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ABSTRACT: Compostable plastics support the separate collection of organic waste. However, there are concerns that the
fragments generated during disintegration might not fully biodegrade and leave persistent microplastic in compost. We spiked
particles of an aromatic—aliphatic polyester containing polylactide into compost and then tracked disintegration under industrial
composting conditions. We compared the yields against polyethylene. The validity of the extraction protocol and complementary
microscopic methods (y-Raman and fluorescence) was assessed by blank controls, spike controls, and prelabeled plastics. Fragments
of 25—75 um size represented the most pronounced peak of interim fragmentation, which was reached already after 1 week of
industrial composting. Larger sizes peaked earlier, while smaller sizes peaked later and remained less frequent. For particles of all
sizes, count and mass decreased to blank level when 90% of the polymer carbon were transformed into CO,. Gel permeation
chromatography (GPC) analysis suggested depolymerization as the main driving force for disintegration. A transient shift of the
particle composition to a lower percentage of polylactide was observed. Plastic fragmentation during biodegradation is the expected
route for decomposing, but no accumulation of particulate fragments of any size was observed.
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B INTRODUCTION incurs a potential to disintegrate into micro- and nanoplastic
fragments, also as an interim phase of biodegradation.” "?
Studies have investigated the presence of fragments from both
conventional and biodegradable plastics in compost or
soil. “~'® However, systematic studies with blank and spike
controls are still missing. Protocols developed for character-
ization of conventional microplastics'” require validation and
possibly adaptation for soil-biodegradable and compostable
plastics, because these plastics may inadvertently degrade
during the sample preparation procedures.'®'” In summary,

According to the European Environmental Agency, 34% of the
municipal waste in the EU consisted of biowaste in 2020."
Being the largest single component in European municipal
waste, if utilized properly, biowaste has a high potential to
contribute to a circular economy by delivering valuable soil-
improvers like compost, as well as biogas, a source of
renewable energy. Certified compostable plastics are developed
for specific applications where there is a benefit in using them.”
Compostable plastics could enable diverting organic wastes
from landfill and incineration, reducing plastic contamination
in the organic waste stream and with that support the goals of Received: June 9, 2023 Emﬂqu@&%
the EU Green Deal” Certified industrially compostable Revised:  June 27, 2023 T
plastics are designed to deliver performance during application, Accepted:  June 28, 2023
e.g.,, as food packaging or as bags for biowaste collection, and Published: July 7, 2023
to biodegrade in their intended end of life.”>* The inevitable

loss of structural integrity of a plastic article during composting
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Figure 1. Fragmentation kinetics. (a) Biodegradation tracked via CO, evolution of aromatic—aliphatic polyester (ecovio) (solid line), prelabeled
polyester (dashed), cellulose (dash—dot), and LDPE (dot). Replicates were sacrificed for fragment analysis at the indicated sampling time points
(arrows). (b) Chemically selective particle size distribution of fragments of aromatic—aliphatic polyester by y-Raman microscopy. (c) Overlay of
red (Nile red) and green (Lumogen yellow) fluorescence from extracted prelabeled polyester, additionally stained by Nile red. One particle in the
center appears only red and therefore is part of the compost matrix (see Figure SS for count and size distributions by either label). (d) Fluorescence

microscopy (Nile red) particle counts per size and time.

certified compostable materials have proven to positively
impact the amount of biowaste collected and its quality,”*~**
but their interim fragmentation must be addressed properly.
Here, biodegradation-induced fragments were systematically
tested using several complementary methods with appropriate
controls (i.e., with blank controls, spike controls, and prelabel
controls). CO, evolution, size distribution, and composition of
a certified industrially compostable plastic consisting of an
aromatic—aliphatic polyester compound with polylactide
(PLA) were tracked.”*> We focused on aerobic composting.
Findings were compared against low-density polyethylene
(LDPE) as the most relevant conventional plastic.’ Improving
from our recent work on polyurethane fragmentation in
compost,'® oxidation- and density-based particle extrac-
'72% Raman microscopy (y-Raman), and fluorescence
microscopy were combined to quantify the temporal evolution
of fragments down to a few ym in size with chemical specificity
on about 200,000 particles in total. Soxhlet extraction with gel
permeation chromatography (GPC) analysis additionally
tracked polymer chain scission for the entire polymer content
in the compost and selectively for the remaining fragments.

