible to
analyse six fields including the reference soil with the
TED-GC-MS, only one field could additionally be ana-
lysed with Raman microspectroscopy. In general, the
results show a wide variation, between the two sam-
pling campaigns and the different soils from <LOD up
to 8.5 mg/kg, which indicate a non-homogeneous dis-
tribution of the particles. The highest concentration is
comparable to dimensions of concentrations found for
other polymers by Miiller et al. (2022) and Steinmetz
et al. [37]. In a Study conducted by Steinmetz et al. [37]
eight soils were studied for their plastic content using
pyrolysis GC-MS. The highest concentrations for PE
up to 35 mg/kg was found for a soil, which used 40 pum
perforated PE film. In two other soils using this type of
foil concentration from 4-7 mg/kg were detected. For
fields using 50 um foil no concentration about the limit
of detection (1.5-2 mg/kg) could be detected.

On the fields tested in this project mulch film with
a thickness of 50 um was used, which may explain the
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results that no PE could be found in the field which was
covered with mulch film.

Furthermore, the results of the TED-GC-MS analysis
did not show any correlation with the type of cultiva-
tion and the concentration of PE or PLA/PBAT in the
soil. For example, the highest concentrations of PE were
found in soils that were cultivated with biodegradable
mulch film. Although the origin of the PE cannot be
clarified, it is conceivable that the PE was introduced by
littering or atmospheric deposition.

Furthermore, it has to be noted, that the selected
areas represent ideally cultivated areas, as these were
very small and thus the farmers are more likely to
notice when films remain on the field, whereupon they
can then be collected by hand. These fields may present
a best-case scenario. The sampling was carried out in
accordance with the soil science mapping guidelines for
nutrients as described above.

Repeat sampling of the same areas revealed signifi-
cant discrepancies from the initial results, highlighting
a clear need for improvement in the sampling pro-
cess. At the time the iMulch project was conducted,
there was limited guidance available on suitable sam-
pling methods for microplastics, and current literature
still lacks definitive recommendations for appropri-
ate sampling techniques. However, the project results
demonstrate the importance of sampling in microplas-
tic analysis and indicate a pressing need for further
research in this area.

Exemplary Raman images demonstrated the pres-
ence of microplastic particles in the soil samples. For
the Raman spectroscopy beside the spiked soil samples
for the method validation one real undoped soil sam-
ple was analysed. From this sample, 3906 particles were
examined, revealing only 12 polymer particles: 1 PET,
3 PS, and 8 PTFE particles. Neither PE nor PBAT was
detected. Given that the mulch films used were black
colour, it is possible that these particles were overlooked
during Raman microspectroscopy analysis.

Other studies have reported higher quantities of par-
ticles, particularly in regions of China. For example, Liu
et al. found 62.5 particles/kg in deep farmland soils, 78
particles in shallow soils, and 1.9 particles in garden soils.
Thinner mulch films are frequently employed in non-EU
countries, with typical thicknesses in China ranging from
6 to 10 um, while EU regulations require agricultural cov-
ers to be over 20 pum thickness [37, 38]. Thinner films
fragment more quickly, due to this a greater number
of meso- and microplastic fragments remaining in the
soil. This discrepancy in mulch film thickness may help
explain why studies in China report higher plastic con-
centrations in soils compared to western and northern
Europe [39, 40].
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The results of the aging studies have shown that the PE
films show almost no aging, which also means that there
is only fragmentation in the environment but the films
cannot be degraded. Lysimeter experiments further sug-
gested that PE fragments do not migrate through the soil
and are unlikely to reach groundwater. Instead, they tend
to accumulate in the upper soil layers, available for soil
organisms living in that area. Since the particles do not
degrade but continue to accumulate, an increasing expo-
sure concentration is expected in future.

However, the aging studies have shown that under
more natural conditions, even the films that are consid-
ered biodegradable require a significantly longer time
to degrade and the results cannot be used to determine
how long this period is. The PBAT particles were neither
transported in the lysimeter tests nor taken up by the
plants grown on the lysimeter. Furthermore they show
no degradation under lysimeter conditions. The results
for the upcycling experiments have shown that under
ideal laboratory conditions, the PLA/PBAT films can
be degraded by microorganisms. How long this process
takes under natural conditions requires further research.
But it remains to be noted that there is at least a chance
that these particles can be degraded at some point in
contrast to PE films.

In the ecotoxicological experiments the two film types
(PE and biodegradable alternative) show more or less the
same behaviour and exhibit no effects in the acute repro-
duction tests for the soil organisms. The results for the
cell biotests indicate an endocrine effect for both film
types, whereas aged films indicate a lower effect. How-
ever, more research and long-term studies are needed to
enable a comprehensive assessment for soil and aquatic
organisms, especially considering that an enrichment of
the microplastic concentration in the upper soil layers is
to be expected. The concentrations in which mulch films
in particular are present in the environment or in waste-
water ditches are not sufficiently documented at this
time.

Summary and conclusion
In the framework of the project it could be shown that
the PE could neither be degraded nor transported, even
under ideal conditions no degradation could be detected.

However, the biodegradable films showed a similar pat-
tern. The films could only be degraded under ideal con-
ditions in the laboratory. In the life cycle assessment, PE
mulch films perform better than biodegradable mulch
films in terms of their impact on climate change when
the credits for energy recovery and material recycling are
taken into account.

In the ecotoxicological investigations, both types of
film showed similar effects, whereby the aged films
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showed fewer effects than the non-aged films, which
could indicate a possible involvement of additives used in
both types of the films.

Results from the project suggest that degradation of
biodegradable films only occurs in the laboratory under
optimal conditions, while no degradation could be
detected under the experimental conditions in the field.
To reduce the input of plastic film fragments into the
environment and thus make the use of mulch films lower
in emissions following suggestions were derived.

PE films

+ A minimum lower limit of material thickness should
be defined in order to minimize possible losses when
collecting the film.

Biodegradable films

+ Increase the film thickness of biodegradable films.

+ Collection of the film from the field after use. If indi-
vidual fragments remain on the soil, there is at least a
chance that they can be degraded after some time.

Proof of degradability under different realistic field
conditions (lower temperature and humidity) long-term
studies are lacking for a final assessment of the fate and
impact of PE film or PLA/PBAT films.

In contrast to mulch films, the use of sewage sludge
or compost, which can be contaminated with plastics,
seems to lead to significantly higher concentrations in the
soil.

Abbreviations

DSC Differential scanning calorimetry

ICP-MS Inductively coupled plasma mass spectrometry
LCA Life cycle assessment

LC-MS Liquid chromatography mass spectrometry

LC-MS/MS Liquid chromatography tandem mass spectrometry

LOQ Limit of quantification

Nacl Sodium chloride

Nal Sodium iodide

PHA Polyhydroxyalkanoates

PE Polyethylene

PET Polyethylene terephthalate

PTFE Polytetrafluoroethylene

PLA Polylactide

PBAT Polybutylene adipate terephthalate

PU Polyurethane

PS Polystyrol

SEM Scanning electron microscopy

TED-GC-MS ~ Thermo extraction desorption gas chromatography mass
spectrometry

TG Thermogravimetry
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