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Abstract 

Common experience with rotting wooden buildings demonstrates that fragmentation is a necessary natural process 
during biodegradation. In analogy, the loss of structural integrity of biodegradable plastics during biodegradation 
produces interim microplastic fragments. It is currently not known which parameters govern fragmentation kinet-
ics: chemical structure, physical shape, and composite layers, or composting conditions may all be relevant. Here 
we investigated the influence of physical shape on the fragmentation of a polyester blend during laboratory tests 
simulating industrial composting. Methods previously validated on micronized granules as model shape were applied 
to shapes that better represent consumer products, such as micronized thin films and shredded plastic-coated paper 
cups. The peak interim number of detected fragments, which are between 3 and 2000 µm, ranked highest for micro-
nized films, lower for micronized plastic granules, and even lower for coated paper cups. The layered structure 
of polyester on cellulose may thus have stabilized the biodegrading polyester compound against fragmentation. 
For thin films, fragment counts dissipated with halftime of 2.5 days, and less than 10–8% of the initially added polyester 
mass was detected in fragments between 3 and 25 µm at the last sampling time point. The physical shape and mul-
tilayer structure of the polymer-containing product were found to be decisive for fragmentation kinetics, indicat-
ing that tests on micronized polymer granules might not be representative of the release mechanism of fragments 
from consumer products containing plastic coatings.

Keywords  Plastic biodegradation, Compostable plastics, Food packaging, Microplastics, Shapes, Fragmentation 
kinetics

Introduction
Depending on the application and the intended end of life 
of (biodegradable) plastic products, mechanical, chemi-
cal, or organic recycling could be the right approach to 
reach circularity and to prevent plastic pollution [1–6]. 

For example, certified compostable organic waste bags 
enable a circular use of nutrients through efficient col-
lection of organic waste for the production of organic 
fertilizers [7]. Another example is fiber-based composta-
ble food packaging such as plastic-coated cups or food 
trays. The global sales of compostable foodservice pack-
aging were predicted to reach USD 19.9 billion in 2022 
and USD 28.8 billion by 2029, with Asia–Pacific as the 
region with the fastest growth [8]. The Bio-Based and 
Biodegradable Industries Association (BBIA) estimated 
that compostable plastics could substitute around 5–8% 
of current plastic packaging [9], whereof up to 20% of 
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flexible packaging could be substituted, which is the fast-
est growing plastic-packaging category [10].

Micro- and nanoplastic fragments are expected to be 
formed as an interim phase before the complete metabo-
lization of biodegradable plastic items [3, 11–18]. Some 
studies reported fragmentation of biodegradable plas-
tics during biodegradation in different habitats [19–21]. 
However, a  systematic assessment of fragmentation 
mechanisms and biodegradation in compost or other 
habitats are still missing. An assessment with commer-
cially relevant materials is required to guide the further 
optimization of safer-by-design materials. Parameters 
controlling biodegradation are understood on a molecu-
lar level [22], but the physical fragmentation pathways 
might depend on the composting conditions, the polymer 
type, and the shape of the plastic. Material is expected to 
degrade faster with a more favourable surface-to-volume 
ratio (e.g., two-dimensional thin films vs. spherical items) 
[23], but little is known about the impact of shapes on the 
interim fragmentation [24, 25].

While previous studies addressed the final conversion 
of the polymer compound into biomass and CO2 [18, 26], 
the present study focuses on the interim fragment parti-
cles during composting. We assessed the fragmentation 
kinetics during laboratory composting experiments of 
a compostable polymer compound in three shapes with 
increasing relevance for the product application: micro-
nized granules (scenario A) [18], thin films (scenario B), 
and commercially available plastic-coated paper cups 
(scenario C). The methods used within this study were 
previously validated on model micronized granules (sce-
nario A) and the results obtained were replotted in the 
present study for comparison to the new scenarios B and 
C [18]. Oxidation- and density-based particle extraction 
[27, 28], Raman microscopy (µ-Raman) [29, 30] and fluo-
rescence microscopy [31, 32] were employed to track the 
fate of the fragments. Through these steps, form, size dis-
tribution, and the chemical identity of interim fragments 
were determined during the composting process. The 
overall goal of the present study was to assess the influ-
ence of different product shapes on the fragmentation of 
certified compostable plastic and to quantify the interim 
fragmentation kinetics in each case.

