
Academic Editor: Nicolas Kalogerakis

Received: 20 May 2025

Revised: 6 August 2025

Accepted: 11 August 2025

Published: 4 September 2025

Citation: Leitner, L.-C.; Steiner, T.;

Greiner, A.; Freitag, R. The Fate of

Biodegradable Plastic Items Under

Conditions of State-of-the-Art

Composting. Microplastics 2025, 4, 59.

https://doi.org/10.3390/

microplastics4030059

Correction Statement: This article has

been republished with a minor change.

The change does not affect the scientific

content of the article and further details

are available within the backmatter of

the website version of this article.

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

The Fate of Biodegradable Plastic Items Under Conditions of
State-of-the-Art Composting
Lisa-Cathrin Leitner 1,†, Thomas Steiner 2,† , Andreas Greiner 1,* and Ruth Freitag 2,*

1 Macromolecular Chemistry and Bavarian Polymer Institute, University of Bayreuth, Universitätsstraße 30,
95440 Bayreuth, Germany

2 Chair for Process Biotechnology, University of Bayreuth, Universitätsstraße 30, 95440 Bayreuth, Germany
* Correspondence: greiner@uni-bayreuth.de (A.G.); ruth.freitag@uni-bayreuth.de (R.F.)
† These authors contributed equally to this work.

Abstract

Biodegradable plastics are increasingly proposed as environmentally friendly alternatives
for disposable dishes or glasses in addition to their more conventional uses as foils and in
bags. If produced from certified degradable materials, such items are expected to degrade
rapidly during state-of-the-art composting. However, conditions prescribed for the testing
and certification of materials differ from those typically applied in industrial composting,
and operators of the corresponding plants have found that degradation is incomplete. In
this study the degradation of commercially available biodegradable bags as well as dispos-
able sparkling wine glasses was studied in a series of pilot-scale composting campaigns
closely mimicking state-of-the-art composting conditions. The materials were characterized
regarding their chemical composition, structure, and crystallinity, as well as the changes
thereof throughout the process. Evidence is given that parameters such as crystallinity
change significantly during composting, which may inhibit breakdown during the process
and thus have unknown consequences for the subsequent environmental impact.

Keywords: compost; biodegradation; PLA; PBAT; crystallinity

1. Introduction
For several decades, plastic pollution has mainly been discussed in the context of the

aqueous environment, such as oceans, lakes, and rivers, while the pollution of land has
been less considered. However, any contamination, e.g., of arable soil is of concern, since
microplastic found there may easily enter the food web [1]. In addition, microplastic has
been shown to change the characteristics of the soil. Film fragments may influence the
density of the soil, while fibers have been suspected of changing its storage capacity for
water [2,3]. The chemical nature of the plastic has in addition been shown to influence the
adsorption of heavy metals and other toxins [4–6].

The polymer types most commonly found in the environment are commodity plastics
such as polyethylene (PE), polypropylene (PP), polystyrene (PS), polyethylene terephtha-
late (PET), polyurethane (PU), and polyvinylchloride (PVC) [7,8]. However, increasingly,
studies also find microplastic with signatures of biodegradable materials, mostly poly(lactic
acid) (PLA) and poly(butylene adipate terephthalate) (PBAT) [9,10]. PBAT has been shown
to influence soil characteristics, inter alia the propensity for the release of CO2 into the
atmosphere [11].

Biodegradable plastics are often proposed as an environmentally friendly alternative
to conventional plastics for one-way-use items such as disposable dishes, but also for uses
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such as bags for biowaste collection. The assumption is that, when properly disposed of,
e.g., in the solid household biowaste, such materials will degrade during state-of-the-art
biowaste treatment, whereas the environmental burden is reduced even in case of improper
disposal, as such a material should degrade in the environment within an acceptable time
span. However, these assumptions have recently been challenged by studies demonstrating
that quality composts produced in state-of-the-art technical composting plants may still
contain significant numbers of microplastic fragments with signatures of biodegradable
materials [10,12]. Microplastic particles from biodegradable materials may therefore enter
the environment through the organic fertilizer (compost) produced in these plants. The
fate of such microplastic in the various environmental compartments is still not completely
understood [13].

