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• Optimized method for quantifying 
biodegradable microplastics in compost.

• Analytical workflow validated on full- 
scale industrial compost samples.

• Near-complete biodegradation confirm 
ed for certified compostable packaging.

• Residual compostable microplastics 
show complete mineralization in soil.
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A B S T R A C T

The increasing use of compostable plastics in organic waste management calls for reliable analytical tools to 
verify their complete biodegradation and environmental safety. This study builds upon a previous full-scale 
composting experiment that monitored the disintegration of certified compostable packaging under industrial 
composting conditions. A dedicated analytical protocol was optimized and validated to extract, identify, and 
quantify biodegradable microplastics (BMPs) remaining in the compost. The method combines preconcentration 
by fractionation, deagglomeration in hot water, density separation with CaCl2, mild oxidative digestion with 
H2O2, and identification by Fourier-transform infrared (FTIR) microscopy. Fragments larger than 35 µm for PBAT 
and larger than 27 µm for PLA and PHBV were detected. In full-scale industrial composting, the protocol revealed 
near-complete biodegradation of PLA (98.4 %) and PBAT (92.6 %), whereas PHBV showed partial degradation 
(49.9 %) due to the structural constraints of the coffee capsule format. Residual BMPs were further assessed 
under controlled soil conditions, where continued mineralization of PBAT and PHBV confirmed their environ
mental degradability and low persistence. These findings bridge the gap between disintegration and 
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mineralization, providing quantitative evidence of biodegradation from compost to soil and supporting the 
environmental compatibility of compostable packaging materials.

1. Introduction

Biowaste represents 34 % of municipal solid waste (MSW) in Europe 
(EEA, 2020), and its sustainable management is a key objective of the 
European Union’s circular economy strategy. Since January 2024, EU 
directives have mandated source separation of biowaste (EU, 2018) and 
promoted its treatment through composting and anaerobic digestion 
(EU, 2024), thereby converting waste into valuable products, such as 
compost used for soil amendment. Compostable plastics, such as poly 
(lactic acid) [PLA], poly(butylene adipate-co-terephthalate) [PBAT], 
and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) [PHBV], are 
increasingly used as alternatives to conventional polymers, enabling co- 
collection of food waste and packaging (EU, 2018). Designed to biode
grade under industrial composting conditions, these materials ulti
mately mineralise into CO2, water, and biomass by microorganisms. 
When correctly managed, they facilitate biowaste collection and reduce 
contamination of compost streams by non-biodegradable plastics such 
as polyethylene (PE), polypropylene (PP), and polystyrene (PS) (Edo 
et al., 2022; Puyuelo et al., 2013).

In our previous study (Gastaldi et al., 2024), we demonstrated that 
adding 1.28 wt% of certified compostable packaging to biowaste un
dergoing full-scale industrial composting piles did not disturb the pro
cess or compromise the compost quality (Gastaldi et al., 2024). The 
materials exhibited a mean loss of 98 % after four months, and eco
toxicological assessments confirmed compliance with organic-farming 
standards (EU, 2019; NF, 2006). However, large-scale assessment 
focused on macroscopic degradation, leaving the presence and fate of 
microplastic residues in the final compost unaddressed. Recent studies 
have shown that even certified compostable plastics may not fully 
mineralise, and that residual biodegradable microplastics (BMPs) can 
persist in soil after compost application. For example, Accinelli et al. 
(2020) found that fragments from compostable carrier bags remained 
detectable in soil for more than 2 years, while Ruffell et al. (2025) re
ported measurable levels of BMPs in mature composts. These findings 
raise concerns about the long-term environmental persistence of BMPs 
and the need to quantify their transformation beyond the composting 
stage.

On the other hand, biodegradation involves fragmentation followed 
by microbial conversion into CO2, water, and biomass. Laboratory 
respirometry tests are widely used to quantify CO2 generation under 
controlled conditions (ASTM, 2021; Bher et al., 2023; ISO, 2018; Yu and 
Flury, 2024). However, such setups are impractical in open industrial 
windrows, where large-scale trials rely on mass-loss measurements. This 
approach may overestimate biodegradation since regulations only 
require the quantification of visible plastic fragments > 2 mm (EN, 
2000; EU, 2019), while some countries, such as Germany, apply a 1 mm 
limit (Wiesner et al., 2023). Consequently, smaller microplastics often 
remain undetected, leading to an incomplete understanding of their 
actual biodegradation performance.

Micro-Fourier Transform Infrared (µ-FTIR) spectroscopy is the most 
common technique for microplastic detection and quantification (Dukek 
et al., 2024; Kotar et al., 2022; Ruffell et al., 2025). Accurate analysis 
requires efficient extraction and removal of organic matter. Existing 
protocols, developed for conventional polymers, often use strong 
oxidative or alkaline treatments unsuitable for biodegradable polymers, 
which are more sensitive to oxidation and hydrolysis. Compost’s high 
organic content further complicates analysis by clogging filters and 
interfering with infrared spectra (Ciréderf Boulant et al., 2025; Gouda 
et al., 2025). Although Fenton’s reagent can enhance organic removal 
(Steiner et al. 2024), it may degrade PLA, PBAT, and PHBV (Ruffell 
et al., 2025). Hydrogen peroxide (H2O2) is a milder alternative, but still 

leaves 5–13 % of undigested organic matter (Ciréderf Boulant et al. 
(2025).