Materials
For the experiments, the certified industrially composta-
ble ecovio® PS 1606 was used, a compound of polylactic 
acid (PLA) with an aromatic-aliphatic polyester [18]. In 
addition, a prelabelled version containing the fluores-
cence dye Lumogen F Yellow 083 (0.1% in weight) was 
used [18]. Films of ecovio® PS 1606 were produced with 
a thickness of 25 µm at BASF. Certified industrially com-
postable paper cups with a single side coating of ecovio® 

PS1606 (25  µm) were provided by BASF (11.82  g/cup, 
side walls with 460  µm thickness and specific weight 
356  g/m2). The polymeric films (scenario B) were cry-
omilled using a Retsch ZM 200 ultra-centrifugal mill 
and liquid nitrogen. Films were milled with a sieving 
unit with a cut-off of 2 mm (flat “2D shaped” micronized 
films). The isolated fractions with size below the cut-off 
were collected and dried in a vacuum oven at 36  °C for 
48 h. The ecovio® PS1606 coated paper cups were cut to 
separate bottom and side pieces. To ensure homogeneity, 
only the side walls were taken without the folded top rim 
and without the bottom. Shredding was performed with 
a common office shredder producing flat (“2D shaped”) 
pieces in the size of 12 mm × 2 mm. Shredding was pre-
ferred to cryo-milling to avoid possible delamination of 
the polymer compound film from the paper layer. For 
polymer compound characterization, laser diffraction 
(method description published in [33]), gel permea-
tion chromatography (GPC) and differential scanning 
calorimetry (DSC) measurements were carried out for 
scenarios A, B, C and are described in the Supporting 
Information (Table S1).

Methods
Composting: disintegration test under industrial 
composting conditions of cryo‑milled (prelabelled 
and non‑labelled) ecovio® films and shredded paper cups
The compost experiments for scenarios B and C were 
performed according to the conditions described in 
standard ISO 20200:2015 “Plastics – Determination of 
the degree of disintegration of plastic materials under 
simulated composting conditions in a laboratory-scale 
test”. For the experiments, plastic boxes with 5.5 L vol-
ume (32.7  cm × 22.7  cm × 11.1  cm) were used. To 
allow air exchange during the experiment, two holes 
were drilled at a 6.5 cm height of the side of dimension 
22.7 cm × 11.1 cm. Different compost batches were used 
in each scenario, which is why all compost blanks have 
been extracted and analysed for possible contamina-
tions and for comparison to the timepoints investigated 
in each scenario. Two different experimental campaigns 
were run for the tested materials: 1) For the cryo-milled 
and prelabelled films a total of 7 boxes were used: 1 box 
containing compost without any plastic test material, 6 
boxes with the compost and cryo-milled films of prela-
belled ecovio®; 2) For the non-labelled materials a total 
of 17 boxes was used: 1 box containing compost without 
any plastic material, 8 boxes with the compost and shred-
ded paper cups and 8 boxes with the cryo-milled films of 
ecovio® PS1606. A 12-14-week-old compost (OWS, Bel-
gium) was sieved to remove pieces bigger than 10  mm 
and 1200  g were mixed with 300  g fresh vegetables 
(celery, carrots, and fennel) and 30  g of test substance 
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(ecovio® PS1606 films or shredded paper cups). For the 
pre-labelled ecovio® films (campaign 1) the dry content 
was 64.2% and pH 7.8. For the non-labelled ecovio® films 
and the shredded paper cups (campaign 2) the dry con-
tent was 66.7% and pH 7.8. The coated paper samples 
were wetted with water before starting the experiment 
to avoid drying of the compost. After closing the boxes, 
the samples were incubated at 58 °C for 45 days. The con-
tent of the boxes was mixed at day 7, 14, 21 and 28 and 
water content adjusted. Samples of the compost contain-
ing pre-labelled ecovio® films were taken at day 0, 10, 
20 and 45. For the non-labelled films and the shredded 
paper cups two replicates were stopped after 5, 10, 20 
and 45 days. At the end of the experiment the boxes were 
opened and dried at 58  °C until upon drying no further 
weight loss was observed. The compost extracts with pre-
labelled films were analyzed by fluorescence microscopy. 
The compost extracts with non-labelled films and paper 
coatings were analyzed by µ-Raman microscopy.

The experimental conditions for scenario A were 
described in detail elsewhere [18]. To improve readabil-
ity an overview on experimental conditions for each sce-
nario investigated is provided in Fig. 1.