One obvious reason for failing to fully degrade during industrial composting is the
complexity of the composting process itself. Several requirements must be met in technical
composing. The temperature must, e.g., be sufficient to assure sanitization, whereas
the duration of the process is typically just long enough to obtain the desired degree of
rotting. The 12 weeks prescribed in the DIN EN 13432 [14] to test and certify materials for
compostability are generally not reached in industrial composting.

In order to gain a more systematic insight into the degradation of items made from
biodegradable materials under the condition of technical composting, we mirrored such
conditions in model pilot-scale composting experiments. The degradation of three types of
compostable bags designated for biowaste collection and one type of disposable sparkling
wine glass was studied. In addition, factors such as temperature and moisture were
systematically investigated under abiotic conditions.

2. Materials and Methods
2.1. Materials

Suppliers of chemicals were Carl Roth GmbH and Sigma-Aldrich. Solvents and
reagents were technical grade and used as received. Deuterated solvents were from Deutero
and stored over molecular sieves. The biowaste bags, all certified as compostable according
to DIN EN 13432 [14], were from EMIL DEISS KG (GmbH + Co., Hamburg, Germany) or
Naturabiomat GmbH (Rheine, Germany). Hereafter they will be referred to as Bag 1, Bag 2,
and Bag 3. The disposable glasses were purchased at www.avocadostore.de (accessed on
10 May 2025) (EAN: 8027499022124) and according to the supplier were made from a PLA
also certified as compostable according to DIN EN 13432.

2.2. Composting

Composting was carried out with biowaste donated by the local municipal compost-
ing plant in steel barrels (height: 790 mm; diameter: 570 mm) equipped with drainage
(Figure S1). Prior to the experiments, contaminants such as glass, metal, and plastics were
removed from the biowaste.

For optimal composting, the C/N ratio should be between 20 and 30 according to
DIN EN 14045 [15]. To determine the C/N ratio, the components of the biowaste were
weighed and calculated using the values recommended by the German Compost Quality
Association (Bundesgütegemeinschaft Kompost e.V.) [16]. The waste was divided into
three fractions: kitchen waste (C/N: 12–20), grass clippings (C/N: 15–35), and structural
material consisting of branches and shrub cuttings (C/N: 100–150). These values are
comparable with the literature [17–19]. The resulting average C/N ratios were as follows:
composter 1: 28.1; composter 2: 28.7; and composter 3: 27.2. The calculation was performed
based on the wet weight.

www.avocadostore.de
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At minimum 10% structural material was added to the biowaste to assure sufficient
aeration during composting. For the determination of the dry weight (DW), five 30 mL
aliquots were weighed into 250 mL Schott-Duran beakers and dried at 105 ◦C (Memmert
UM 500, Memmert, Schwabach, Germany) for at least 24 h. Afterwards, the beakers were
allowed to cool to room temperature in a desiccator and the DW was determined by
weighing the beakers. The bags (16 per experiment) and disposable glass cups (12 per
experiment) to be tested were filled with biowaste and placed together with additional
bulk biowaste (total approximately 140 L) into the barrels (Table S1).

The barrel was placed on a rotation device (Figure S2) and rotated once per week at the
same time the oxygen level was measured (oxygen sensor GOX 100, Greisinger electronic
GmbH; Regenstauf, Germany). The temperature was measured with a rod thermometer
(TFA Dostmann; Wertheim-Reicholzheim, Germany). A heating jacket (ISOHEAT PT100,
SAF-Wärmetechnik; Ubstadt-Weiher, Germany) ensured that the rim of the compost had
the same temperature as the bulk. The pH was measured by taking 50 g samples of a
given compost, mixing them with 250 mL of deionized water followed by 20 min constant
agitation and the pH measurement (pH meter VWR International; Darmstadt, Germany).

