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ARTICLE INFO ABSTRACT
Keywords: Soil-biodegradable mulch films offer a sustainable alternative to conventional plastics in agriculture, especially
Biﬂdegr_adaﬁm where recollection or recycling are impractical. However, biodegradation of these materials must not result in
Mfﬂ‘?h ﬁ]m' the formation of persistent microplastics. This study investigates the fragmentation and biodegradation of the
Mmmplasu?s certified soil-biodegradable mulch film ecovio® M2351 in standardized laboratory conditions (ISO 17556). The
Fragmentation . . . . . . . 2 o .
Persistence material was incubated in agricultural soil in two different forms: cryomilled fragments and 1 cm” film pieces.
Soil Fragment formation was quantified using p-FTIR microscopy. Biodegradation as well as fragmentation kinetics

Modelling were modelled by the open-source mechanistic FRAGMENT-MNP model. Results demonstrate that fragmentation
is a transient phase within the biodegradation process, with particle counts transitionally peaking, then declining
as mineralization progresses. Cryomilled fragments exhibited faster biodegradation and more pronounced
fragmentation than larger film pieces. When biodegradation experiments were stopped, more than 90 % of the
polymeric carbon was converted into CO2 and residual fragments showed comparable chemical composition to
the original material but showed significantly reduced molar masses, indicating that the biodegradation was still
progressing. This is supported by the model, predicting that particle concentrations will decrease to below one
particle per gram of soil within 600-700 days for both scenarios. These findings confirm that certified soil-
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biodegradable polymers like ecovio® M2351 do not form persistent microplastics. The combined experimental
and modelling approach provides mechanistic insights into the interplay between fragmentation and minerali-
zation and could be further improved by additional measurements of fragments <25 pm and of the polymer mass
in the dissolved phase. In future, field data can support the extrapolation of the model predictions to the real-

world.

1. Introduction

The agricultural sector heavily relies on plastic mulch films, which
help maintain stable temperature and moisture levels while preventing
weed growth, ultimately enhancing crop yields (von Vacano et al., 2022;
Hofmann et al., 2023; Liu et al., 2014; Merino et al., 2019). After use,
these mulch films are contaminated with soil and plant residues and
partially degraded, rendering recollection and recycling technically or
economically unfeasible, resulting in landfilling or incineration. Over
time, especially through harsh mechanical processes (Park and Kim,
2022; Rillig et al., 2017; Li et al., 2023a) or ultraviolet (UV) aging
(Zhang et al., 2024; Wang et al., 2021), fragments of these mulch films
can be formed and enter into the soil, where they may persist, if not
biodegradable, as secondary microplastics (Fig. 1) (ECHA, 2019). Such
secondary microplastics are targeted by the upcoming Ecodesign for
Sustainable Product Regulation (ESPR), aiming to find alternative, more
sustainable products with reduced microplastic release (European
Commission, 2024). Today, soil-biodegradable plastics are already uti-
lized as alternative for the production of thin mulch films, typically with
less than 25 pm in thickness. Unlike thin polyethylene (PE) films (Gao
etal., 2021; Guetal., 2021), certified soil-biodegradable mulch films are
designed to biodegrade in the soil (Sander, 2019; Zumstein et al., 2018;
Nelson et al., 2020). Therefore, fragments released by certified soil-
biodegradable products should only occur transitionally during
biodegradation and not accumulate (Fig. 1) as it is the case of secondary
microplastics released from conventional plastics (Wohlleben et al.,
2023; Pfohl et al., 2024a; Degli-Innocenti, 2024). However, it is still
imperative to ensure that products based on these certified soil-
biodegradable polymers can be completely mineralized into carbon di-
oxide (CO2) and biomass, leaving no persistent microplastics behind.
This can be done by complementing standardized biodegradation tests
for certification with thorough fragment analysis used in microplastic
research (Su et al., 2024; Pfohl et al., 2022; Binda et al., 2024). While
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standardized biodegradation tests prove the biodegradability of the
material in soil (Zumstein et al., 2018; Kiinkel et al., 2016; Chinaglia
et al.,, 2018; Leja and Lewandowicz, 2010), advanced microplastic
extraction and analysis techniques, such as p-Raman or p-FTIR micro-
scopy, can analyze residual polymer at the level of individual particles,
with sizes as small as 5 pm (Araujo et al., 2018; Kappler et al., 2016).