Extraction – density‑based fragment method
The extraction builds on the process developed for the 
analysis of polyester-polyurethane microplastics in com-
post [34], and was optimised for the specific polyester 
compound elsewhere [18, 33]. In short, multiple steps 
(homogenization, oxidation, sieving, density separation) 
are needed to remove the compost components. For each 
of those steps, specific control tests for polymer and par-
ticle stability, recovery and matrix removal efficiency in 
the overall process were done for validation. In this study 
55 wt.-% (ρ = 1.5  g/cm3) calcium chloride (CaCl2, VWR 
Chemicals, technical) salt solution was used instead of 
the previously used 50 wt.-% (1.4  g/cm3) zinc chloride 
(ZnCl2, Bernd Kraft) salt solution for density separation, 

and the sedimentation time was reduced from 60 to 24 h. 
The initial film size was 2 mm (scenario B) and 2 × 12 mm 
(scenario C), which is too large for a reliable analysis by 
the microscopy techniques, since these might cover the 
smaller secondary fragments. This is why the original 
film pieces were removed in our 1 mm sieving step and 
the microscopy techniques analyzed the secondary frag-
ments < 1 mm only. Details on the method and controls 
can be found in our previous publication [18] and in the 
SI. After sediment removal the supernatant was analysed 
by Raman and fluorescence microscopy as described 
before [18]. Details are given in the SI.

Results
Protocol optimization and controls for isolation 
of biodegradable microplastic fragments
To enable the monitoring of biodegradable polymer 
fragmentation and degradation during composting, an 
efficient and valid microplastic extraction protocol is 
needed. The microplastic extraction protocol used for 
this study and its controls were reported before [18], 
but adjustments and additional controls were done 
for further improvement. Specifically, the salt solu-
tion and sedimentation time were optimized, and the 
need for oxidation was re-evaluated. The systematic 
investigations of Scenario A, B and C had used density 
separation by ZnCl2 (A) and by CaCl2 (B, C), respec-
tively. This change was motivated by the lower toxicity 
and lower acidity of CaCl2 [35], and cross-checks were 
performed: specifically, extraction efficiency on sce-
nario A was compared with density separation either 
by ZnCl2 or CaCl2, each adjusted to the same density 
(tested on 70  days and 187  days samples: Figure S1). 
In addition, the sedimentation time was reduced from 
60 h (with ZnCl2) to 24 h (with CaCl2), which imposes 
a lower limit of quantitative extraction at 10  µm par-
ticle size (Stokes–Einstein law) but seemed accept-
able due to the detection limits imposed anyway by the 

Fig. 1  Scenarios tested on three form factors (A: fragments [18], B: films, C: coated paper) of the same polyester-PLA polymer compound 
under industrial composting conditions. The thinnest initial dimension is 330 µm diameter for the micronized fragments, 25 µm thickness 
for the micronized film and for the polymer compound coating layer on paper (460 µm overall thickness)
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spatial resolution of the microscopes. The cross-checks 
showed on the compost with 70 days incubation of the 
micronized granules (scenario A), that the total num-
bers found were 19,110 (with CaCl2) and 16,680 (with 
ZnCl2), which is a 15% difference, but the normalized 
particle size distribution showed a bias of the Ca-based 
extraction to smaller, and of the Zn-based extraction 
to larger particles (Figure S1a). Larger polymer par-
ticle numbers with Ca-based extraction indicate that 
this method is more representative, especially for the 
size fraction below 25  µm. The same comparison was 
applied to the last time point of 187  days. The total 
particle numbers found were 1589 (with CaCl2) and 
130 (with ZnCl2), which is a 12-fold difference, but the 
normalized particle size distribution was practically 
indistinguishable (Figure S1b). Especially the degrada-
tion (not accumulation) of the fragments below 25 µm 
that we had earlier reported with ZnCl2 separation [18] 
was clearly confirmed also with CaCl2 separation. As 
additional check, also scenario B was investigated at the 
last time point of 45  days with both CaCl2 separation 
and ZnCl2 separation. We found a 16-fold lower frag-
ment number with ZnCl2, but a consistent share of the 
size bin of 25 to 75  µm, which was 50% (with CaCl2) 
and 58% (with ZnCl2). Both density separation options 

confirmed that in scenario B there were no particle 
counts between 3  µm and 25  µm, in contrast to sce-
nario A.

It has been argued that oxidation is required to ensure 
proper identification of microplastics, notably by remov-
ing biofilm from fragments [29, 36]. In the present study 
the combination of ultrasonication and oxidation was 
additionally beneficial to separate the polymer coat-
ing from the paper (scenario C), and thus to make all 
fragments of the polymer coating visible in the micros-
copy analysis. Using Nile Red staining and fluorescence 
microscopy (as done for scenario A), it was possible to 
also analyse extracts without oxidation, since the parti-
cle size distribution was the same and the total number 
of fragments per gram compost (26,083/g without oxi-
dation, 26,383/g with oxidation) was indistinguishable 
(Figure S2). We note that nonetheless all results in the 
present contribution were obtained with oxidation, to 
suppress background counts from fresh compost such as 
the one used in scenarios B and C.