2.3. Abiotic Decomposition

A total of 12 pieces 5 × 5 cm each were cut from the bags and placed in 0.5 L of 0.01 M
Tris buffer in 1 L Schott DURAN beakers, covered with aluminum foil (total amounts: Bag1,
0.76 g; Bag2, 0.6 g; and Bag3 0.94 g). In case of the disposable glasses, five stems were used
(total amount: 37.13 g), since it was only possible to obtain test pieces of equal geometry
from the stems. The temperature and pH were adjusted as indicated, the latter with 0.1 M
HCL or 0.1 M NaOH. For temperature control, the beakers were placed in a Memmert UM
500 warming oven (Memmert GmbH & Co. KG, Schwabach, Germany).

2.4. Fragment Recovery

The compost from every composter was divided into 2.5 kg piles and each pile
suspended in 10 L of demineralized water. The sludge was first sieved with a 10 mm
sieve. All particles/fragments retained by the sieve were collected with tweezers. The
material having passed the 10 mm sieve was then sieved with a 5 mm sieve, followed by
sieving with 2 mm, 1 mm, and 0.5 mm sieves. All sieves were from Retsch GmbH (test
sieves, ISO 3310-1 [20]; body/mesh, S-Steel; body, 200 mm × 50 mm, Haan, Germany).
Recovery of particles from the abiotic decomposition experiments was analogous.

2.5. Analytics

IR spectra were taken with a Perkin Elmer Spectrum Two, 1H-NMR measurements
using a Bruker Avance 300. Deuterated δ(CDCl3) = 7.26 ppm served as solvent. The
software MestreNova (version 14.3.1) was used for the evaluation of the data.

Polymer molecular masses and their dispersity were determined by GPC (1200 series,
Agilent Technologies) equipped with an SDV XL gel column (particle size 5 µm, separation
range 100 to 3,000,000 Da) and a refractive index detector. The samples were dissolved
in chloroform and filtered with a 0.22 µm PTFE filter prior to injection (injection volume
20 µL). Chloroform also served as eluent (flow rate 0.5 mL min−1). Toluene was used
as internal standard. The system was calibrated using narrow-dispersion polystyrene
standards.

WAXS measures were carried out on a Bruker D8 ADVANCE using the Cu-Kα radia-
tion (λ = 0.154 nm). A transmittance program in the 2θ angle range between 5◦ and 45◦

with a scanning speed of 0.05◦ min−1 at 25 ◦C was selected for the XRD profiles. Fragments
that were smaller than the templates from the device were fixated with polyimide tape. The
software Origin (OriginPro 2025) was used to calculate crystallinities. The peaks were fitted
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with the tool pulse analyzer, and the values were calculated using the following equation
with AC as crystallin areas and AA for the amorphous halo:

χ =

(
AC

AC + AA

)
·100% (1)

The instrument was calibrated using a suitable standard, and its resolution was
validated using a crystalline standard.

Crystallinities were in addition determined by DSC using a NETZSCH DSC 204
F1 Phoenix® apparatus (Selb, Germany)—heating rate 10 K min−1, nitrogen flow. The
aluminum crucibles were from THEPRO. The data were evaluated using the software
Proteus 8.0. The crystallinity was calculated as follows:

χ =
(∆Hm − ∆Hc)

∆H f
·100% (2)

with ∆Hc crystallization enthalpy, ∆Hm melting enthalpy, and ∆Hf theoretical heat of fusion
for a 100% crystalline PLA (93 J g−1 [21]).

The DSC instrument was calibrated using an indium standard, and its accuracy was
validated using a certified reference material. Regular maintenance was performed for all
analytical instruments to ensure optimal performance.

3. Results and Discussion
3.1. Physico-Chemical Characterization of Disposable Bags and Glasses

The chemical composition of the bags was analyzed by 1H-NMR spectroscopy after
dissolution in chloroform using CDCl3 as the internal standard (Figure S3). All bags
contained PLA and PBAT in a ratio of roughly 20:80. The 1H-NMR of Bag 2 showed besides
the typical PLA quartet between 5.10 ppm and 5.25 ppm a multiplet shifted to higher
values. This indicates that besides poly(L-lactic acid) (PLLA), poly(D,L-lactic acid) was
also present. The 1H-NMR of the disposable sparkling wine glass corresponded to pure
PLLA. In addition, the composition of the PBAT regarding the monomeric units butylene
terephthalate (BT) and butylene adipate (BA) were calculated from the 1H-NMR peaks, see
Figures S4–S6 for details. The ratios of the two monomeric units BT:BA within the PBAT
were identical for all bags, namely 49 wt%: 51 wt%.