In this study, we applied the aforementioned approach to investigate
the biodegradation and fragmentation of a certified soil-biodegradable
mulch film known as ecovio® M2351. To achieve this, we conducted
laboratory experiments in accordance with ISO 17556 standards,
employing two distinct scenarios: 1) cryomilled mulch film fragments
evenly distributed within the soil, and 2) 1 cm? pieces arranged within
soil layers. To analyze the fragments generated from the original mulch
film during biodegradation, we utilized our previously validated method
that involved centrifugation for fragment extraction (Pfohl et al.,
2024b), followed by infrared microscopy (p-FTIR) to assess the number,
shape, size, and chemical composition of the fragments. The p-FTIR
measurements were extensively optimized in terms of particle numbers,
size, contrast between particles and filter, and library and search pa-
rameters. Additionally, we measured the molar mass distribution at
various time points throughout the biodegradation process to examine
the polymer chain scission mechanism. The data we gathered contrib-
uted to the refinement of a mechanistic model known as FRAGMENT-
MNP (Harrison et al., 2025), which enables to compare the biodegra-
dation and fragmentation mechanisms of both large and small mulch
film pieces in soil. Furthermore, this model can predict the rate at which
fragments biodegrade and further decay into smaller pieces in the
environment and of estimating the time required for complete disap-
pearance of each fragment (half-life predictions). It can also estimate the
peak of fragmentation for each size class. These parameters will vary
depending on the type of polymer employed and the prevailing envi-
ronmental conditions, highlighting the necessity for additional data to
further enhance the accuracy of the model's predictions.
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Fig. 1. Fragmentation processes of conventional vs. certified soil-biodegradable mulch films. Conventional mulch films release fragments due to UV aging or me-
chanical treatments which cannot be further biodegraded and will therefore remain in the soil as persistent microplastics. In contrast to that fragments from certified
soil-biodegradable mulch films are already formed during the biodegradation process and will further be converted into CO,, biomass and water. All steps of this

process can be modelled with the mechanistic FRAGMENT-MNP model.
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2. Materials

For the experiments, the certified soil-biodegradable ecovio® M2351
was used, a compound based on the biodegradable copolyester ecoflex®
F Blend and polylactic acid (PLA) (BASF SE, 2024). Black mulch films of
ecovio® M2351 with a thickness of 12 pm were cryomilled using a
Retsch ZM 200 ultra-centrifugal mill and liquid nitrogen. After sieving,
the fraction 100-300 pm was kept and dried in a vacuum oven at 36 °C
for 48 h. In addition, 1 cm? pieces of the same ecovio® M2351 black
mulch film were cut by hand, representing macroplastics. The material
was characterized using gel permeation chromatography (GPC) to assess
molar mass distribution and through elemental analysis, which
measured the content of carbon (both organic and inorganic), hydrogen,
and ash to quantify content of inorganic residues. Oxygen content was
assumed to be the remaining mass of the material. For the biodegrada-
tion tests, microcrystalline cellulose was used as positive control, while
low-density PE (LDPE) in 25 pm thickness served as negative control.
The soil biodegradation tests were performed using a soil from a
lysimeter from BASF Agricultural Center Limburgerhof, Germany.
Characterization data and information about the mulch film and the soil
can be found in Tables S1 and S2 in the Supporting Information (SI).

3. Methods
3.1. Soil-biodegradation tests

The biodegradation test was conducted using a scaled-down version
of ISO 17556. Twenty-three 250 mL Duran® bottles were prepared with
50 g of dry soil mass. This included: blank soil (triplicates) for baseline
activity; soil mixed with microcrystalline cellulose (105.8 mg) as a
positive control (duplicates); cryomilled ecovio® M2351 powder (94.6
mg) and 1 cm? film pieces (94.6 mg) in soil (8 replicates each); and 1
cm? LDPE film pieces (53.6 mg) (duplicates). Soil was mixed with Mil-
lipore water to reach 50 % moisture. OxiTop® devices monitored
pressure changes and biodegradation, while CO5 was measured using a
Shimadzu Total Organic Carbon Analyzer. Measurements were taken at
various biodegradation levels. More precise information about the
biodegradation experiments can be found in the SI.