B METHODS AND MATERIALS

Materials. Microcrystalline cellulose was purchased from
Merck (CAS Number 9004-34-6). LDPE Lupolen 1800 S was
purchased from LyondellBasell. The compostable plastic is
commercially available from BASF (ecovio PS 1606) and is a
compound of PLA with aromatic—aliphatic-polyester. A
prelabeled version, needed for initial spiking controls, was
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produced by blending 3 kg of ecovio PS 1606 with 3 g of
Lumogen F Yellow 083 at 180 °C on a mini-extruder Rheomex
CTW 100. All granules were cryo-milled (Retsch ZM 200)
with a sieving cutoff of 0.5 mm and dried in a vacuum oven at
36 °C for 48 h.

Composting. Biodegradation experiments were performed
under industrial composting conditions according to ISO
14855.”> An 80 g sample of material was composted in 1200 g
of compost (OWS Belgium) at 58 + 2 °C (details in the
Supporting Information). The CO, evolution in replicate
incubation remained within 3% (Figure S1). The graphic in the
abstract shows samples of compost with prelabeled ecovio
fragments at the start and at 1, 10, and 26 weeks under UV
light.

gExtraction: Density-Based Fragment Method with u-
Raman and Fluorescence Microscopy. The extraction
consisted of multiple steps (Figure S2), which were
individually checked for compatibility with the polymer: (1)
Homogenization by tumbler, (2) deagglomeration of 1 g of
compost by sonication, (3) organic matrix removal by Fenton
oxidation, (4) deagglomeration by sonication, and (5) density
separation in 1.4 g/cm® ZnCl, (Bernd Kraft). By the Stokes—
Einstein law, step 5 imposes a lower detectable limit of the 3
pum particle size. The extraction efficiency of 78.2 + 3.5% was
determined by spike and blank controls as described in the
Supporting Information. For confocal Raman microscopy
(WITec alpha 300R with 785 nm laser, 30 mW, 20x objective),
samples were transferred on dried filters. Raman image
acquisition and analysis used Suite FIVE and Particle Scout
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Figure 2. Biodegradation on molecular level: (a) normalized molar mass distributions (GPC) of polymer in remaining particles only (from density
extraction), compared to (c and d) the entire polymer (from Soxhlet extraction). (b) Chemical identity of the copolymer composition (y-Raman
microscopy, summarized in Tables S3—S5) of polymer in remaining particles, concomitant with the reduction of number count in Figure 1b.

software. For fluorescence microscopy, samples were filtered
on a Fluoropore Membrane Filter, 1.0 ym pore size,
hydrophobic PTFE (FALP02500), stained on the filter by 3
mL of ethanol with SO0 ppm of Nile red (30 min), rinsed by
pure ethanol, and dried while preventing agglomeration. More
than 10,000 particles were characterized for each compost.
Lumogen Yellow dye, needed for initial method validation,
may migrate or degrade; the reported fragmentation kinetics
relied on composting of the pure polymer with Nile red
staining after extraction. More details on extraction, sample
preparation, and microscopy are given in the Supporting
Information.

Extraction: Solvent-Based Soxhlet Method with GPC.
Compost (S g) was added to an extraction thimble (MN 649,
33 X 94 mm, Macherey-Nagel). A 200 mL aliquot of
hexafluoroisopropanol (HFIP, Apollo Scientific) was used to
dissolve the polymer (120 °C, 3S cycles), while compost
remained in the extraction thimble. After extraction, the
solvent was removed in vacuo, and the sample was dried
overnight (60 °C, vacuo). Alternatively, particles that were first
extracted by the density-based method were then dissolved in
HFIP. The molar mass distributions were determined by GPC
(PL HFIPgel columns, 3—100 um, Agilent) as described
earlier'” and documented in the Supporting Information.

B RESULTS AND DISCUSSSION

The fragmentation process was investigated using biodegrada-
tion experiments under industrial composting conditions
allowing for tracking the evolved carbon dioxide (Figure 1a)
and thus sampling at precise degrees of mineralization. The
mineralization curve for the positive control cellulose was
consistent with that of historical controls. The curves for
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ecovio PS1606 and prelabeled ecovio exhibited a deviation
between 3 and 10 weeks, attributed to the thermal degradation
of PLA during compounding with the dye. Note that
fragmentation kinetics in Figures 1 and 2 report the
environmentally relevant case without that prelabeling process
(see also Methods and Materials). Mineralization rates were
strongly impacted by the large particle size of the micronized
material, which is an order of magnitude higher than that of
the 25 um thin films used for paper coatings (e.g, for
compostable cup application). From 60% mineralization, both
curves transitioned into a linear phase instead of reaching a
plateau. This behavior was attributed to three possible factors:
(1) fast uptake of the polymeric carbon into biomass, which
was then slowly mineralized; (2) rate-limiting surface erosion
process, or (3) a consequence of fast PLA hydrolysis in the
initial stage transitionally inhibiting metabolization due to
locally acidic pH. During the same process, the negative
control LDPE was not degraded (Figure la, dotted line), as
expected.