Subsequently the materials were analyzed by infrared (IR) spectroscopy (Figure 1).
While the presence of PLA and PBAT was verified as expected, for the bags, additional
signals were observed that could not be assigned to either PLA or PBAT, e.g., the hydroxy
stretching vibrations at 3280 cm−1. These signals likely stem from additives that do not
dissolve in chloroform and therefore were not detected in the 1H-NMR. The unresolved
residue amounted to 15 wt% for Bag 1, 26 wt% for Bag 2, and 22 wt% for Bag 3.

To elucidate the nature of these additives, the corresponding IR spectra were com-
pared to those of the original bags and the dissolved polymer fraction recovered from
the chloroform solution via the evaporation of the solvent (Figure S7). Metal oxides and
thermoplastic starch (TPS) could be identified as additives. The presence of Mg, Ti, Ca, and
Si in the residue could in addition be verified by EDX measurements (Figure S8).

Finally, the crystallinity of the investigated materials was determined by wide-angle-
X-ray scattering (WAXS) (Figure 2). Crystallinity improves the mechanical stability of a
polymeric material. However, the degree of crystallinity is also a decisive factor for the
biodegradability of polymer materials. It has already been shown that high crystallinity
leads to slower biodegradation rates [22,23]. Whereas the bags contained between 14 and
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27% of crystalline parts (for details see Table 1 below), neither the stem nor the cup of the
pristine disposable glasses showed any crystallinity in the WAXS measurements.

 

Figure 1. IR spectra of the tested materials as indicated.

 

Figure 2. WAXS measurement of Bags 1 to 3 and the disposable glass: (A) bag 1; (B) bag 2; (C) bag 3;
(D) disposable glass. The jagged curve (black) is the signal of the measurement. The curve directly
above the signal is the fitted curve (red). The smooth curve directly below represents the halo, which
represents the amorphous part (orange). The smaller peaks in the lower part of the respective graph
(in different colors) show the crystalline part, which are the peaks deviating from the halo.
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Table 1. Development of the crystallinity of bags 1 to 3 during composting and abiotic decomposition:
analysis by WAXS.

Bag 1 Bag 2 Bag 3

Original 22% 14% 27%
Abiotic decomposition (21 days) 32% 19% 33%
Abiotic decomposition (44 days) 41% 23% 40%

Composting (28 days) 46% 39% 32%
Composting (48 days) - 42% 46%

3.2. Degradation of Disposable Bags and Glasses Under Composting Conditions

Composting was carried out for 48 days in three pilot composters (volume: 200 L;
composting volume 140 L). Bags 2 and 3 were introduced into composter 1, Bag 1 into
composter 2, while composter 3 was used to treat the disposable glasses. In each experiment,
12 bags or glasses were used, see Table S1 for further details. The composters were
monitored daily for temperature, dry weight, and pH (Figure 3).

 

Figure 3. Profile of the temperature (A), dry weight (DW) (B), and pH (C) in the three composters.
Composting was performed in parallel. Bags 2 and 3 were composted in composter 1, bag 1 in
composter 2, and the disposable glasses in composter 3.
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The temperature showed the expected process phases [24,25]. After an initial
mesophilic phase of 1–2 days, the temperature entered a thermophilic phase with tempera-
tures over 60 ◦C, where it remained for approximately 1 week, followed by cooling and
maturation. Only in composter 1 was the temperature slightly lower (59 ◦C) on day 7. The
fluctuations in the temperature are due to interventions like the weekly turnover of the
compost or the addition of water to counteract drying, as indicated by the changes in the
dry weight (DW).