3.2. Fragment extraction and analysis

Soil samples containing the test material were freeze-dried and ho-
mogenized using a TurBuLA®System ScHatz T2F without a fixed rotating
axis for 1 h. Afterwards, 2 g subsamples were taken out in duplicate. The
protocol which was used to extract certified soil-biodegradable mulch
film fragments from these soil subsamples has been previously published
in detail (Pfohl et al., 2024b). In short, the protocol is based on a com-
bination of sample deagglomeration and centrifugation with varying
densities of a sodium polytungstate (SPT) solution. To separate the
different density fractions, a novel freezing and cutting approach was
used, resulting in minimal soil contamination in the final extracts. The
protocol was validated in terms of microplastic recovery and matrix
removal efficiency from different types of soil as well as in terms of
polymer and particle stability. For the purpose of this study, recovery
tests were repeated with the cryomilled fragments of ecovio® M2351
used herein, resulting in a recovery rate of 100.0 + 2.2 wt.-%. The
extracted particles were analyzed via p-FTIR microscopy to assess the
particle number, size, shape, and identity. In addition, Soxhlet extrac-
tion was performed at the endpoint of the biodegradation experiment for
the cryomilled mulch film (>90 % CO»), to analyze the molar mass of
remaining fragments. Details of the p-FTIR measurements, Soxhlet
extraction and GPC are reported in the SI.

3.3. Modelling the time evolution of particle sizes

To better understand fragmentation and mineralization kinetics and
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thereby predict the time required for the complete disappearance of
fragments, we employed the fragmentation model FRAGMENT-MNP
(Harrison et al., 2025), which was further extended as part of this
work to track mineralized polymer. The model, available as an open-
source Python package, predicts the mass-based time evolution of bin-
ned particle size distributions, “discorporated” polymer (e.g. dissolved
monomers, oligomers, biomass and volatile organic compounds) and
mineralized CO,. Rate constants govern the rates at which mass is
transferred from larger to smaller size classes (kfg; fragmentation rate
constant), from particles to discorporated polymer (kg;ss; dissolution/
discorporation rate constant) and from discorporated to mineralized
CO; (kmin; mineralization rate constant). These rate constants can be a
function of time (Kag, kdiss and kmin) and particle surface area (k¢ and
kaiss), with the nature of this dependence able to take an arbitrary-
shaped regression specified by the user. The model documentation
(https://fragmentmnp.ceh.ac.uk/) provides detailed information about
all aspects of using the model.

We fitted the model to measurement data by minimizing a cost
function that compared the closeness of the model fit to these data. The
input parameters that were allowed to vary as part of this optimization
included the initial concentrations of polymer, rate constants, and pa-
rameters controlling the time- and surface-area-dependence of rate
constants. Thus, the output of the optimization tells us about the rate
constants that best fit measurement data, offering mechanistic insight
into the underlying biodegradation processes. The optimization was
implemented in a custom Python script, making use of the differential
evolution algorithm followed by Nelder-Mead refinement to ensure
robust parameter estimation. To ensure convergence to meaningful so-
lutions, the optimization was performed in two stages: an initial global
search using Differential Evolution to explore the parameter space
broadly, followed by local refinement using the Nelder-Mead algorithm
to fine-tune the best solutions.

The optimization aimed to minimize a composite cost function that
quantified the deviation between model predictions and experimental
observations. Three key data sources were integrated into this cost
function: the temporal evolution of particle mass across size classes, the
corresponding particle number concentrations, and cumulative CO»
evolution over time as a proxy for mineralization.

Model fitting involved simulation of a population of particles
distributed across defined size bins, using an ordinary differential
equation (ODE) solver to integrate the system over time. To compare
simulation output with experimental observations, mass predictions
were converted to particle number concentrations using measured mass-
per-particle values. A structured weighting scheme was applied in the
cost function to emphasize particular time points and size classes. Full
details, including the code used to perform the optimization, are avail-
able in the SI and Zenodo (Uluseker et al., 2025).

To ensure the reproducibility and comparability of our findings, all
experimental procedures, data, and modelling approaches are described
in detail and are available in the SI. The methodologies applied in this
study are based on internationally recognized standards (e.g., ISO
17556) and microplastic extraction, analysis and modelling have been
advanced and validated in previous research by various laboratories
(Moller et al., 2022; Ruffell et al., 2024; Chen et al., 2024; Brouwer et al.,
2024).