Representative images of the morphology of fragments 
highlighted the roughened three-dimensional shape of 
the micronized polymer compound (Fig.  2a) against 
the flat “2D shaped” platelet-shape of the micronized 
films with sharp contours (Fig.  2c). During industrial 

Fig. 2  Morphology of Nile-red stained fragments observed by fluorescence microscopy: a, b) micronized plastic granules extracted from compost 
at a) 0 days; b) 70 days. c, d) micronized plastic films extracted from compost at c) 0 days; d) 20 days
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composting, the smooth surface of the films developed 
locally thinner regions and roughened contours (Fig. 2d). 
Using µ-Raman, additionally to the size also the identity 
of each particle was deduced by the “ParticleScout” soft-
ware (WITec Wissenschaftliche Instrumente und Tech-
nologie GmbH, Ulm) by fitting the spectrum against a 
preconfigured library, which we had amended by poly-
mer compound spectra (Fig. 3). Due to the lower spatial 
resolution of the µ-Raman, the contours were less crisp 
than by fluorescence, and agglomerated fragments may 
have been counted as one larger fragment (Fig. 3). How-
ever, µ-Raman is still higher-resolving than the alterna-
tive of FTIR microscopy [27, 37, 38].

Scenarios tested by the experimental design
The main aim of this study was to investigate the hypoth-
esis that fragmentation of biodegradable polymers dur-
ing composting depends on the product shape. For this 
purpose, three scenarios (A: cryo-milled granules, B: 
cryo-milled films, C: shredded coated paper) were com-
pared. Due to the micronized size of the initial polymer 
compound loading in the compost, the standardized 
mass of ecovio® in dry compost of 12 wt.-% (scenario A) 
and 3 wt.-% (scenario B) corresponds to several thou-
sand initial (scenario A) and interim (scenario B) frag-
ment counts per gram of dry compost. We chose these 
micronized fragments to allow a statistical analysis and to 
obtain solid data, which would not be possible with mac-
roscopic items, because the resulting fragments would 
not be homogeneously distributed in the compost. The 
three different scenarios increase in realism from model 
fragments to the actual commercial item:

A)	Irregular micronized plastic granules with roughly 
isotropic thickness in all 3 dimensions (Fig.  2a), 
which were in the focus of our previous publica-
tion [18]. Percentiles of the size distribution were 
D10 = 119  µm, D50 = 331  µm, D90 = 673  µm (160% 
polydispersity by laser diffraction). This size is an 
order of magnitude higher than the thickness used 
for the ecovio® PS1606 grade in paper coating appli-
cation (ranging between 10–30  µm) and above the 
certified thickness for industrial composting appli-
cations. This scenario is relevant for mechanistic 
comparison only. The results were obtained in our 
previous study [18] and are summarized for com-
parison to scenarios B and C: Fragments of 25 to 
75  µm size represented the most pronounced peak 
of interim fragmentation, which was reached already 
after 1  week of composting (Fig.  1 in [18]). Larger 
sizes peaked earlier while the smaller size population 
peaked later.

B)	Micronized plastic films with 25 µm thickness, sim-
ulating a more realistic scenario. The test material 
consists of anisotropic film fragments of irregular cir-
cumference in 2 dimensions but homogeneous thick-
ness (Fig. 2c). Percentiles of the size distribution were 
D10 = 50  µm, D50 = 175  µm, D90 = 990  µm (530% 
polydispersity by laser diffraction).

C)	Commercially available paper cups represented an 
actual product used by the end consumer. After 
shredding in a document shredder, the shape was 
anisotropic (25 µm coating of polymer compound on 
paper) and consisted of a single-side coated paper of 
the size of 12 mm × 2 mm with less than 20% polydis-

Fig. 3  µ-Raman thumbnails of fragments and their spectra after industrial composting. a) micronized ecovio® PS1606 granules after 7 days 
(scenario A); b) micronized ecovio® PS1606 films after 10 days (scenario B). A Raman spectrum in the interval 3600 to 50 cm−1 was acquired for each 
particle on the filter for up to N = 30,000 total particles, resulting in the statistical representation of particle size and identity in the Supplementary 
Information (compare to data in our previous publication  [18] and the detailed Tables S4 and S5). Each thumbnail has a field of view adapted 
to the respective particle
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persity, and initially no presence of small fragments 
in the detection range below 1000 µm.