The pH of the composts increased rapidly over the first two days to values around
8. Subsequently the value continued to increase gradually, reaching a final value around
9, which mirrors the development found in technical composting. Only in composter 3,
containing the disposable glasses, did we repeatedly observe drops in the pH, presumed to
be due to the release of lactic acid from the PLA. The drop in pH was counteracted by us
through the addition of a base when necessary. The oxygen level in the composters was
also monitored and never dropped below 13%, indicating sufficient aeration, as specified
in DIN EN 14045 [15].

All three composters lost approximately 56% of organic mass during composting,
which is reasonable in view of the typical values found in technical composting. When the
produced composts were sieved down to a mesh size of 0.5 mm, 39.5% of the initially added
mass of bag 1 was recovered from composter 2 and 36.4% of the initially added combined
masses of bags 2 and 3 from composter 1. Visibly, some degradation of the bag material
took place during composting (Figure 4). In the case of the disposable glasses, 81 wt% of the
initially added material was recovered. Interestingly, most of the recovered glasses were
still intact, albeit no longer transparent. Only 1.2–2.4 wt% of the material recovered in this
case by the sieving procedure were in the 0.5 to 5 mm range, i.e., represented microplastic.

Pristine state Day 48 

Bags 2 and 3 

  

Bag 1 

  

Disposable glasses 

  

Figure 4. Disposable bags and disposable glasses before and after composting for 48 days.
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3.3. Degradation of Disposable Bags and Glasses Under Abiotic Conditions

For further insights into the possible disintegration processes, experiments were
performed under abiotic conditions while adjusting similar physico-chemical settings
(temperature, pH) as during composting. A total of 12 pieces, 5 × 5 cm each, were cut from
the bags and placed into individual 1 L Schott jars filled with 0.5 L of 0.01 M Tris buffer,
pH 7.4. In case of the disposable glasses, five stems were used since it was only possible to
obtain test pieces of equal geometry from the stem.

The average temperature and pH profiles recorded for the three composters were
applied as closely as possible to the jars, Figure 5. Note that the values shown in Figure 5
were recorded prior to any subsequent adjustment in particular of the pH-value to the
prescribed one. Whereas the temperature profile could be adjusted without difficulty
in all cases, this was not the case for the pH in the jar containing the disposable glass
stems. Starting on day 10 and lasting to day 35, the pH value in jar 3 repeatedly dropped
dramatically to acidic levels requiring readjustment via the addition of a base. After
day 35 the pH value in jar 3 became more stable and only small additional adjustments
were necessary.

 

Figure 5. Profiles of the temperatures (A) and pH values (B) recorded in the abiotic experiments.
The average values calculated for temperature and pH from the composting experiments are given
for comparison.
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At the end of the experiments, 44.6 wt% of bag 1, 49.6 wt% of bag 2, 41.5 wt% of
bag 3, and 80.8 wt% of the disposable glass stems could be recovered as distinct parti-
cles/fragments > 0.5 mm through the sieving procedure. However, in pronounced contrast
to the composting experiments, >85 wt% of the particles generated by the disposable
glass stems during abiotic decomposition were now found in the 0.5–5 mm fragment size
range. Disintegration into microplastic therefore was much more pronounced during
abiotic decomposition than during composting. In contrast, fragments of the bags found
after abiotic decomposition tended to be >10 mm, i.e., slightly larger than those produced
during composting. The differences in the breakdown behavior of the disposable glasses
in the two sets of breakdown experiments may be linked to the repeated acidification of
the environment in the case of the abiotic decomposition, which did not occur to a similar
degree during composting.

3.4. Development of the Material Characteristics of the Disposable Bags During Degradation

For insight into the changes occurring in the materials during degradation, the mate-
rial properties of the bags were monitored during composting and abiotic decomposition
and compared to the data collected for the pristine materials. Table 2 compiles the develop-
ment of the composition of the bags in terms of their relative PLA and PBAT content as
determined by 1H-NMR.

Table 2. Composition of the relative content of the respective dissolvable fractions regarding PLA
and PBAT: calculation based on 1H-NMR measurements.