4. Results and discussion

4.1. The influence of the test set-up on the biodegradation of certified soil-
biodegradable mulch film

In this study, we utilized two different shapes of ecovio® M2351 to
investigate the impact on the biodegradation and fragmentation. The
cryomilled powder was evenly distributed within the soil, while the 1
cm? film pieces were arranged in 3 layers each separated by soil layers.


https://fragmentmnp.ceh.ac.uk/
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Fig. S2 shows the biodegradation curves for the different materials
tested until plateau. In both cases >90 % of polymeric carbon was
mineralized into CO», confirming biodegradability. For the cryomilled
fragments the process took about 180 days, for the 1 cm? pieces it took
about 270 days, but in both cases the biodegradation was comparable (1
cm? pieces) to or even higher (cryomilled) than that of the cellulose
positive control. In contrast to that, the LDPE negative control showed
no biodegradation, staying below 0.6 % CO5 throughout the experiment.
A comparison between the mineralization curves (Fig. S3a + b) shows
the influence of the biological variability on material biodegradation.
Although all experiments were initiated simultaneously using the same
soil and maintaining constant parameters, the curve progression reveals
slight variations, particularly evident in the samples that were stopped
after 60 % conversion of the polymer carbon into CO,. Overall, the trend
remains consistent: for all samples tested in powder form a more rapid
mineralization could be observed compared to the 1 em? films. This
supports our hypothesis that the biodegradation rate depends on the
film's surface area and its accessibility to microbes. Cryomilled frag-
ments have a larger total surface area and can be more evenly dispersed
in the soil than the 1 cm? pieces, which were placed between soil layers.
Their greater accessibility to microbes explains the faster biodegrada-
tion observed. We therefore conclude that the test setup can influence
the biodegradation results.

When comparing standardized laboratory tests with real-world field
conditions, it is important to note that environmental variables, such as
temperature, humidity, microbial diversity, and soil composition, can
affect biodegradation rates. These factors can vary even between similar
fields, which is why combining controlled laboratory tests with field
experiments is essential for a comprehensive understanding.

4.2. Understanding the interconnected processes of biodegradation and
fragmentation

After extracting remaining fragments of ecovio® M2351 from soil at
the different timepoints of biodegradation, subsamples of the extracts
were filtered for p-FTIR analysis. Fig. 2 shows exemplary pictures of
these filters (campaign containing cryomilled ecovio® M2351) and
below close-ups of selected fragments which were identified as ecovio®
M2351. Through visual inspection of these images, several qualitative
observations suggest what may have happened during the biodegrada-
tion experiment: initially, large fragments are present, displaying sharp
edges as a result of the cryomilling process. By the time 10 % CO; is
reached, the particles have already diminished significantly in size, and
a greater number of small fragments are visible on the filter. As polymer
conversion into CO3 continues, the visible count of fragments decreases,
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and so do their sizes. Close-up examinations reveal that the sharp edges
gradually disappear over biodegradation time, resulting in more
rounded shapes. When >90 % CO; conversion is reached, only a few
very small fragments remain.

These visual inspections are further supported by measurement data
obtained via p-FTIR, demonstrating that fragmentation is a transient
phase in the biodegradation of certified soil-biodegradable mulch films.
In the case of the cryomilled fragments (Fig. 3a), the measurement data
aligns closely with the visual observations noted on the filter: initially, a
low total particle count of large fragments was detected at the beginning
of the biodegradation experiment. However, an intense increase in total
particle counts per gram soil was observed after just 18 days (10 % CO3),
attributed to the intense fragmentation of the original film pieces. This
high total particle count still remained after 30 days of biodegradation
(30 % COy) but began to decline as biodegradation progressed. After 77
days of biodegradation (60 % CO>), the total particle count started to
decrease, indicating that the previously formed fragments were further
converted into COy and biomass. This process of biodegradation and
mineralization continued over time, demonstrating an approximate 87
% reduction in total particle counts from the peak observed at 30 days to
the end of the experiment at 269 days. For the 1 cm? pieces (Fig. 3d), the
p-FTIR analysis focused exclusively on fragments <1 mm, while the
mass of remaining fragments >1 mm was determined through manual
weighing. As a result, the dataset presented in Fig. 3d began with a very
low total particle count of approximately 45 counts per gram soil for
fragments <1 mm. Nevertheless, also in this case, we observed an in-
crease in total particle counts per gram soil as biodegradation pro-
gressed, attributed to the fragmentation of the 1 cm? mulch film pieces
during the biodegradation process. The peak of total particle counts,
however, occurred at a later stage in the biodegradation process
compared to the cryomilled mulch film, specifically after 84 days (60 %
CO»). Similarly as before, we noted a decrease in total particle counts (of
about 30 %) from this fragmentation peak until the end of the experi-
ment at 269 days. In general, the total particle counts per gram soil
detected at different timepoints in the set-up with the 1 cm? pieces was
lower than in the set-up with the cryomilled film pieces. In addition to
the samples containing ecovio® M2351, soil blanks were extracted to
compare the spiked samples against any potential background contam-
ination (Fig. S4).

