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A B S T R A C T

Bioplastics are a promising alternative to conventional plastics. Their anaerobic co-digestion with the organic 
fractions of municipal solid waste (OFMSW) is an ideal end-of-life scenario reducing pre-treatment and 
increasing efficiency and biogas production. Bioplastic degradation is limited under anaerobic digestion (AD) as 
it requires longer hydraulic retention time (HRT) compared to industrial OFMSW plants’ HRTs. Here, three AD 
runs were conducted sequentially under thermophilic conditions to investigate the effects of inoculum accli
mation on enhancing the degradation of polylactic acid (PLA) and OFMSW in mono and co-digestion (PLA +
OFMSW). In PLA mono-digestion, microbial acclimation increased biogas production up to +152 % (831 ± 11 
NL kgVS− 1) and biogas production rate from 27 to 47 NL kgVS− 1 d− 1 with a 5-day reduction of the lag phase. 
This improvement was associated with the enrichment of the PLA-degrading bacteria Tepidanaerobacter. In PLA 
+ OFMSW co-digestion, biogas production increased of +69 % (827 ± 69 NL kgVS− 1), the biogas production rate 
increased to 58 NL kgVS− 1 d− 1 with a lag phase reduction of 7 days. An increase of both protein degraders 
(Halocella and Acetomicrobium) and Tepidanaerobacter was achieved. In OFMSW mono-digestion, acclimation 
increased cumulative biogas production to + 22 % (719 ± 25 NL kgVS− 1) with no biogas production rate and lag 
phase modifications, indicating an already adapted community. A variance in Methanothermobacter and Meta
noculleus abundances across treatments was linked to different biomethane productions. Microbial acclimation is 
a valid and economical approach to enhance biogas production and PLA degradability, alone or with OFMSW, 
further reducing HRTs enabling sustainable bioplastic and OFMSW waste management.

1. Introduction

Bioplastics are emerging as a viable alternative to conventional 
petroleum-based plastics and currently, they account for ~0.5 % of 
plastics produced annually. The annual production of bioplastics is ex
pected to increase by 66 % by 2029 (European Bioplastics, 2024). PLA is 
the most commercially available bioplastic and accounts for 37.1 % of 
global bioplastics production in 2024 and expected to increase to 42.3 % 
by 2029 (European Bioplastics, 2024). PLA is used in the manufacturing 
of consumer goods and disposable products such as cutlery, glasses, 
dishes, and packaging, but also in construction, agriculture, medical 

applications, and fibre production (Cucina et al., 2021a). Currently, 
bioplastic waste is usually collected with the OFMSW and as a result, the 
content of bioplastics in the waste can potentially reach the concentra
tions of 8–10 % of OFMSW by weight, posing the problems of bioplastic 
waste management, degradation, and leakage in the environment 
(Cucina et al., 2021b). In the context of circular economy, the increasing 
production of PLA needs therefore to be combined with a suitable waste 
management system to improve bioplastic sustainability.

Among the possible end-of-life scenarios, AD is a promising tech
nology for bioplastic biodegradation (Abraham et al., 2021, Cucina 
et al., 2021a). Anaerobic digestion is typically used to process various 
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types of waste such as OFMSW, at both mesophilic (35–37 ◦C) or ther
mophilic (50–60 ◦C) temperatures (Samoraj et al., 2022), to produce 
biomethane and digestate (or compost) that can be further used as an 
energy source and bio-based fertilizer, respectively (Kumar and 
Samadder, 2020). Currently, in AD plants, all plastics (and as a conse
quence bioplastics) are de-packaged to avoid clogging of the system and 
the production of a digestate containing microplastics (Cazaudehore 
et al., 2023a; Taneepanichskul et al., 2022). This de-packaging process 
results in a significant loss of OFMSW, which reduces the profitability of 
AD (Cazaudehore et al., 2023a). Furthermore, hypothesising an absence 
of plastics within the OFMSW waste, an optimised co-digestion of bio
plastics and OFMSW will eliminate the need for sorting and separating, 
thereby reducing the overall costs associated with the AD process. In
dustrial AD plants treat OFMSW normally at short hydraulic retention 
times (HRTs), i.e. between 15 and 30 days (Cazaudehore et al., 2022c). 
On the other hand, PLA needs longer HRTs to be completely degraded 
under mesophilic and thermophilic conditions, which are not compat
ible with the HRTs used for OFMSW. Cazaudehore et al. (2023b)
assessed the degradability of PLA-based material in AD at 38 ◦C and 
58 ◦C achieving a degradation of 75 % in 500 and 100 days, respectively. 
Other studies reported no degradation of PLA after 60 days at 38 ◦C, 
while 93 % degradation was achieved at 58 ◦C in 120 days (Jin et al., 
2022). These data indicate that both thermophilic conditions and long 
HRTs promote PLA degradation. Thermophilic conditions are more 
performant since PLA reaches its glass transition (i.e., polymeric struc
ture changes from crystalline to amorphous) at high temperatures, 
becoming more accessible to microbial activity and leading to a higher 
polymer biodegradability (Cazaudehore et al., 2021; Cucina et al., 
2021b). However, even with the transition to an amorphous structure, 
PLA biodegradation can hardly meet industrial OFMSW HRTs.