Relative
PLA-Content

Relative
PBAT-Content

Original Bag 1 0.22 0.78
Abiotic decomposition (21 days) 0.19 0.81
Abiotic decomposition (44 days) 0.19 0.81

Composting (28 days) 0.23 0.77
Composting (48 days) 0.24 0.76

Original Bag 2 0.15 0.85
Abiotic decomposition (21 days) 0.12 0.88
Abiotic decomposition (44 days) 0.11 0.89

Composting (28 days) 0.23 0.77
Composting (48 days) 0.23 0.77

Original Bag 3 0.26 0.74
Abiotic decomposition (21 days) 0.0 1.0
Abiotic decomposition (44 days) 0.0 1.0

Composting (28 days) 0.23 0.77
Composting (48 days) 0.24 0.76

Under conditions of abiotic decomposition, the relative PLA content of the bags
decreased, slightly for Bags 1 and 2, and completely in case of Bag 3. PLA is known to
hydrolyze more quickly than PBAT. The reason that complete breakdown is observed only
for Bag 3 may be due to differences in the production process. For instance, if the PLA
is embedded in a PBAT matrix and thus has hardly any direct contact with the aqueous
environment, it will be less susceptible to decomposition.

For composting, the relative losses in PLA were smaller. However, this may be due
to a more equal loss of both PLA and PBAT during biotic degradation, since less than
<40 wt% of the added material was recovered after composting, whereas up to 49 wt%
of the originally added material was recovered after abiotic decomposition. None of the
measurements indicated any change in the BT/BA ratio of the PBAT.
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The only one parameter that changed significantly during both composting/abiotic
decomposition was the crystallinity of the materials, which increased with time (Table 1).

A high degree of crystallinity had previously been observed for fragments of
biodegradable plastic recovered from composts [10]. Tentatively, this has been explained
by assuming that the more easily degraded amorphous parts, e.g., of a degradable bag, are
preferably degraded, leaving the crystalline regions behind [25]. In addition, shorter chains
produced during bulk breakdown would be better able to align, thereby forming crystalline
regions [26]. Finally, an increase in crystallinity is expected to increase the brittleness of the
material, which presumably also aids fragmentation. However, in these previous studies no
direct link to the crystallinity of the corresponding pristine material could be established, as
this was unknown. Our results now clearly show that the increased crystallinity observed
in bag fragments recovered after composting/abiotic decomposition indeed correlates well
with a preferential degradation of the amorphous parts of the bags.

If we assume an initial crystallinity of 20% and an average weight loss of 60% during
7 weeks of composting, with preferably the amorphous parts of the material degrading, an
increase in crystallinity to roughly 40% must be expected. Incidentally, this supports previ-
ously voiced concerns that biodegradable polymers in the crystalline form may be enriched
during biodegradation and enter the environment as more persistent microplastic [10,13].

Additional insight into the degradation mechanism on a molecular basis can be
obtained via GPC measurements of the molecular weight of the polymer chains after
dissolution in chloroform. In case of bulk degradation, the GPC chromatograms should be
shifted to lower molecular weights, whereas this will not be the case when decomposition is
mainly due to surface degradation. The chromatograms for the bags are shown in Figure 6;
data on the development of the average molecular weight can be found in Table S2.

 

Figure 6. GPC measurement of samples from bag 1–3: (A) bag 1, (B) bag 2 and (C) bag 3, which
were composted or abiotically degraded for the indicated length of time. Samples were dissolved in
chloroform prior to the measurement.
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In all cases, the peaks in the GPC curves are shifted to lower molecular weights.
However, the shift is not as pronounced as one would expect for a degradation process
mainly driven by bulk degradation. In the case of bag 3, the shift is very small even in
the case of abiotic decomposition, i.e., when the PLA was completely removed. It is likely
that in this case the GPC curves correspond exclusively to the molecular weight of the less
affected PBAT polymer chains.

Our study suggests that the breakdown of disposable bags made from PLA and PBAT
mixtures under conditions closely mimicking industrial composting is less efficient than
to be expected for a material certified as compostable according to DIN EN 13432. The
relative increase in crystallinity over time may conceivably play a major role in hindering
full degradation.