Looking into the particle size distributions (Fig. S5) of ecovio®
M2351 fragments detected by p-FTIR at the different timepoints of the
biodegradation experiments in both scenarios, two size classes can be
highlighted: 1) The fraction of particles with sizes 100-200 pm since this
was the main fraction that was formed transitionally during biodegra-
dation of the cryomilled mulch film and 2) the fraction of particles with
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Fig. 2. Representative pictures of filters and shapes of ecovio® M2351 fragments at different timepoints after extraction from soil (test set-up with cryomilled mulch

film). Particles shown exhibited the characteristic IR spectrum of ecovio® M2351.
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Fig. 3. Measured total particle counts <1 mm (a and d) and determined total mulch film mass (b and e) over biodegradation time for the two scenarios of cryomilled
films and 1 cm? pieces. Evolution of fragment counts with sizes ranging from 100 to 200 pm and 25-50 pum during biodegradation of c) cryomilled and f) 1 cm? pieces

of ecovio® M2351.

sizes 25-50 pm, since this was the main fraction formed at later time-
points of both biodegradation experiments. Fig. 3c+f shows the evolu-
tion specifically for those fractions in both scenarios over CO,. For the
cryomilled mulch film, the increase in counts for particles sized
100-200 pm is approximately 15-fold by the early stages of the
biodegradation experiment (10 % COs). In contrast, the smaller size
fraction of 25-50 pm reaches its peak later in the biodegradation process
(60 % COy). Following their peak, the particle counts in both size frac-
tions decline, yet they do not reach zero by the end of the conducted
biodegradation experiment. In contrast to the cryomilled mulch film, in
the set-up with the 1 cm? film pieces, the counts of fragments in the size
range 25-50 pm was at all timepoints higher than the counts of frag-
ments in the size range 100-200 pm. The total counts of the fraction
25-50 pm started to increase at 60 % CO3 and even continued to increase
until the end of the biodegradation experiment.

To estimate the evolution of polymer mass during biodegradation,
and to enable fitting of the mass-based FRAGMENT-MNP model, the
measured fragment counts were converted into mass by considering the
particle size distributions, the density and thickness of the mulch film,
and assuming a disc shape based on the equivalent circle diameter
determined by p-FTIR analysis. In addition, it was assumed that also the
thickness of the fragments was reduced during biodegradation and was
estimated to 25 % of the original film thickness of 15 pm at 90 % COx. In
the case of the 1 cm? pieces, the mass of remaining fragments >1 mm
was determined manually by weighing and was added to the mass of
fragments <1 mm. The mass conversion was done for all timepoints and
calculated masses are shown in Fig. 3b+e to compare fragment masses at
different timepoints. When comparing the fragment number evolution
with the mass evolution, it becomes evident, that even though there is
first an increase in total particle counts detected due to fragmentation,
biodegradation and conversion of polymer carbon into CO takes place

at the same time, leading to a rapid reduction of the overall polymer
mass by 98.1 wt.-% from the beginning of the experiment until 90 % CO3
is reached. Even though we found only low fragment counts <1 mm in
the set-up with 1 cm? film pieces, the data clearly show that the main
proportion of the polymer mass still was in the size fraction >1 mm
before the mass was rapidly reduced when reaching 60 % CO; and no
more fragments >1 mm were found. Fig. S6a illustrates the determined
data on a logarithmic scale to provide a clearer representation of the
mass evolution of fragments <1 mm. The data reveal that the mass of the
fraction <1 mm initially increases as the 1 cm? pieces fragment into
smaller particles. Subsequently, there is also a notable decrease in
fragment mass by 98.5 wt.-% from 60 % CO» to 90 % CO,. The overall
mass was reduced by 99.8 wt.-% from the beginning until the end of the
biodegradation experiment, confirming the successful biodegradation of
the material.