GPC and DSC measurements of all three shapes 
were conducted to understand if fragmentation might 
also depend on the production pathway (Table S1). 
Since all shapes were made from the same polyester 
compound, the chemical and thermal properties were 
comparable. In general, the range between 30.000 
and 130.000  g/mol is typical for thermoplastic poly-
mers [39]. The number average molar mass (Mn) was 
quite similar between the different shapes, while the 
weight average molar mass (Mw) was slightly higher 
for the coated paper than for the other shapes, but we 
can’t exclude the presence of any additives extracted 
from the paper itself. In all three shapes investigated, 
the melt enthalpy representing the crystallinity was 
low [40] and the melt temperature was in a consistent 
range around 166 °C.

Scenario A: fragmentation kinetics of micronized plastic 
granules show particle shrinkage and fragmentation
In our previous publication we monitored the CO2 evo-
lution over time for scenario A, reaching > 90% biomin-
eralization after 187 days of industrial composting [18]. 
Note that the long composting times are due to the 
initial thickness exceeding by an order of magnitude 
the thickness range certified for industrial composting 
applications of ecovio® PS1606. The results obtained in 
the previous study [18] were replotted for a comparison 
to the other shapes investigated in the present study 
(Fig. 4). Numerical values of Raman microscopy meas-
urements for scenario A have been reported before 
[18], numerical values for fluorescence microscopy are 
reported in Table S2.

For Fig.  4a, the sum of all particles with spectra 
attributable to the aromatic-aliphatic polyester ecovio® 
PS1606 is plotted, integrating the previously published 
detailed findings in different size classes [18]. In short, 
the fragment count was reduced by nearly three orders 
of magnitude from 8207 to 3 ± 3 particles per gram of 
compost, while the total LDPE counts changed by an 
insignificant extent of 7% with no signs of chemical 
degradation during industrial composting (Fig. 4a) [18]. 
The associated size distribution of the aromatic-ali-
phatic polyester fragments shifted to smaller fragments 
(Fig.  4c), but fragmentation led to an interim increase 
of total particle counts after 7  days of composting 
(Fig.  4b); however, those previously formed fragments 
reduced to 3 ± 3 particles per gram of compost, which 
was indistinguishable from the blank count of 5 ± 5 par-
ticles per gram of compost after 187 days [18].

Scenario B: fragmentation kinetics of cryo‑milled 
plastic film show peninsula structure formation 
and fragmentation
Quantitative disintegration experiments under labora-
tory industrial conditions were performed to investigate 
fragmentation of the cryo-milled film samples. The initial 
polymer compound mass and the number of fragments 
per gram of compost, due to the large lateral dimensions 
of the 25  µm thin films, was lower in scenario B com-
pared to A. The findings in scenario B showed a six-fold 

Fig. 4  ecovio® PS1606 fragments per gram of compost 
after worst-case scenario A spiking by micronized ecovio® PS1606, 
then particle extraction (using ZnCl2) and analytics [18]. Results 
compared to LDPE and compost blank. a) total number of ecovio® 
fragments by µ-Raman microscopy; b) total number of polymer 
fragments by fluorescence microscopy; c) particle size distribution 
(area-equivalent diameter) for each timepoint by fluorescence 
microscopy



Page 7 of 12Pfohl et al. Microplastics and Nanoplastics             (2024) 4:7 	

increase of fragment numbers (Fig.  5a, Table S3). Frag-
mentation was confirmed by the very quick increase of 
fragment numbers (Fig.  5a), which could only originate 
from the fragmentation of film pieces, not by erosion 
and volume loss only. The degradation of the largest films 
above 400  µm (compare Fig.  2c) was well-documented 
in the size distribution by fluorescence microscopy 
(Fig. 5b) and was confirmed by the µ-Raman size distri-
bution (Figure S3b, Table S4). Only the fragments above 
100 µm were counted using µ-Raman, and no fragments 
were found after 45 days (Figure S3a, Table S4), which is 
in agreement with the size distribution by fluorescence 
microscopy (Fig. 5b). The relative share of the size frac-
tion from 25 to 125 µm increased until the last sampling 
time point and is responsible for the slight increase of 
fragment count between 20 and 45 days, while fragments 
above 175  µm almost entirely disappeared during this 
time interval (Fig. 5b). Fragments between 3 and 25 µm 
were not observed, not even intermittently at a single 

time point. This is another marked difference between 
scenarios A and B.