3.5. Degradation Behavior of the Disposable Glasses (PLA)

While the degradation behavior of the bags can thus be explained by a preferential
degradation of the amorphous regions, the situation is more challenging in the case of
the disposable glasses, which initially appeared to be highly amorphous and therefore
had been expected to degrade well. Instead, the glasses were recovered in large amounts,
mostly intact, albeit turbid, in the case of composting, and mostly as microplastic in the
case of abiotic degradation.

The GPC measurements (Figure 7) give clear evidence of bulk degradation during
abiotic decomposition in the case of the glasses, as the molecular weight of the PLA polymer
chains decreases massively with time. In addition, a bimodal distribution of the polymer
chains argues for the presence of areas of different degradation kinetics. In the case of the
composted cups and stems, on the other hand, the GPC measurements showed no reduction
in the size of the PLA chains, while the subsequently performed WAXS measurements gave
evidence that both during composting and abiotic decomposition the originally mostly
amorphous PLA had become highly crystalline (Table 3), which incidentally would also
explain the observed turbidity of the composted disposable glasses.

Figure 7. GPC measurements according to the respective incubation time of the stem and cup parts
of the disposable glasses dissolved in chloroform. In the case of the decomposition under abiotic
conditions, only the stems were tested for reasons of reproducibility.
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Table 3. Crystallinities of material obtained from the disposable glasses originally and after the
indicated number of days of composting or abiotic decomposition.

Crystallinity Cup * Stem * Cup ** Stem **

Original Material amorphous amorphous 15% 15%
Abiotic decomposition (21 days) 84% 83%
Abiotic decomposition (44 days) 82% 86%

Composted (28 days) amorphous 74% 26% 73%
Composted (48 days) 81% 75% 64% 67%

* Data collected with WAXS (transmission mode between an angle of 8–45◦), ** data collected by DSC (heating
rate 10 K min−1, range −50 to 200 ◦C).

The formation of mainly microplastic during abiotic decomposition could hypotheti-
cally be explained by the assumption of two competing reactions. One is an initial rapid
breakdown of the amorphous material into microplastic by acidic hydrolysis. The other
reaction is crystallization, which renders the remaining fragments less susceptible to further
breakdown. The presence of both crystalline and residual amorphous regions would in
this case also provide an explanation for the bimodal distribution of the polymer chain
length observed in the GPC measurements. Since the composts did not show similar drops
in the pH, the glasses there underwent crystallization rather than hydrolysis and remained
largely intact.

Phase transitions including melting and crystallization can be quantified by differential
scanning calorimetry (DSC). The DSC scans of the original stem and cup (Figure 8) show the
expected glass transition at a temperature (Tg) of 60 ◦C as well as a weak recrystallization
transition at 110 ◦C and a melting peak at 170 ◦C. The degree of crystallinity can be
calculated from the enthalpies of crystallization and melting. For a completely amorphous
material, the enthalpies of melting and crystallization should be equal, and the crystallinity
therefore calculate to zero. Here an initial crystallinity of 15% was calculated for the
disposable glasses from the DCS data (Table 3). This stands in contrast with the WAXS
measurements that had indicated a fully amorphous material. It is possible that the
crystallinity detected by the DCS is due to the presence of small (<200 nm) nanocrystals,
which are difficult to see in the WAXS. Such small nanocrystals would not influence the
transparence of the disposable glass, while still improving the mechanical properties.

 

Figure 8. DSC measurements of the stem and cup part from the disposable glasses according to the
respective time period; heating rate: 10 K min−1 under nitrogen.
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After abiotic decomposition, the DSC scans of the glass stems showed a pronounced
melting peak, shifted to temperatures lower than for the fresh material. This shift indicates
that the chain length has decreased and thus the energy required for melting was already
sufficient at lower temperatures, which corroborates the GPC data discussed above. The
peaks for the glass transition and crystallization enthalpies almost vanish compared to
the original material, arguing for an increased crystallinity of the material recovered after
abiotic decomposition.

In the case of the composted material, the peaks for glass transition and crystallization
also vanish. The temperature of the melting peak remains in the same range as for the
pristine material, which supports the GPC data indicating that the chain length of the PLA
is hardly affected by composting.