However, at the end of the biodegradation experiment, some frag-
ments were still detected in both scenarios: approximately 200 frag-
ments in the case of the cryomilled mulch film and around 300
fragments resulting from the 1 cm? pieces. Although the particle count
was higher in the latter case, the mass of these fragments differed by an
order of magnitude, with the 1 cm? pieces exhibiting a lower mass. This
discrepancy is attributed to the smaller sizes of the 300 particles
compared to the 200 particles observed in the cryomilled mulch film
scenario. To gain a deeper understanding of potential further biodeg-
radation or accumulation of the remaining fragments, Soxhlet extraction
and GPC analysis was used to detect changes in molar mass of the
cryomilled mulch film fragments between the beginning and the end of
the experiments (Fig. S7). As controls, a soil blank and the original
mulch film were treated in the same way. The Soxhlet extraction
induced a slight reduction of the molar mass of ecovio® M2351. Still,
differences can be detected between the cryomilled ecovio® M2351



P.M. Schmidt et al.

fragments before biodegradation and the ones remaining at the end of
the biodegradation experiment. In line with the biodegradation curves
of the material, a reduction of molar mass was observed and a second
peak with low molar masses <10,000 g/mol started to evolve. This
result underlines, that no persistent microplastics were formed from
ecovio® M2351 during biodegradation, for which we would expect an
enrichment of fragments with high molar mass, non-cleavable polymer
bonds in the main chain, or crosslinked polymer (Zenkiewicz et al.,
2012; Chen et al., 1997; Erlandsson et al., 1998). Instead, the molar mass
reduction and the chemical similarity to the original material demon-
strate that the biodegradation of the remaining fragments was still
ongoing when the experiment was stopped.

In addition, the discrepancy between measured CO, and remaining
fragment mass must be addressed. Fig. S6b + c shows the mass of eco-
vio® M2351 over CO,, revealing that the remaining mass is lower than
expected if all unconverted polymer were solid fragments. For cryo-
milled fragments, the remaining mass was about 1.9 wt.-% of the orig-
inal polymer mass, while for 1 cm? pieces, it was approximately 0.2 wt.-
%. This study analyzed particle sizes down to 25 pm due to the sieving
step for p-FTIR analysis. Therefore, we cannot exclude that missing
polymer mass at the end of the biodegradation experiment may still exist
as fragments <25 pm. A targeted extraction technique and subsequent
analysis would be needed to quantify small micro- and nanoplastics
(Schwaferts et al., 2020; Ivleva, 2021; Li et al., 2023b; Okoffo and
Thomas, 2024). To assess the likelihood of this hypothesis, we analyzed
the fraction <25 pm at 90 % CO, from the 1 cm? pieces. If valid, we
would expect to find 0.186 mg/gs.i1 in fragments <25 pm, translating to
approximately 113,000 fragments/goj at 20 pm, 1,800,000 fragments/
Zsoil at 5 pm, or 45,110,000 fragments/ggoj at 1 pm, or a combination of
several sizes. These numbers are at least two orders of magnitude greater
than the actual measured counts, which indicate approximately 3417 +
878 particles per gram of soil within the size range of 10 to 25 pm. This
discrepancy leads us to argue that the missing polymer mass is unlikely
to exist as small micro- and nanoplastics. Rather, it has likely been
transformed into biomass, as discussed in the literature (Zumstein et al.,
2018).

4.3. Biodegradation and fragmentation modelling

In addition to experimental data, modelling can help tackle issues
such as the limit of quantification of analytical techniques and extend
the predictive power of experimental studies by estimating fragment
stability beyond the duration of laboratory observations. It also enables
the identification of key degradation milestones, such as the timing of
peak fragmentation and the decline of particle concentrations below
environmentally relevant thresholds. In this study, the experimental
data was used to parameterize the mechanistic FRAGMENT-MNP model.
Results are discussed in the following sections.

4.3.1. CO2 mineralization fit

The ability of the model to reproduce mineralization kinetics was
evaluated by comparing observed and modelled cumulative COy evo-
lution. As shown in Figs. S9 and S10, the modelled CO, fraction closely
follows the experimental measurements for both cryomilled and 1 cm?
mulch films. The observed CO, data and model prediction align well
across the full duration of the experiment, suggesting that the model
captures the mineralization dynamics accurately in both conditions.