Overall, these studies underline the analytical challenge of accu
rately quantifying BMPs in compost, where organic residues must be 
removed without damaging the polymers. Optimizing this step is 
essential to ensure reliable measurement and proper interpretation of 
compostable plastic biodegradation.

Building upon a previous full-scale industrial composting experiment 
that focused on the disintegration of certified compostable packaging, 
the present study introduces a dedicated analytical protocol to extract, 
identify, and quantify biodegradable microplastics (BMPs) remaining in 
compost. Accordingly, this work aimed to (i) optimize and validate this 
protocol (ii) reassess biodegradation under full-scale industrial com
posting conditions by explicitly accounting for small BMP fractions, and 
(iii) evaluate the subsequent biodegradation and persistence of residual 
BMPs in soil.

2. Materials and methods

2.1. Industrial composting operational parameters and compost sampling

Compost samples were collected from two batches from an industrial 
composting facility (43◦38′ N, 3◦15′ E) operating with turned open-air 
windrows. Two batches of compost from the same incoming biowaste 
were sampled. The first batch (“Materials”) contained 1.28 wt% certified 
compostable packaging to simulate realistic contamination levels, while 
the second (“Control”) received no addition. Both batches were pro
cessed under identical composting conditions. As previously reported 
(Gastaldi et al., 2024), the composting process was carried out in turned 
open-air windrows, with an active thermophilic phase characterized by 
average temperatures close to 70 ◦C (69.7 ◦C ± 2.5 and 69.7 ◦C ± 3.6 in 
the Control and Materials batches, respectively) lasting approximately 8 
weeks, followed by a maturation phase of about 12 weeks. During the 
active phase, windrows were turned and watered twice a week for the 
first three weeks and once a week thereafter, while moisture content was 
maintained around 50 % and pH remained in the alkaline range (≈ 8–9) 
for both batches. After 4 months, 10 kg of sieved fine compost (< 12 
mm) were obtained from each batch by pooling twelve subsamples (~ 1 
kg each) collected at different locations within the windrow to ensure 
spatial representativeness, as described in Gastaldi et al., (2024). Sub
sequently, all the compost samples were air-dried. A representative 500 
g sub-sample was homogenized and fractionated using stacked stainless- 
steel sieves (Fisherbrand™, France) with mesh sizes of 1.0, 0.8, 0.5, and 
0.2 mm to obtain four granulometric fractions. Moisture content was 
determined gravimetrically (105 ◦C, 24 h, n = 3) using an analytical 
balance (Mettler Toledo, Switzerland), and fractions were stored in 
airtight glass jars (see e-supplementary information).

2.2. Extraction protocol for BMPs

Sixteen extraction protocols were evaluated on compost batch 
“Control”, to determine the most effective method for BMP extraction 
(Table 1). Protocol #1, omitting the deagglomeration step, was included 
as a negative control to demonstrate its necessity for efficient BMP 
extraction from aggregated compost matrices. Each protocol combined 
three steps: (1) Deagglomeration: 1 g of compost with known humidity 
was mixed with 25 mL water and placed in oven at 50 ◦C for 1 h; (2) 
Density separation: deagglomerated compost was mixed with 10 mL of 
salt solution (CaCl2, ρ = 1.4 g/cm3 or NaI, ρ = 1.6 g/cm3) and centri
fuged at 4500 rpm; (3) Oxidative digestion: supernatant was filtered and 
the residue was digested with 10 mL of either 30 % H2O2 (Merck, 
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Germany) or Fenton’s reagent for 1, 6, 12, or 24 h at 50 ◦C under stirring 
(see e-supplementary information).

The extraction efficiency was evaluated based on the elimination of 
inorganic and organic matter, excluding BMPs. Residual material after 
extraction was used to determine the removal rates at each step. The 
Separation Rate (SR) obtained after the stages of deagglomeration (1) 
and density separation (2) was calculated using Eq. (1). The Digestion 
Rate (DR) obtained after the oxidative digestion stage (3) was calculated 
using Eq. (2), according to Mbachu et al. (2021). 

SR (%) =
m1 − m2

m1
x 100 (1) 

DR (%) =
m2 − m3

m2
x 100 (2) 

where m1 is the mass of the initial compost sample expressed as dry 
matter, m2 is the mass of the residue after the density separation stage, 
and m3 is the mass of the residue after the digestion stage, both recov
ered by filtration and drying and expressed as dry matter.