Four sampling points were linked to key phases of the
biodegradation process: at the start, at 1 week (about 6%
mineralization), at 10 weeks (50% mineralization), and finally
at 26 weeks (90% mineralization).

For fragment extraction, we tested very gentle processes with
olive o0il’® on partially biodegraded PU-polyester,18 but
biodegradation diminished the hydrophobicity of the polymer
as driving force for extraction efficiency. Here, we combined
sonication to deagglomerate plastic fragments attached to
other compost particles, oxidation to remove the organic
background and to ensure proper identification by Raman
spectra, and density separation to remove Fenton residue and
compost inorganic components (Figure SZ).17’27 We had
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previously shown that the particle size distribution, the surface
texture and the surface chemistry of the investigated aromatic—
aliphatic polyester was not affected.'” In the blank compost, we
found mostly compost fragments with no specific Raman
spectrum (attributed to autofluorescent lignin-rich particles,
silicates, and fatty acid esters) and fragments of polypropylene,
polyethylene, Teflon, and polystyrene (Table S1). Sonication
did not significantly change the particle size distribution of the
fragments (Figure S3). Several protocols support using
sonication for deagglomeration.'”””*® The applicability of
the acidic density separation medium ZnCl, was checked:*’
Partially (1 week) composted polymer was analyzed
immediately after extraction, then reanalyzed after 1 month
of storage in the ZnCl,-based extract, and gave the same results
(Figure S4).

To construct the fragmentation kinetics, the results of
particle extraction and g-Raman analysis were binned by size
and chemical composition (Tables S2—S5), of which Figure 1b
shows for each sampling time the size distribution of fragments
identified as aromatic—aliphatic polyester per compost mass.
At the start of composting, the number of fragments were on
par (nearly 10,000 per gram compost) for LDPE and ecovio
polymer, whereas after 26 weeks, the ecovio fragment count
decreased by 3 orders of magnitude to 3 + 3 per gram (Figure
1b, green bars show the size distribution of the replicate with a
total count of S particles). This final count is not significant
against the blank count at S + S per gram (Table S1). The
results are consistent with the biomineralization of 90% of the
plastic carbon to CO, (Figure 1a) and additionally show the
reduction of detectable particles to the blank level. In contrast,
the LDPE count decreased only by 7%, which is not significant
against the uncertainty in duplicate analysis.

u-Raman microscopy is highly selective for polymer types
and has a better spatial resolution than infrared microscopy,
but is still limited in this regard.’® Fluorescence microscopy
improves the spatial resolution and retains rudimentary
specificity by Nile red staining,”*’' However, Nile red may
have stained naturally present compost particles or other
microplastic that would thus contribute to the particle count.
We hence prelabeled the same aromatic—aliphatic polyester by
a fluorescent dye (Lumogen Yellow). The overlay of
fluorescence by prelabeling with Lumogen yellow and
postlabeling with Nile red (Figures SSa and 1c), and the
excellent match of the respective size distributions (Figure
S5b) demonstrated sufficient specificity. The analysis of
fragmentation kinetics by fluorescence microscopy revealed
the size-dependent behavior clearer than that by p-Raman
microscopy (Figure 1d): The largest fractions (125—2000 ym)
decayed monotonously from the beginning; the fraction of
75—125 pm stagnated initially and decayed only after 1 week;
the fraction of 25—75 pm tripled the count from the start to 1
week and then decayed; the smallest detectable fraction of 3—
25 pm continued to increase up to 10 weeks and then decayed.
All fractions returned to the baseline at 26 weeks (Figure 1d).
A continuous redistribution from larger to smaller sizes was
also observed by Accinelli et al. in soil,*” but there the final
phases of degradation were not followed as done here.

The intermittent generation of particles in the 25—75 ym
size bin exceeds the losses of larger particles and thus is
attributed to their fragmentation, not only their shrinking.
However, particle shrinking by surface erosion may suffice to
explain the time-delayed generation and degradation of the 3—
25 um size bin. Total numbers were higher with fluorescence
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microscopy (Figure 1d) than with p-Raman microscopy
(Figure 1b) because of the improved resolution and
segmentation of particles within hetero- or homoagglomerates.
These complementary techniques confirmed that fragments of
all detectable sizes were further degraded and that there was no
accumulation of detectable particles. We attribute the effective
degradation of small fragments to the rate of enzymatic
degradation scaling with the larger specific surface area of
smaller fragments, as predicted for enzymatic surface erosion,*
and confirmed experimentally.”* Because of the scaling, there
should be a certain size and time for which the outflow rate
from this size (by erosion) exceeds the inflow rate of this size
(by fragmentation of larger sizes), and the resulting size
distribution should decrease toward smaller sizes; a peak
should emerge. In our case, this peak was observed, specifically
in the fraction of 25—75 um. The accumulation of nanoplastic
fragments (below 1 ym) would not be consistent with this
model of the combined action of fragmentation and erosion,
but nanoplastic by other mechanisms cannot be excluded by
the present experimental data with a 3 ym detection limit.