The half-time of particle count was 2.5  days (micro-
nized films, scenario B), to be compared to 20  days 
(micronized granules, scenario A). A detailed description 
of the half-time calculations is provided in the SI. The dif-
ferences in half-time are consistent with the 25 µm thin 
flat geometry of the films, offering more surface area 
than the 330  µm micronized particles. Surface-driven 
enzymatic degradation also induces that smaller frag-
ment sizes have shorter lifetimes [23, 41], as explained 
on the detailed fragmentation kinetics earlier [18]. Even 
intermittently, the maximum share of fragments between 
3 and 25  µm observed amounted to 12% by number 
(observed by fluorescence microscopy on ecovio® PS1606 
scenario A at 50% CO2), corresponding to 0.0012% by 
mass (Fig.  6a, b), and even less for the thin films (sce-
nario B, Fig. 6c). By the last sampling, this mass fraction 
dropped below 10–10 of initial polymer compound mass 

Fig. 5  Scenario B: Polymer compound fragments per gram of compost after spiking by micronized ecovio® PS1606 films, then particle extraction 
and fluorescence detection. Results compared to compost blank. a) total numbers; b) particle size distribution for each time point

Fig. 6  Kinetics of fragment degradation in mass metrics. a) relative mass of micronized granules and films compared each to initial polymer 
compound mass extracted, b) relative mass of several size fractions compared to the conversion to CO2, for the worst-case-scenario A (micronized 
granules) [18], c) relative mass of several size fractions compared to initial polymer compound mass extracted for scenario B (micronized films). 
Calculations are based on the measured particle size distributions and numbers from fluorescence and Raman microscopy at the specific 
timepoints, representing all fragments above 3 µm and below 2000 µm. The fitted curves represent a guide to the eye and are no numerical model 
yet
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(Fig.  6a) without accumulation of small fragments. The 
potential correction by the more representative extrac-
tion by CaCl2 must be considered for scenario A, but in 
mass metrics the 12-fold higher count of the smallest 
fraction by CaCl2 is invisible at 187 days, because it cor-
rects the mass of fragments at this timepoint from 10–10 
to 10–9 of the initial polymer compound mass.

Scenario C: fragmentation kinetics of plastic‑coated paper 
show local thinning without fragmentation
Contrary to the other scenarios, the polymer-coated 
paper cups were not micronized but only shredded into 
relatively large pieces of 2  mm by 12  mm before mix-
ing with compost to perform composting experiments 
following the same conditions used for the cryo-milled 
films (scenario B). This scenario reflects the realistic 
industrial composting of paper-based packaging, start-
ing from macroscopic articles that potentially release 
microscopic fragments during the biodegradation. The 
shredded pieces were still easily seen at 10 days (Figure 
S4) but disintegrated such that they were not visually 
observable at 20 and 45  days (Figure S4). Motivated by 
the need for chemical selectivity, the fragments extracted 
from compost of polymer-coated paper were identified 
and counted primarily using µ-Raman (Table S5). In the 
specific composting series, there was a slightly higher 
background in the blank control of 35 polymer particles 
per gram of compost. Their spectrum matched the bio-
degradable ecovio® PS1606 reference, but an identifica-
tion as PBT or PET could not be excluded; occasionally 
they also contained TiO2, indicating a source other than 
the polymer-coated paper, e.g., white pigment contained 
in the paper cups. Figure 7 shows the absolute values. By 
subtraction of the blank, the highest fragment count at 
5  days composting amounted to 28 ± 29 polymer com-
pound particles per gram of compost (triplicate extrac-
tion and analysis, Fig. 7a). At 20 and 45 days, the counts 
gradually decreased to blank level (Fig. 7a). In most cases, 
the morphology of the fragments whose spectra were 
attributed to the ecovio® PS1606 polymer compound 
were flat and confirmed the origin from delamination 
and fragmentation of the paper coating (Fig.  7b), simi-
larly to the morphology of the 25 µm thin films (Fig. 2c, 
d), but fewer counts than for the films (Fig.  5a). Com-
post particles without Raman spectrum, or PET or PE 
microplastics, did not resemble the flat coating fragments 
(Fig.  7b). Due to the low statistical count, all fragments 
matching the reference spectrum of the compostable 
ecovio® PS1606 with varying % of PLA were summed up 
for the fragmentation kinetics (Fig. 7a) and for an aggre-
gated size distribution (Table S5). On a selected larger 
fragment (Fig.  7c) we acquired multiple Raman spec-
tra (Fig. 7d) showing that the attribution to the ecovio® 

PS1606-based paper coating is unambiguous despite 
some variability of the spectra on several spots of the pol-
ymer compound layer, which were fitted with varying % 
of PLA. In our previous investigation of scenario A, the 
composition of the polymer compound shifted gradu-
ally to lower PLA content during the biodegradation 
[18]. Degradation of one polymer from a blend induces 
volume loss. We observed cracks in the polymer com-
pound layer after 5  days composting using fluorescence 
microscopy (Fig. 7f ), which were reminiscent of the local 
thinning of free-standing films (Fig. 2d) and were absent 
in the paper coating before composting (Fig.  7e). Holes 
or loosely connected structures, which had formed in 
free-standing films (Fig.  2d), were not observed in this 
exemplary image of biodegraded polymer-coated paper 
(Fig. 7f ).