The increase in crystallinity as well as the accompanying lack of degradation were
subsequently hypothesized to be linked directly to the composting conditions, in particular
the temperature. During the most intensive part of industrial composting, temperatures
above 65 ◦C are reached, which is significantly higher than the glass transition temperature
of PLA. Such temperatures are maintained for at least a week to assure sanitization of
the biowaste. A week of tempering above Tg conceivably aids the recrystallization of an
amorphous material.

For a more quantitative look on the recrystallization kinetics, fragments of the dispos-
able glass were tempered at 65 ◦C, 70 ◦C, and 80 ◦C for a defined time in the DCS and the
crystallinity was determined. Figure 9A compiles the DSC measurements after tempering
at 80 ◦C for the indicated time. The DSC data obtained for 70 ◦C and 65 ◦C are included in
the Supplementary Material (Figure S9). In case of an incubation at 80 ◦C, the crystallinity
increased from 15% to 54% within 60 min and remained constant thereafter. At 70 ◦C the
trend was similar, but it took longer to reach the final crystallinity value. By comparison, it
took 48 h of incubation at 65 ◦C to reach a crystallinity of 50% (Figure 9B).

 

Figure 9. (A) DSC measurements of fragments of the disposable glass after tempering at 80 ◦C for the
indicated time. (B) Changes in crystallinity with time after tempering the fragments in the DSC at the
indicated temperature.

State-of-the-art composting conditions therefore aid the conversion of the more easily
degradable amorphous PLA into a much stabler crystalline form. Together with the
presumed increased brittleness of the crystalline material, this increases the likelihood
of contaminating the produced composts with large amounts of environmentally stable,
crystalline PLA microplastic fragments.
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The DSC measurements had been carried out under dry conditions. Composts are
characterized by a high content of moisture, which may influence the crystallization speed.
In order to investigate this aspect more closely, fragments of the disposable glass were
also tempered in a water bath at 70 ◦C. After 90 min, the initially transparent fragments
had become turbid (Figure S10). The increase in crystallinity was validated by DSC
measurement (Figure S11). A first increase in crystallinity from the initial 15% to 21%
was already obvious after 5 min in the water bath. After 40 min the transformation was
complete, and the mean value of 53% crystallinity hardly changed anymore. Presumably
the more efficient heat transfer in water had led to a much faster crystallization compared
to the incubation of the material under dry conditions. In consequence, the high moisture
content of a typical compost further promotes crystallization.

4. Conclusions
The fragmentation of certified biodegradable bags during composting into particles

smaller than 0.5 mm was found to be more effective than that of PLA in the same compost-
ing conditions. A possible explanation for this observation is the higher crystallinity of PLA
during composting treatment, compared to the three certified bags. The superior fragmen-
tation behavior of the bags may also be attributed to their certification as finished products,
in contrast to the disposable tableware, which is merely made from certified materials.

Moreover, the degradation and crystallization processes appear to occur in opposing
temporal directions—i.e., the materials become crystalline faster than they degrade. The
experiments showed that the composting process itself promotes the crystallization of
bags and disposable glasses. This leads also to a slower biological degradation in the
environment, when plastic particles are found in a huge amount in the fertilizers. This
could result in the release of highly persistent fragments into the environment, potentially
leading to an increased amount of microplastics with a reduced biodegradability.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/microplastics4030059/s1, Figure S1: Scheme of the composter. Figure S2:
Turning device for the composter. Figure S3: 1H-NMR (300 MHz) of the materials. Figures S4–S6:
Calculation of the PLA/PBAT from the 1H-NMR in Bags 1 to 3. Figure S7: IR measurement of the
original bags, the chloroform dissolvable and insolvable fractions. Figure S8: EDX measurements
of fragments from Bag 2. Figure S9: DSC measurements of disposable glass samples tempered at
65 ◦C and 70 ◦C, respectively. Figure S10: Photo of a fragment of the disposable glass before and
after tempering. Figure S11: DSC measurements of a disposable glass sample tempered at 70 ◦C in
water. Table S1: Experimental data of the composting runs. Table S2: Average molecular weights and
changes thereof during degradation calculated from the GPC measurements.
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