The most effective extraction protocol was validated through a 
spiking test to determine recovery rates. Based on reported microplastic 
concentrations of 9.5–35 particles per gram dry weight in compost (Edo 
et al., 2022), 30 fragments (ten reference BMPs per material type) were 
added to 1 g of compost to simulate realistic contamination levels. The 
spiked PBAT-based BMPs could be clearly distinguished from the 
background PBAT residues already present in compost batch “Control”. 
The spiked ones were blue, while the latter—originating from com
postable collection bags—were green (see e-supplementary informa
tion). The recovery rates expressed in number (Rn) or mass (Rm) were 
calculated using Eq. (3) and Eq. (4), according to Prosenc et al., (2021). 

Rn (%) =
Nextracted

Nspiked
x 100 (3) 

Rm (%) =
Mextracted

Mspiked
x 100 (4) 

where Nspiked and Nextracted were the number of references BMPs 
added and recovered after extraction, respectively; Mspiked and Mextracted 
were the mass of reference BMPs added and recovered after extraction, 
respectively.

Chemical and physical integrity analyses of the recovered BMPs were 
performed using ATR-FTIR, and microscopic surface characterization 
(see e-supplementary information).

2.3. BMPs extraction and infrared analysis

The validated protocol was applied to 1 g of compost (wet basis). 
After deagglomeration, density separation, and digestion, the digestate 
was vacuum filtered through a 25 µm stainless-steel filter (Xinxiang Xin 
Ming De Machinery Co., Ltd, China), rinsed with 0.01 wt% Tween 20 
solution (Merck, Germany), and transferred onto 0.2 µm Anodisc filters 
(Whatman®, Cytiva, France). Filter retention performance was verified 
by analysing the particle size distribution in the filtrate obtained after 
filtering size-fractionated BMP suspensions (25–50 µm) (e-supplemen
tary information). Filters were dried at 50 ◦C for 24 h under vacuum and 
mounted for infrared analysis. Spectral mapping was performed using a 
µ-FTIR microscope (Nicolet iN10 MX, Thermo Fisher Scientific Inc., 
USA) equipped with a liquid-nitrogen-cooled MCT detector (Mercury- 
Cadmium-Telluride). Spectra were acquired in transmission mode using 
OMNIC Picta® software (Thermo Fisher Scientific, version 1.8.240), 
generating approximately 45,000 spectra per filter over the 1250–4000 
cm− 1 range, as specified for the Anodisc filter (Löder et al., 2015). BMPs 
were identified by ≥ 80 % spectral correlation with reference polymers 
(PLA, PBAT, PHBV) prepared from certified compostable packaging (see 
e-supplementary information). Particle volume (V, µm3), was calculated 
as V = A × L, where A (µm2) is the projected surface area and L (µm) the 
particle thickness. Particle mass was derived using polymer densities: 
PLA (1.25 g/cm3), PBAT (1.30 g/cm3), and PHBV (1.28 g/cm3). Non- 
biodegradable MPs were identified using siMPle software (Primpke 
et al., 2019).

2.4. Soil biodegradation of residual BMPs

Residual BMPs (2–5 mm) recovered from the Materials batch were 
added to agricultural soil (Brittany, France; pH 8.0, organic matter 2.3 
%) together with compost from the Control batch at a concentration of 
0.6 wt%, simulating an amendment rate of 30 t/ha. The carbon content 
of BMPs was measured using an elemental analyser (ThermoQuest NA 
250, CE Instruments Ltd, UK) to precisely set the plastic dose to 2 mg of 
carbon from materials per g of soil.

Respirometry tests followed ASTM, 2025, adapted from Chevillard 
et al., 2011, and were conducted in 1 L hermetically sealed glass vessels 
(Le Parfait, France) containing a vial with 25 g of soil with 0.6 wt% of 
compost and 0.4 wt% of BMPs, a vial of 10 mL NaOH (0.1 M; Merck, 
Germany) to trap CO2 and a vial of 30 mL distilled water to maintain 
humidity. CO2 was quantified by back-titration with HCl (0.1 M; Merck) 
in the presence of thymolphthalein (0.1 % w/v in ethanol, 95◦; Merck), 
after precipitation with BaCl2 (20 % w/v; Merck).

Biodegradation (DEG, %) was calculated as: 

DEG =
CO2 MPs − CO2 Blank

CO2 max
(5) 

CO2, max = C ×
44.01
12.01

(6) 

where C is the amount of carbon in the sample introduced in the 
amended soil for the test (mg).

All tests were performed in triplicate. Details on setup and modelling 
are provided in SI-6.

2.5. Statistical analysis

The data were analysed using RStudio (v2024.09). Normality was 
tested using the Shapiro–Wilk test, and variance homogeneity was tested 
using Bartlett’s test. When normality is satisfied, but the assumption of 
homogeneity of variances is not, the standard Student’s t-test and one- 
way ANOVA were replaced by their variance-robust counterparts: the 
Welch t-test and Welch ANOVA. Accordingly, all comparisons between 
two groups were performed using the t-test, and comparisons involving 
more than two groups employed ANOVA. The significance threshold 

Table 1 
Tested extraction protocols for BMPs recovery from compost.