Discussion
To enable a comparison between different plastic shapes 
in the investigated scenarios, the influence of the extrac-
tion protocol needs to be considered: The measured 
size distribution shifted to smaller fragments in the 
early phases of scenario A (Figure S1a), where the ZnCl2 
extraction efficiency is known to be lower than CaCl2 
extraction efficiency. Based on the cross-checks (Figure 
S1), the 20% increase of fragment numbers from 40,987 
to 49,263 per gram of compost measured by the ZnCl2 
separation (Fig.  4b) can be translated to an increase of 
38%. With the CaCl2 separation, the contribution of frag-
mentation is confirmed by the more relevant fraction of 
fragments below 25 µm (Figure S1a), which had also been 
observed, but to a lesser extent, with ZnCl2 separation on 
the size fraction below 25 µm and between 25 and 75 µm 
(Fig.  4c). The variations of the extraction protocol thus 
impact quantitative details of the fragment size distribu-
tions, but confirm qualitatively different pathways of the 
fragmentation kinetics for scenarios A and B.

The polymer compound loading used for scenarios B 
and C and the more active compost reflect more realis-
tic conditions as compared to biodegradation experi-
ments done for scenario A, but this test does not allow 
the tracking of evolved CO2 during the biodegradation 
process. Biodegradation-induced fragmentation was 
most markedly observed in scenario B, which is the bio-
degradation of a free-standing film: the shifts in the size 
distribution and the sharp initial increase of total particle 
counts could only be explained by fragmentation, not by 
erosionand ensuing volume loss. To a lesser extent, also 
scenario A confirmed biodegradation-induced fragmen-
tation. Control measurements showed that this observa-
tion was not an artifact induced by the sonication step 
during extraction; in literature the use of sonication for 
deagglomeration is recommended [18, 27, 42–44]. We 
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argue that the microbial colonisation and enzymatic 
hydrolysis on two sides of the plastic films induced local 
thinning that is spatially inhomogeneous on the order of 
50  µm laterally (Figs.  2d and 7f ), e.g. by local degrada-
tion from exudated enzymes around the fungal hyphae 
as imaged on the same length scale by Zumstein et  al. 
(2018), who investigated the biodegradation of polyes-
ters in soils. [26] Especially the formation of loosely con-
nected “peninsula” structures is prone to fragmentation 
(Fig.  2d). In scenario A, the contribution of fragmenta-
tion to the particle kinetics was less obvious in µ-Raman 

data, but the redistribution of particle sizes was observed 
by the higher resolving fluorescence microscopy (Fig. 4). 
The mass balance of detectable particles (Fig.  6b) and 
detectable CO2 highlights the conversion from initially 
all solid polymer to a coexistence of solid polymer (i.e. 
particles), CO2, and a fraction of breakdown intermedi-
ates and/or biomass. The interim existence of breakdown 
intermediates/biomass was inferred here by subtract-
ing %CO2 and %particle from the known initial polymer 
compound loading (Fig.  6b), and is consistent with the 
previous demonstration of two fractions of the polymer 

Fig. 7  Scenario C: characterization of polymer compound fragments from composting of coated paper. a) A total numbers of fragments 
that matched the reference spectrum of the biodegradable ecovio® PS1606 with varying % of PLA; b) µ-Raman thumbnails of fragments and their 
spectra after 5 days of composting and removal of cellulose by oxidation and density separation; c-d) µ-Raman analysis of a representative large 
fragment after 5 days of composting and removal of cellulose by oxidation and density separation; e) higher-resolution image by fluorescence 
microscopy of a polymer compound coated paper before it entered the composting phase (with cellulose fibres visible underneath); 
f) representative fragment after 5 days of composting imaged by fluorescence microscopy, without oxidation or density separation
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molar mass distribution at 10% CO2 and at 50% CO2, 
namely a high molar mass fraction (identified as bound 
in particles) and the low molar mass (present in compost 
outside of particles), whereas the molar mass distribution 
matched the blank compost background at 90% CO2 [18].