Enzymatic cleavage induces polymer chain scission, which
should be observable in the molar mass distribution.”> That
parameter became measurable here selectively for the particles.
We found that the polymer that constitutes the fragments
resembled the original molar mass distribution (Figure 2a),
even at 10 weeks, when 50% of the original polymeric carbon
was converted into CO,. In contrast, Soxhlet extraction of
compost, comprising the particles and polymer present in
other forms (e.g., dissolved, adsorbed, bioassimilated), showed
a gradually decreasing and polydisperse molar mass (Figure
2c). We thus identified depolymerization as driving force for
shortened and more hydrophilic polymer chains to detach
from particles because entanglement and van der Waals forces
are reduced. Detached chains can be bioassimilated®® and
transformed into biomass® and CO,. We also identified the
contribution of the different polymers of the compound by
using GPC with refractive index (RI) and ultraviolet (UV)
detection. The comparison between the molar mass of all
polymers (GPC-RI, Figure 2c) and the molar mass of
aromatic—aliphatic polyester (GPC-UV, Figure 2d) highlights
the faster hydrolysis of PLA. This is in very good accord with
the composition of the remaining fragments, shifting gradually
from the original ecovio compound toward fragments with
lower PLA content (Figure 2b). This shift was attributed to the
rapid temperature-induced hydrolysis of PLA under the
industrial composting conditions of 58 °C. It is worth noting
that the shift of composition is not a “transformation”, because
at the same time the particle count of all polyester fragments
(Figure 1c) reduced to blank level. Fluorescence microscopy,
which is not dependent on fitting to spectral libraries, provides
additional evidence against the hypothesized generation of
persistent microplastic because the count of all polymer
fragments reduced to blank level (Figure 1d).

B ENVIRONMENTAL IMPLICATIONS

Using the example of a specific, environmentally relevant
plastic in industrial composting, the hypothesis of persistent
microplastic generated via biodegradation was refuted.*™"* No
accumulation of particulate fragments of any detectable size
was observed. The 25—75 um size range was the most
pronounced peak of interim fragmentation. By metrics
conversion of our limit of detection, it is estimated that less
than 107'? of the mass of polymer was in 3—25 ym fragments
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at 90% CO,. Erosion seems to be dominant for such small
particles.”* The present case confirmed the expectation which
Degli-Innocenti et al. had inferred from disintegration and
mineralization rates, that compostable plastic should have a
low microplastic emission potential.*® In direct comparison we
confirmed the high microplastic emission potential of LDPE.*®
Clearly the concept of microplastic emission potential or other
fate models'"””® must be refined with time-dependent
particle sizes in both count and mass metrics. The analyses
of a total of 200,000 particles identified a systematic and
gradual shift of the polymer inside fragments to lower
percentage of PLA, but neither y-Raman nor fluorescence
microscopy found persistent fragments. Field tests which
observed no fragments of compostable plastics in the output
from aerobic composting plants®® are consistent with our
investigation of fragmentation kinetics. LDPE fragments
persisted by our methods (Figure S6), and again field tests
confirmed that assessment.”*’ Fragments from incomplete
degradation generated due to inappropriate processing,
especially too short aerobic residence time in anaerobic/
aerobic processes,’’ may enter agricultural fields. For the
present case in that scenario, continued biodegradation in soil
is expected due to the measured identity of partially degraded
fragments (Figure 2ab).'"** One can envision a follow-up
investigation of particulate and nonparticulate polymer
fractions by NMR, potentially supported by methods detecting
isotopically labeled monomers.”>** Furthermore, fragmenta-
tion kinetics must be investigated in relation to copolymer
composition, composting conditions, plastic shape, and up to
entire bags and cups. Specifically, it has to be verified if the
correlation of fragmentation kinetics with CO, evolution
(Figure 1) also holds for 25 ym thin films (in bags) or coatings
(on paper cups). Scaling the results obtained here with 10-fold
thicker granules by surface area,”* the compost residence time
required for the fragment numbers to return to blank level
would scale 10-fold from 26 to 2.6 weeks for bags and paper
cups, but this remains to be tested.
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