Density separation Digestion

#
Deagglomeration Salt 

solution
Oxidative Reagent Duration (h) ​

1 No CaCl2 Water 1 ​
2 Yes CaCl2 Water 1 ​
3 Yes CaCl2 H2O2 1 ​
4 Yes CaCl2 Fenton 1 ​
5 Yes NaI Water 1 ​
6 Yes NaI H2O2 1 ​
7 Yes NaI Fenton 1 ​
8 Yes CaCl2 Water 6 ​
9 Yes CaCl2 H2O2 6 ​
10 Yes CaCl2 Fenton 6 ​
11 Yes CaCl2 Water 12 ​
12 Yes CaCl2 H2O2 12 ​
13 Yes CaCl2 Fenton 12 ​
14 Yes CaCl2 Water 24 ​
15 Yes CaCl2 H2O2 24 ​
16 Yes CaCl2 Fenton 24 ​

Note: Water was used as a blank.
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was set at α = 0.05 (see e-supplementary information).

2.6. Quality assurance and contamination control

All experiments were conducted under a fume hood while wearing 
cotton lab coats and powder-free nitrile gloves. Milli-Q water and 0.01 % 
Tween 20 (Merck) were used for cleaning. Plastic materials were avoi
ded except for centrifuge tubes. Blank tests (n = 3) processed Milli-Q 
water through the full protocol; no BMPs were detected, and only one 
PE particle (100 µm) was observed in a single replicate. All chemicals 
were of analytical grade and were purchased from Merck (Germany).

3. Results and discussion

3.1. Optimization of the BMPs extraction protocol

The comparative evaluation of sixteen extraction protocols revealed 
that compost deagglomeration before density separation significantly 
improved extraction efficiency (Fig. 1). Without deagglomeration 
(protocol #1), the separation rate remained below 40 %, whereas pro
tocols including this step (e.g., #2) reached recovery efficiencies above 
97 %. Compost aggregates form during air-drying and must be dis
integrated to release MPs trapped within the matrix before the density 
separation stage. Different deagglomeration methods have been 
described in the literature, such as the use of a dispersing agent under 
ultrasonic treatment (Goli and Singh, 2023; Wohlleben et al., 2023). 
However, such treatment can alter the physical and chemical properties 
of microplastics if energy input or sonication time is not optimized (Goli 
and Singh, 2023). Instead, the hot water used in this work was sufficient 
to effectively disperse aggregates (e-supplementary information).

The choice of hypersaline solution also influenced separation per
formance. Saturated CaCl2 (ρ = 1.4 g/cm3) provided better efficiency 
than NaI (ρ = 1.6 g/cm3), which tended to float more organic debris and 
thereby reduce separation efficiency. This is reflected in the higher 
separation rates (SR) obtained for protocol #2 compared to protocol #5 
(97.7 ± 0.2 vs. 48.8 ± 5.3 %). Similar results were observed for pro
tocols #6 and #7 compared to #3 and #4, which also use NaI and 
yielded lower SR values (42.9 ± 6.7 and 37.7 ± 2.0 %, respectively; see 
e-supplementary information for statistical analysis). Our findings differ 

from those of most previous studies. Cutroneo et al., (2021) recom
mended the use of higher-density saline solution to maximize micro
plastics recovery across polymers of varying densities, (e.g., PE and PP 
~ρ = 0.9 g/cm3; PBAT ρ = 1.3 g/cm3; polyethylene terephthalate (PET) 
ρ = 1.4 g/cm3; polyvinyl chloride (PVC) ρ = 1.4 g/cm3). In the present 
case, however, the use of a higher-density solution resulted in greater 
extraction of undesirable organic matter, as previously reported 
(Radford et al., 2021; Schütze et al., 2022). Given the high organic 
matter content of the compost (49.6 to 52.8 wt% dry matter), NaI (ρ =
1.6 g/cm3) caused additional organic material to float, overloading the 
supernatant and hindering subsequent digestion. The use of even denser 
solutions such as ZnCl2 (ρ = 1.7 g/cm3) exacerbated this effect further 
(Ciréderf Boulant et al., 2025; Edo et al., 2022). Moreover, NaI can react 
exothermically with Fenton’s reagent and hydrogen peroxide (Wong 
and Zhang, 2008). Digestion efficiency depended strongly on the 
oxidizing agent (Table 1). H2O2 achieved higher removal rates, observed 
for example by comparing protocol #6 and #7 (68 ± 5 % after 1 h to 85 
± 2 % after 24 h) than Fenton’s reagent (67 ± 4 % to 75 ± 8 %). 
Treatment duration had little effect beyond 12 h, as no significant 
improvement was observed between 12 h and 24 h (compare #12 and 
#15, see e-supplementary information for statistical analysis).