Reduction of molar mass and depolymerization drives 
a competition between overall loss of volume and local 
loss of volume, that is governed by the spatial inhomoge-
neity of microbial action, and by the shape of the plastic 
article (and, after initial fragmentation, shape of frag-
ment). Local loss of volume induces a thinning to labile 
necks between two volumes of the fragment, but at the 
same time all volumes shrink due to surface erosion [41] 
and may thus disappear before that neck breaks. In sce-
nario C, the initially incubated 2  mm x 12  mm shreds 
of polymer compound coating on paper were observed 
to disintegrate (Figure S4), but only a very low num-
ber of fragments below 2 mm could be attributed to the 
polymer compound coating (Fig.  7b-d) and the number 
of fragments was barely above the blank background 
(Fig. 7a). Since all test materials were made of the same 
polyester polymer compound, the minor differences in 
molecular properties (specifically a higher molar mass 
was measured on polymer-coated paper, almost iden-
tical melting points and even lower crystallinity of the 
polymer-coated paper (Table S1)) are unlikely to explain 
reduced fragmentation. The accessibility of the polymer 
chains for enzymes attacking the amorphous phases can-
not be radically different under these conditions [42]. We 
interpret that although the polymer compound coating 
on paper had the same composition, same flat geom-
etry and same thickness as the free-standing film, the 
additional mechanical support from the paper stabilized 
the plastic layer against fragmentation. The paper was 
removed by sample preparation (oxidation), and hence 
we would have detected any fragments that were only 
held together by the paper support. The paper substrate 
also halves the possibility of microbial attack to only one 
surface of the compostable plastic coating, but we do not 
suggest that this factor alone is responsible for low frag-
mentation. The fragments formed in scenario C (Fig. 7b, 
c, f ) were identical in composition and shape to the 
intentionally micronized films spiked into the compost in 
scenario B (Fig. 2c), and a complete mass balance, poten-
tially enabled by 13C labelled polymer, should be tar-
geted for a mechanistic understanding of the supported 
structures on paper, and the continued degradation of its 
fragments.

Wei et  al. (2022) attributed the 10  µm fragments 
observed after the incubation of poly(ε-caprolactone) in 
an abiotic aqueous lipase buffer to the uneven hydroly-
sis/erosion rate across the polymer film surface. [19] In 
addition, normalized size distributions (Figs.  4 and 5) 

highlight the continuous redistribution from larger to 
smaller sizes. At the final phases of degradation, total 
count decreased with half-times around 20  days (sce-
nario A) to 2.5 days (scenario B).

The initial content of polymer compound per dry 
compost was in line with the ISO standards, but differ-
ent between the three tested scenarios: 0.130  g/g (A), 
0.030 g/g (B), 0.007 g/g (C). Polymer compound mass was 
used to normalize the number of fragments. For scenar-
ios A and B the increase of the particle count between T0 
and the first sampling was considered, while for scenario 
C the maximum count above blank was considered. As 
a result, the number of fragments in the size range 3 to 
2000 µm that were generated per gram composted poly-
mer compound were 64.000 (scenario A), 183.000 (sce-
nario B), and 4.000 (scenario C). The shape of specimen 
is thus decisive for the extent and kinetics of fragmenta-
tion [41]. In contrast to mm-sized particles of conven-
tional plastics, such as PS, PE, PET, that were still found 
in organic fertilizer after biowaste fermentation or com-
posting, fragments of biodegradable polymers undergo 
complete biodegradation and in our cases returned to 
blank level for any polymer form [14, 45].

Conclusions
In this study, the influence of different product shapes 
on the fragmentation of certified compostable plastic, 
ecovio® PS1606, was investigated under industrial com-
posting conditions. Disintegration of this material, inde-
pendent from the shape, did not lead to the release of 
persistent microplastic fragments. Even though interim 
secondary fragments were formed for micronized gran-
ules and micronized films (scenarios A and B), the small-
est detectable fragments (between 3 and 25 µm) did not 
accumulate over time and were rarely observed in any 
of our experiments. From CO2 and GPC measurements 
[18] on scenario A, we additionally observed complete 
biodegradation which makes the hypothetical formation 
of nanoplastic [46, 47] fragments unlikely. Although the 
present observation cannot explicitly rule out their pres-
ence due to the flotation speed and microscopic detec-
tion measurement limits, we strongly believe that the 
microscopy techniques would have detected persistent 
fragments between 3 and 25 µm if they were present.

The measured half-lives of particles are around 20 days 
(micronized granules, scenario A) to 2.5  days (micro-
nized films, scenario B). This is consistent with the differ-
ent thickness of 330  µm (micronized granules, scenario 
A) against 25 µm (micronized films, scenario B), which is 
the realistic thickness that enters composting plants via 
commercial application in paper-based food packaging. 
In the present study, the industrial composting experi-
ments were carried out on a laboratory scale. As a next 
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step, validation, and standardisation of the methodology 
for a big scale industrial composting facility is envisioned 
to enable its application to municipal facilities.
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