4.3.2. Fit to particle number distributions

To evaluate how the model captured the size-resolved fragmentation
dynamics, model-predicted and observed particle number concentra-
tions are compared across all experimental timepoints and size bins. This
comparison revealed a strong agreement between the model and the
experimental data, particularly during the early biodegradation time-
points. For both the cryomilled and 1 cm? mulch films, the model suc-
cessfully reproduced the overall distribution and temporal decline of
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particle numbers. At each timepoint, the particle number concentrations
per size class were visualized as bar charts (model) overlapped with
observed data points (dots), offering a detailed view of the model fit
(Figs. S11 and S12).

In the case of cryomilled fragments, the model aligned with obser-
vations during the initial phases, capturing the rapid generation and
subsequent decline of particles across size classes. However, at later
timepoints, the model tended to underestimate the number of particles,
particularly in the smallest size bin, suggesting potential limitations in
capturing the full extent of fragmentation of small-scale particles. One
explanation is that the model sums up the total polymer mass present in
CO,, dissolved material, and solid fragments in the different fragment
size bins. It is currently parameterized using only CO» data and fragment
data for 25-1000 pm because of the analytical limitations. Conse-
quently, the model can sometimes overestimate larger particles or the
polymer mass in the dissolved fraction while underestimating smaller
particles, with their mass being allocated instead to a larger size bin or to
the dissolved pool depending on how mass is distributed among the
available fractions. Additional data on particle counts and sizes below
25 pm and on the dissolved fraction would improve model fits. For 1 cm?
film pieces, the model also shows a strong fit, especially at early data
points, and effectively follows the observed pattern of particle number
evolution across size bins, with minor discrepancies.

These trends are also evident in the time-evolution plots of particle
number concentrations (Fig. 4a+b), which summarize model pre-
dictions and experimental data across all timepoints. Here, each size
class is represented as a coloured region, with overlaid dots denoting
observations. This view confirms the ability of the model to capture the
fragmentation pattern over time and highlights when the overall con-
centration of particles falls below the threshold of 1 particle (>25 pm)
per gram of soil. For the cryomilled dataset, this was reached by day 598
(Fig. 4a), and for the 1 cm? system by day 686 (Fig. 4b). The threshold of
1 particle per gram of soil (>25 pm) was chosen to represent a con-
centration below which the model predicts that either no or very few
fragments remain. This was chosen over a lower threshold of, for
example, 0 particles per gram of soil, because rate-constant-based
models such as this tend to trend asymptotically towards 0 without
ever reaching it. These results demonstrate the model's ability not only
to reproduce observed particle dynamics, but also to provide insight into
the timescales over which physical fragmentation effectively concludes
in soil environments.

4.3.3. Mass fraction dynamics

The evolution of material mass across particulate, dissolved, and
mineralized phases provides further insight into the degradation dy-
namics of the mulch films. The model tracks how the mass initially
present in solid particles shifts progressively into dissolved polymer and
eventually into mineralized CO; (Fig. 5a+b). In both cryomilled and 1
cm? film systems, the model reveals distinct degradation trajectories.
For cryomilled fragments and the 1 cm? films, a rapid transition is
observed: by approximately day 400, the system is almost entirely
composed of COy, which means that the vast majority of the initial mass
has been mineralized. Additionally, the mass fraction, defined as the
ratio of a component's mass to the total initial mass, sums to approxi-
mately 1 throughout the simulation, confirming near-conservation of
mass in the system. This consistency underscores the model's internal
validity and ensures that mass transfer processes—fragmentation,
dissolution, and mineralization—are properly balanced within the
computational framework.

4.3.4. Fragmentation size distribution

To better understand how particles fragment into smaller size clas-
ses, the Fragmentation Size Distribution (FSD) for both cryomilled and 1
cm? films is analyzed (Fig. 6). Cryomilled films exhibit predominantly
cascading mass transfer to the next smaller size class (i.e. particle
shrinking): each parent size class nearly entirely transforms into the
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Fig. 4. a) Time evolution of particle number concentrations for the cryomilled mulch film. The stacked area plot shows model predictions for each size class (viridis
colour scale). Coloured dots represent observed data. By day 598, the total particle concentration drops below 1 particle per gram of soil; b) Time evolution of particle
number concentrations for the 1 cm? mulch film. The stacked area plot shows model predictions for each size class (viridis colour scale). Coloured dots represent
observed data. By day 686, the total particle concentration drops below 1 particle per gram of soil.
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Fig. 5. a) Mass fraction evolution for the cryomilled mulch film. The plot shows the normalized mass of all components (size bins in viridis, dissolved in red, CO; in
orange); b) Mass fraction evolution for the 1 cm? mulch film. The plot shows the normalized mass of all components (size bins in viridis, dissolved in red, CO,

in orange).