Despite the overall efficiency of hydrogen peroxide digestion, re
sidual organic matter persisted, likely due to cellulose and lignin, the 
main structural components of compost, whose contents typically range 
from 19.6–27.1 % and 39.7–45.1 %, respectively (Gastaldi et al., 2024). 
These organic materials are well known for their oxidation resistance 
(Bugg, 2024).

3.2. Validation of polymer integrity and spectral identification

The overall extraction process—particularly oxidative diges
tion—may alter the physical and chemical properties of BMPs, poten
tially introducing bias in FTIR analyses. It is therefore essential to 
evaluate the effects of these treatments on maintaining BMP integrity to 
ensure accurate μ-FTIR identification and quantification. Surface 
morphology analysis via SEM revealed that BMPs extracted using the 
optimized protocol retained their structural integrity (see e-supple
mentary information). PBAT-based particles exhibited minor surface 
erosion, likely due to starch digestion, while PLA and PHBV showed 

Fig. 1. Density separation and digestion efficiencies for the tested extraction protocols. Error bars represent standard deviations. The letters indicate the digestion 
reagent used: W for water, H for H2O2 and F for Fenton’s reagent. Digestion durations are 1 h, 6 h, 12 h, and 24 h. Statistical analysis associated to these data are 
available in e-supplementary information.
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slight surface smoothing without fragmentation. No collapse or cracking 
was observed, confirming the non-destructive nature of the protocol (see 
e-supplementary information).

Oxidation of polymer chains during the organic digestion can reduce 
FTIR identification accuracy, as spectra are compared with reference 
libraries of the original materials. No oxidation-related changes 
appeared in the OH stretching region (3100–3700 cm− 1) for PLA-, 
PBAT-based- and PHBV BMPs, regardless of treatment. These results are 
consistent with changes in carbonyl index (CI) values for PBAT-based 
and PHBV BMPs, which showed only minor, non-significant variations 
after 24 h of treatment with H2O2 or Fenton reagents. In contrast, for 
PLA, a small but significant (p = 0.03) change in CI was observed after 
H2O2 treatment, indicating early signs of oxidation modification (see e-
supplementary information for statistical analysis).

Minor changes were observed for PBAT-based BMPs, with the 
disappearance of the C––C stretching band (1650–1695 cm− 1) and the 
NH stretching band (3360 cm− 1) after treatment. These bands were 
attributed to Erucamide, a slip agent initially present in the commercial 
items and lost during composting or extraction. These results differ from 
those of Al-Azzawi et al., (2020), who reported PLA oxidation showed a 
narrow band at 3500 cm− 1. However, those authors worked at 60 ◦C (vs. 
50 ◦C in this work), which is near the glass transition temperature of PLA 
and can accelerate reactions.

Correlation analysis showed that all spectra matched their references 
by more than 80 %, confirming that minor spectral changes did not 
affect FTIR identification (see e-supplementary information). An 80 % 
correlation threshold was therefore adopted for subsequent analyses, 
higher than the 65 % commonly used (Edo et al., 2022; González-Pleiter 
et al., 2021).

3.3. Evaluation of the recovery rate by spiking tests

The optimized protocol consisted of (1) deagglomeration of compost 
with water, (2) density separation using CaCl2 (ρ = 1.4 g/cm3), and (3) 
oxidative digestion with hydrogen peroxide for 12 and 24 h (protocols 

#12 and #15). Recovery rates of over 98 % by number (Fig. 2a) and 91 
% by mass (Fig. 2b) were obtained, regardless of treatment duration or 
polymer type. This difference between number and mass was attributed 
to partial digestion and minor particle losses during extraction. Only 
PBAT shows a statistically significant mass loss (~28 %, p < 0.001), 
consistent with previous reports on oxidative digestion effects (Al- 
Azzawi et al., 2020; Liu et al., 2023), whereas PLA and PHBV exhibit 
near-complete recovery (~99–100 %) with no significant losses (p >
0.05). Regarding the treatment duration, no significant difference (p- 
value > 0.05) was observed in the recovery rate at 12–24 h of treatment, 
either in number or mass. SEM observations showed a smoother surface 
after oxidative digestion (see e-supplementary information). Neverthe
less, the overall extraction process of the most efficient protocol#12, 
removed most of the organic matter, leaving only 0.6 ± 0.2 % residuals 
at the end of the procedure. This performance resulted from both the 
density separation step, which eliminated 96.5 ± 0.6 % of the initial 
compost, and the digestion step, which further removed 82.2 ± 6.5 % of 
the remaining material (Fig. 1). The efficiency exceeds that reported by 
Ciréderf Boulant et al. (2025) who found 5.0–10.7 % undigested residual 
material. Statistical analyses confirmed that both the saline solution, 
duration, and digestion reagent significantly influenced extraction 
efficiency.

To test reproducibility, the optimized extraction protocol was 
repeated five times, yielding standard deviation (SD) values below 5 %, 
as shown in Fig. 2. To contextualize protocol robustness, it was 
compared with other commonly used microplastic extraction techniques 
in compost and other organic matrices. However, using “clean BMPs” for 
the spiking test may overestimate extraction efficiency, as real com
posting conditions alter their properties.

