Anaerobic co-digestion of bioplastics and food waste
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Abstract: Bioplastic waste management is becoming increasingly important as its use expands and, consequently,
its presence in biowaste from households, markets and retailers is expected to rise. Anaerobic digestion (AD) is a
promising method for managing bioplastic waste, and its co-digestion with biowaste could increase biogas yields.
This research focuses on evaluating the anaerobic co-digestion performance of two distinct bioplastics. Poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), a type of polyhydroxyalkanoate (PHA), was tested under
mesophilic conditions, while polylactic acid (PLA) was tested under thermophilic conditions. Two co-digestion
conditions were evaluated using equal proportions of bioplastics (PHBV or PLA) with either food waste (FW) or
cellulose (CEL) to investigate how the presence of a more readily biodegradable co-substrate (FW or CEL)
influences bioplastic degradation. Infrared spectroscopy (FTIR-ATR) was used to monitor changes in the chemical
composition of bioplastics during degradation, while differential scanning calorimetry (DSC) was used to evaluate
variations in thermal properties, enabling assessment of structural changes associated with anaerobic
biodegradation.

Sheets of PHBV (ErcrosBio® PH016, with a 1.6 % content of poly(3-hydroxyvalerate) (PHV)) and PLA
(ErcrosBio® LL672) were used. Specifically, two sheets of different thicknesses were tested: 0.25 mm and
0.50 mm. Bioplastics were prepared by cutting the original sheets into 1 cm? pieces in accordance with ISO 10210
to ensure homogeneous particle size. The mesophilic inoculum was obtained from an anaerobic digester in a
municipal wastewater treatment plant (WWTP) treating sewage for approximately 400 000 population equivalents
in the Barcelona metropolitan area (Spain). The thermophilic inoculum was collected from a pilot-scale (2 m?)
anaerobic digester located in a municipal wastewater treatment plant in Navarra (Spain).

Biochemical methane potential (BMP) tests were conducted in 250 mL Wheaton® serum bottles following
Holliger et al. (2021) under mesophilic (37 £ 1 °C) and thermophilic (55 £ 1 °C) conditions. Each bottle contained
150 mL of mesophilic or thermophilic inoculum. The amounts of PHBV or PLA and their co-substrates (food
waste or cellulose) were calculated to achieve an inoculum-to-substrate ratio (ISR) of 2 on a volatile solids (VS)
basis, each substrate type contributed 50 % of the VS load. BMP results were validated using a positive control
with microcrystalline cellulose. The gas density method (GD-BMP) was used to measure mass loss and biogas
volume during the biodegradation process (Justesen et al., 2019). To monitor the biodegradation of PHBV and
PLA by sampling the bioplastics without disturbing methane production measurements, additional destructive
bottles were prepared and operated in parallel at 37 and 55 °C. For PHBV, destructive bottles were stopped after
0, 10, 20, 30, and 40 days, whereas for PLA, destructive bottles were stopped after 0, 25, 50, 75, and 100 days.

Under mesophilic conditions, PHBV underwent rapid biodegradation after a short initial lag phase (~2-5
days), achieving final methane yields of about 600-620 NL CHa4 kg™ VS within 40-80 days (Fig. 1a). Similar
methane production of 651-727 NL CH4 kg™ VS was reported within 40-57 days by Derkenne et al. (2025). These
values are comparable to the 630 NL CH4 kg™ VS reported by Ryan et al. (2017) after 56 days of AD under
mesophilic conditions. The thinner sheets (0.25 mm) showed faster kinetics compared to 0.50 mm, indicating that
specific surface area influenced the degradation rate. Co-digestion with food waste or cellulose enhanced early
methane production but did not affect ultimate yields, indicating sequential substrate utilisation. The readily
biodegradable co-substrate (food waste or cellulose) was consumed first, followed by PHBV degradation. PLA
under thermophilic conditions showed a more gradual methane production profile (Fig. 1b), with a longer time
required to reach the plateau (around 80-90 days) and lower final yields (approximately 480-510 NL CH4 kg™ VS).
The effect of particle size was less pronounced than in PHBV, consistent with the slower degradation kinetics of
PLA and the consequently less evident structural changes over time.

For the mesophilic experiments, PHBV samples collected after 10 days showed no significant
morphological changes in the bioplastics, except for minor surface degradation and the appearance of small holes.
After 20 days, degradation became clearly evident, particularly in 0.25 mm PHBV, which showed a marked
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reduction in size, increased fragility, and thinning, while 0.50 mm PHBYV retained its dimensions but exhibited
visible holes. No PHBV fragments were recovered after 30 days. Under thermophilic conditions, PLA samples
recovered after 25 days displayed increased opacity, changing from transparent to dull white, suggesting enhanced
crystallinity during degradation. PLA samples recovered after 25 and 50 days were fragile, complicating handling,
and no PLA fragments were recovered after 50 days of anaerobic degradation.
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Figure 1. Specific methane production for the PHBV mesophilic tests (a) and PLA thermophilic test (b). The error bars
represent the standard deviations of the replicates. Arrows (|) indicate sampling events for the visual, IR and DSC analyses.

The DSC results revealed distinct thermal degradation behaviours for PHBV (37 °C) and PLA (55 °C). For
PHBV, the melting temperature (Tr) and heat of fusion remained stable throughout the experimental period, while
the crystallinity (X.) initially increased and then slightly decreased, suggesting preferential degradation of the
amorphous regions followed by structural reorganisation. In contrast, PLA exhibited a marked decrease in glass
transition temperature (T,), dropping from approximately 60.9 °C to about 47-48 °C after 25 days, regardless of
thickness or co-digestion conditions. This significant reduction in T, indicates chain scission and molecular weight
reduction, leading to increased chain mobility. Overall, while PHBV maintained relatively stable thermal
properties with minor structural rearrangements, PLA showed more pronounced molecular-level changes during
degradation. FTIR analysis also revealed distinct degradation behaviours for PHBV and PLA. PHBV undergoes
faster structural changes, with noticeable modifications in the ester carbonyl band (~1720 cm™), indicating rapid
chain cleavage and preferential degradation of amorphous domains. This results in a temporary relative increase
in crystallinity before the material disintegrates. In contrast, PLA displays more gradual spectral changes, with
sharpening and increased intensity of bands in the 1200-1000 cm™ region and alterations in the carbonyl peak
(~1750 cm™), consistent with degradation under thermophilic conditions.

In conclusion, PHBV demonstrated rapid and extensive anaerobic biodegradation under mesophilic
conditions, achieving high methane yields and complete biodegradation within 40 days. Co-digestion with food
waste accelerated early methane production due to preferential consumption of the readily biodegradable substrate,
but did not affect ultimate yields, indicating a sequential degradation pattern. PLA showed slower kinetics and
lower methane production under thermophilic conditions, with hydrolysis as the rate-limiting step and minimal
influence of co-digestion on overall methane yields. Particle thickness significantly affected PHBV degradation
rates, whereas its effect was less pronounced for PLA. Overall, polymer structure emerged as the dominant factor
governing its anaerobic biodegradability and process performance.
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