subsequent size class, resulting in bar plots that are largely mono-
chromatic within each column. In contrast, 1 cm? films fragment into
several size bins of smaller particles: each parent size class produces
fragments across multiple smaller size classes, as evidenced by the
multicoloured bar patterns (Fig. 6), though about 40 % of the mass still
transfers to the next smaller size class. A potential explanation for this
could be that the surface erosion on the 1 cm? pieces creates localized

thinning both by biological inhomogeneity (e.g. hyphae and microbial
colonization) and geometric thickness variation (Pfohl et al., 2024a).

5. Conclusion

Overall, the experimental and modelling results clearly demonstrate
that biodegradation and fragmentation of the certified soil-
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biodegradable mulch film ecovio® M2351 are interconnected processes,
and the transient formation of fragments is part of the biodegradation
process. Analytical microscopy techniques, such as p-FTIR, are capable
of measuring the formation and further biodegradation of such frag-
ments, and modelling is able to elucidate the dynamics of this fragment
formation and mineralization. As discussed above, a transient increase
of fragment counts can occur, even though at the same time the overall
mulch film mass is reduced due to polymer biodegradation and miner-
alization. The biodegradation experiments conducted in this study were
performed under controlled and standardized conditions with a high
load of polymer per gram soil, not directly reflecting field conditions,
but providing insights into the behavior of these materials. Our data also
show that the shape of the material influences the biodegradation and
fragmentation of the same material. Cryomilled fragments show faster
biodegradation, but also stronger fragmentation than larger 1 cm? film
pieces. Larger film pieces predominantly form fragments <75 pm. Even
though the mass of fragments >25 pm was in both cases reduced by
more than 98 wt.-%, we still found some fragments at the end of the
biodegradation experiment that just had started to biodegrade. Addi-
tional analysis revealed the same chemistry (Fig. S8) and even lower
molar masses than the original mulch film pieces, also demonstrating
that these fragments would have been further mineralized if the
biodegradation experiment continued. Experimental data is crucial to
understand the ongoing fragmentation processes during biodegradation,
but only shows an excerpt of the overall picture, since timepoints for
extraction and analysis need to be chosen and results depend on the limit
of quantification of the analytical techniques. Additional analytical
techniques, such as pyr-GCMS, LCMS, or p-Raman could be employed in
future studies to assess particles <25 pm and to quantify polymer pre-
sent in the dissolved phase. Still, mechanistic fragmentation and
degradation models are needed to translate the lab-scale simulations to
the real world (Domercq et al., 2022; Koelmans et al., 2017; Kaandorp
et al.,, 2021; Harrison et al., 2024). Here, we have used modelling to
predict how long it takes before there are no or very few fragments (<1
particle per gram of soil), which under these standardized laboratory
conditions was around 600-700 days. Furthermore, we can use model-
ling to evaluate fragmentation peaks and extrapolation for half-live
predictions (Wohlleben et al., 2024). Our current results confirm that

fragmentation and mineralization for the cryomilled polymer is quicker
than for the 1 cm? film pieces, showing a fragmentation peak at a much
earlier timepoint (Fig. 4), and a shorter period during which polymer is
in the dissolved phase (Fig. 5).

Finally, it should be noted that extrapolating the current model
predictions to real-world conditions requires accounting for variations
in temperature, humidity, microbial diversity, and soil composition in
the environment. Biodegradation and fragmentation rates can vary with
season and geographic location. The model that is now established can
as well be fitted to the fragmentation kinetics measured as time series in
field conditions. The overall rates may be slower under certain condi-
tions, e.g. in cold climates, but re-distribution to smaller fragment sizes,
to oligomers and ultimately CO5 would still be the basic mechanism. We
therefore encourage further investigations to confirm and extend our
findings under a variety of environmental conditions to support the
further parameterization of the FRAGMENT-MNP model.

Associated content

The following file is available free of charge: Additional information
on technical properties of the mulch film and the soil, detailed biodeg-
radation curves of both campaigns (cryomilled and 1 cm? pieces), soil
blank data, total particle mass over CO,, detailed particle size distri-
butions of both campaigns (cryomilled and 1 cm? pieces), p-FTIR spectra
of ecovio® M2351 (PDF).
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