3.4. Microplastics occurrence in industrial compost

The extraction method was applied to assess the concentration of 
MPs, including BMPs, in the “Materials” and “Control” batches collected 
from a full-scale industrial composting facility. Analysis of both com
posts revealed the presence of conventional and biodegradable MPs.

The mass concentration of conventional non-biodegradable MPs 
recovered from the “Control” batch corresponded to 9.1 ± 6.9 items g− 1 

(see e-supplementary information). Conversely, only small quantities of 
conventional MPs were detected in the “Materials” batch, with con
centrations of 1.9 ± 1.9 µg g− 1, corresponding to 0.3 ± 0.3 items g− 1. 
This low contamination level reflects the systematic removal of con
ventional packaging materials during composting. In terms of particle 
number, PE was the most abundant conventional polymer, with 8.4 ±
6.9 particles g− 1 in the “Control” batch and 0.4 ± 0.4 particles g− 1 in the 
“Materials” batch, mainly in the 0.2–0.5 mm size fraction. The con
centrations obtained in the “Control” batch for conventional MPs were 
of the same order of magnitude as those reported by Edo et al. 2022, who 
found 10–30 plastic particles g− 1 dry mass (< 2 mm), depending on the 
composting plant and sampling period.

PBAT BMPs were detected in the “Control” batch (Table 2). Since no 
compostable material was intentionally added there, they likely origi
nated from the degradation of compostable bags used for household 
biowaste collection. No PLA or PHBV BMPs were detected in the 
“Control” batch, as expected, since packaging made from these two 
polymers is still rarely used in France. The biowaste from the “Materials” 
batch initially contained 1.28 wt% compostable plastics, corresponding 
to 2.3 wt% on a dry-matter basis. The calculated initial polymer con
centrations were: 6750 µg. g− 1 PLA, 14700 µg. g− 1 PBAT and 1590 µg. 
g− 1 PHBV. Table 2 shows that BMPs from these three polymers were 
recovered after composting. All PLA BMPs were found in the two largest 
size fractions, whereas most PBAT BMPs (> 76 %) were recovered in the 
smallest size fractions, reflecting the extensive disintegration of PBAT- 
based materials. PHBV BMPs corresponded mainly to particles larger 
than 0.5 mm (67 %). Although the detection of residual BMPs in 
compost has raised concerns regarding micro- and nanoplastic 

Fig. 2. Recovery rates expressed as number (a) and mass (b) obtained by 
spiking with the three types of biodegradable reference microplastics: PLA; 
PBAT-based and PHBV after treatment by digestion with 30 % H2O2 for 12 and 
24 h. All subscripts are determined by variance analysis with p = 0.05 (Stu
dent’s t-test).
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formation (Accinelli et al., 2020; Ruffell et al., 2025), it is essential to 
distinguish transient degradation intermediates from true environ
mental persistence. Unlike conventional plastics (Edo et al., 2022), 
biodegradable polymers undergo continuous microbial assimilation, 
and the formation of micro- and nano-sized fragments represents a 
natural intermediate step leading to complete mineralization (Mohanan 
et al., 2020).

3.5. Biodegradation performance based on BMP mass balance

Biodegradation was calculated from the mass loss of the different 
polymers using the data of Table 2 and the recovery rates obtained in our 
previous study. The results are summarized in Table 3.

Recovered PLA BMPs represented 0.1 ± 0.1 wt% of the initial PLA 
mass added to the biowaste (Table 3). Including the recovery rate for 
fragments > 1 mm, it can be concluded that 98.5 ± 0.2 % of the initial 
PLA was biodegraded. PBAT-based BMPs originated both from inten
tionally added materials and from PBAT-based compostable collection 
bags. Since the two sources could not be distinguished, the recovery rate 
was calculated only from intentionally added PBAT, subtracting the 
values obtained in the “Control” batch. The resulting BMP recovery rate 
was 4.3 ± 0.6 wt%, indicating that 92.6 ± 0.6 wt% of the PBAT-based 

materials were biodegraded. For PHBV, only 49.8 ± 2.8 wt% of the 
materials initially added, was biodegraded.

The biodegradation rates of PLA and PBAT-based materials exceeded 
the threshold for ultimate biodegradation specified in NF EN 13432 (EN, 
2000), confirming their excellent performance under full-scale indus
trial composting conditions. In the present study, the high biodegrada
tion rates reflect the sustained thermophilic conditions achieved during 
full-scale composting (≈45 days at ~ 70 ◦C), which were shorter than 
the maximum 6 months specified in NF EN 13432 (EN, 2000) but con
ducted at a higher temperature (70 ◦C versus 58 ◦C). Such conditions 
strongly promoted biodegradation, as elevated temperatures enhance 
hydrolytic cleavage of ester bonds and microbial assimilation of PLA, 
with degradation rates increasing exponentially above 55 ◦C 
(Karamanlioglu et al., 2017). Under these conditions, similar tempera
ture profiles in Control and Materials batches indicate that compostable 
packaging did not hinder composting performance. It is worth noting 
that this composting experiment represents a worst-case scenario, as all 
materials were unused and had not been in contact with spoiled food 
waste. In addition, PBAT formulations are known to vary in composition 
(Suarez Murcia et al., 2025), particularly in starch content, which can 
enhance disintegration and biodegradation due to rapid starch degra
dation. FTIR analysis of BMPs confirmed the absence of starch in PBAT- 
based fragments.

Unlike PLA and PBAT-based materials, PHBV did not meet the 
biodegradation threshold of NF EN 13432 (EN, 2000). This PHBV ma
terial originated from new and empty coffee capsules, which were 
thicker (720–1200 µm) and geometrically less favourable for microbial 
colonization than PBAT-based bags. The limited biodegradation 
observed under full-scale industrial composting conditions is therefore 
likely due to geometric constraints rather than an intrinsic limitation of 
the polymer itself.

3.6. Environmental fate of residual BMPs in soil

Incomplete biodegradation of compostable materials under indus
trial composting conditions raises questions about the environmental 
fate of residual BMPs once compost is applied to soil. To address this, the 
biodegradation of PBAT and PHBV particles recovered from compost 
was evaluated under controlled laboratory conditions, following the 
standardized soil respirometry protocol (EN, 2018). Due to the high 
biodegradability of PLA and the limited quantity of recovered PLA 
BMPs, soil biodegradation tests could not be performed for this polymer. 
The mineralization kinetics are shown in Fig. 3, and the model param
eters obtained from Hill’s sigmoid equation are summarized in Table 4.

Validation of the Respirometry test using cellulose confirmed its 
reliability, achieving 70 % mineralization within 70 days—well below 
the 183-day threshold required by the standard. Both PBAT- and PHBV- 

Table 2 
Concentrations in number and mass of biodegradable microplastics in the ‘Materials’ and ‘Control’ compost batches.

BMPs concentration in number (items. g− 1 dry mass) 
Mean ± SD (n = 3)

BMPs concentration in mass (µg. g− 1 dry mass) 
Mean ± SD (n = 3)

Compost batch Size fraction (mm) PLA PBAT-based PHBV PLA PBAT-based PHBV

“Control” [1.0–0.8] nd 6.1 ± 0.7 nd ​ nd 23.8 ± 11.2 nd
[0.8–0.5] nd 12.1 ± 2.2 nd ​ nd 45.6 ± 25.9 nd
[0.5–0.2] nd 17.3 ± 6.3 nd ​ nd 50.3 ± 36.9 nd
[0.2–0.03] nd 11.3 ± 3.5 nd ​ nd 31.4 ± 4.0 nd

​ Total nd 46.8 ± 7.6 nd ​ nd 151.1 ± 46.6 nd
“Materials” [1.0–0.8] 0.2 ± 0.1 8.4 ± 1.3 0.1 ± 0.1 ​ 9.3 ± 8.8 111.0 ± 37.9 32.4 ± 30.2

[0.8–0.5] 0.04 ± 0.07 12.7 ± 0.3 0.2 ± 0.1 ​ 2.3 ± 3.9 107.4 ± 2.4 56.8 ± 31.9
[0.5–0.2] nd 56.7 ± 3.9 0.5 ± 0.0 ​ nd 361.4 ± 66.4 42.9 ± 6.2
[0.2–0.03] nd 27.4 ± 1.5 nd ​ nd 201.4 ± 45.7 nd

​ Total 0.2 ± 0.1 105.2 ± 4.4 0.8 ± 0.1 ​ 11.6 ± 10.9 781.2 ± 89.1 132.1 ± 44.4

SD is the standard deviation and n = 3 is the sample size.
nd: not detected.
PLA: polylactic acid; PBAT: poly(butylene adipate-co-terephthalate); PHBV: poly(hydroxybutyrate-co-valerate).

Table 3 
Mass ratio between residual fragments recovered in compost and the mass of 
packaging materials initially added to biowaste before composting under large- 
scale conditions.

Residual fragments after 
composting

Size fraction 
(mm)

Materials 
Mean (%) ± SD (n = 3)

PLA PBAT PHBV

Recovery as BMPs [1.0–0.8] 0.1 ±
0.1

0.6 ±
0.3

2.1 ±
1.9

[0.8–0.5] 0.03 ±
0.06

0.4 ±
0.2

3.6 ±
2.0

[0.5–0.2] nd 2.1 ±
0.3

2.7 ±
0.4

[0.2–0.03] nd 1.2 ±
0.3

nd

Total BMPs [1.0–0.03] 0.1 ± 
0.1

4.3 ± 
0.6

8.4 ± 
2.8

Recovery as large 
fragmentsa

[12.0–1.0] 1.4 3.1 41.8

Total all residual 
fragments

[12.0–0.03] 1.5 ±
0.2

7.4 ±
0.6

50.2 ±
2.8

Total Biodegradation (%) 98.5 ± 
0.2

92.6 ± 
0.6

49.8 ± 
2.8

SD is the standard deviation and n = 3 is the sample size.
nd: not detected.

a Total large fragments recovered during a previous study.
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based BMPs exhibited continuous mineralization over two years, 
demonstrating their biodegradability in soil achieving more than 90 % 
mineralization, and meeting the EN 17033 (EN, 2018) criterion for full 
biodegradability. As prescribed by standardized respirometric methods, 
mineralization was assessed by CO2 evolution; non-mineralized polymer 
carbon is therefore most likely transiently accumulated in microbial 
biomass. However, the degradation rates differed markedly between the 
two polymers. PHBV microplastics mineralized faster, with a half- 
degradation time (k) of about 101 days, compared to 187 days for 
PBAT. The faster mineralization of PHBV in soil (Fig. 3) contrasts with 
its limited biodegradation during composting (Table 3), confirming that 
the poor performance under composting mainly results from insufficient 
disintegration of the commercial items rather than from the polymer’s 
intrinsic properties. The use of larger BMP fragments (2–5 mm) repre
sents a conservative worst-case scenario, as larger particles exhibit lower 
specific surface area and slower microbial colonization (Mohanan et al., 
2020). Consequently, the observed mineralization rates are expected to 
underestimate the degradation of smaller residual BMPs (< 0.5 mm) 
recovered after composting. In addition, recovering sufficient amounts 
of these small residual BMPs from compost to conduct soil mineraliza
tion experiments in compliance with standard requirements is highly 
challenging. Larger, well-defined BMP fragments were therefore 
selected to ensure methodological robustness and reproducibility. 
Overall, these results indicate that residual BMPs from compost continue 
to biodegrade after land application, confirming their limited persis
tence in soil. However, small particles and oligomers below the detec
tion limit may remain.

4. Conclusion

This study presents a validated, reproducible analytical protocol for 
quantifying biodegradable microplastics (BMPs) in compost. The opti
mized method combines hot water deagglomeration, CaCl2 density 
separation (ρ = 1.4 g/cm3), and mild H2O2 digestion (30 %, 50 ◦C, 12 h), 
followed by μ-FTIR identification. It demonstrates high efficiency in 
organic-rich matrices, enabling the detection of particles larger than 35 
µm for PBAT and larger than 27 µm for PLA and PHBV, without 
compromising polymer integrity.

In full-scale industrial composting, the protocol revealed near- 
complete biodegradation of PLA (98.5 %) and PBAT (92.6 %), 
whereas PHBV showed partial degradation (49.8 %) due to the struc
tural constraints of the coffee capsule format. Residual BMPs were 
further assessed under controlled soil conditions, where continued 
mineralization of PBAT and PHBV confirmed their environmental de
gradability and low persistence. These findings bridge the gap between 
disintegration and mineralization, providing quantitative evidence of 
the continuity of biodegradation from compost to soil.

Although high mineralization rates and the predominance of fine 
BMP residues are indicative of limited long-term accumulation in soil 
under repeated compost application, future research should expand 
polymer coverage, explore advanced composting technologies, investi
gate nano- and microparticles ≤ 27 µm, conduct multi-cycle field 
studies, further assess PLA residues, and evaluate the influence of PHBV 
material geometries to strengthen end-of-life assessment.

Overall, this work strengthens the scientific basis for sustainable 
packaging design and contributes to harmonizing end-of-life assessment 
protocols within circular bioresource systems, with direct applicability 
to future compostability certification frameworks through the inclusion 
of microplastic quantification.
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During the preparation of this work, the corresponding author used 
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Fig. 3. Respirometry biodegradation kinetics of PBAT- and PHBV-based microplastics [0.5–0.2 mm] from the “Materials” batch under soil conditions at 28 ◦C. 
Symbols are experimental data points. Solid and dot lines correspond to the modelling of the curve using Hill’s sigmoid function for PBAT-based BMP, PHBV-based 
BMP, and cellulose. Error bars represent the confidence intervals with a = 0.05. The mineralization threshold values (≥ 90 %) required by EN 17033 (2018) are 
indicated by dotted lines.

Table 4 
Hill parameters of the modelling of biodegradation curves of BMPs in soil.

Sample Degmax (%) 
Mean ± SD

k (day) n R2

Control (cellulose) 92.0 ± 1.5 46.0 ± 1.2 2.4 ± 0.1 0.99
PHBV 104.1 ± 1.5 100.9 ± 2.0 2.4 ± 0.1 0.99
PBAT-based 112.7 ± 5.3 186.7 ± 19.7 1.1 ± 0.1 0.99

R2 is the coefficient of determination for the fit using Hill’s equation.
SD is the standard deviation and n = 3 is the sample size.
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