In terms of co-digestion, a recent study investigating the degradation 
of PLA with kitchen waste (KW) at 55 ◦C reported a production of 693 ±
10 L CH4 kgVS− 1 under thermophilic conditions after 30 days, while the 
theoretical CH4 potential of PLA (100 % PLA degradation) (i.e., 1092 ±
8 L CH4 kgVS− 1) was reached after 120 days (Lu et al., 2022). El-Mashad 
et al. (2012) observed no biogas production over 43 days from PLA- 
based cups alone in a co-digestion with food waste at 50 ◦C, when 
changing the substrate form cups to PLA-based straws a 0.024 L gVS− 1 

production was achieved. Both studies seem to indicate that PLA did not 
degrade entirely until food waste completely degraded. It is therefore 
necessary to further research methodologies to shorten PLA’s HRTs and 
to enable PLA and OFMSW co-digestion and improve AD’s workflow, 
process, microbiology, and end-products quality. To overcome HRT 
limitations of PLA in both mono and co-digestion, various strategies can 
be used, such as PLA pre-treatments, the addition of additives to PLA, 
inoculum acclimatization or bioaugmentation (Cazaudehore et al., 
2022a). Acclimatization has been successfully applied to AD of various 
organic wastes (e.g. olive mill effluent and extruded food waste) to 
improve degradability and CH4 production (Gonçalves et al., 2011). 
Recently, inoculum acclimatization was successfully applied to PLA 
mono-digestion under thermophilic conditions, leading to an increase of 
PLA-degradation by 97 % compared to a non-acclimated inoculum (from 
395 to 779 NL kgVS− 1 of biogas) (Clagnan et al., 2023). Nevertheless, 
little is known about the bacterial and archaeal communities that lead to 
bioplastic degradation in AD, especially during acclimatization. Un
derstanding the composition of these microbial consortia is crucial to 
improve biodegradability of bioplastics in AD and achieve a more effi
cient co-digestion with OFMSW (Peng et al., 2022).

In this context, this study aims at investigating the effects of micro
bial communities’ acclimatization on PLA mono- and co-digestion with 
OFMSW, therefore using acclimatization as a low-cost approach to 
improve PLA degradation. Main objectives were to: i. acclimatize 
digestate microbial communities to PLA and OFMSW under thermo
philic anaerobic mono- and co-digestion through a series of batch runs; 
ii. investigate the effect of acclimatization on biodegradation rate and 
biogas production, and iii. characterize the bacterial and archaeal 

community structure to identify the microbial drivers of acclimatization.

2. Materials and methods

2.1. Substrates: inoculum, OFMSW and PLA

The digestates used as inocula were collected from a full-scale AD 
plant that treats OFMSW operating under thermophilic conditions (55 
± 2◦C) (Lombardy Region, Italy). Within this plant, bioplastic is me
chanically separated from the OFMSW on arrival. OFMSW is then pro
cessed by a bio-pulper (mechanical pulping) to reach a slurry-like final 
product that is then anaerobically digested. Digestate was collected 
across Spring 2023 before each AD run and immediately sieved with a 2 
mm mesh to retain possible undigested materials. The digestate was 
then pre-incubated at 55 ± 2◦C until no biogas production was detected.

Pulped OFMSW was sampled from the same plant from which 
digestate was sampled once at the beginning of the experimental period. 
After sieving with a 2 mm mesh the OFMSW was stored at − 80 ◦C. 
Frozen OFMSW was then defrosted when needed and used across the 
whole experimental period as OFMSW substrate. Digestates and OFMSW 
were characterized for total solids (TS), volatile solids (VS), pH, total 
organic carbon (TOC), total ammonium nitrogen (NH4

+-N), volatile fatty 
acids (VFA), total alkalinity (TA), and the ratio of VFA to TA here 
referred as FOS/TAC (see section 2.3).

PLA-based cups, labelled as compostable by TÜV Austria (Austria), 
were purchased from an Italian supermarket (Milan, Lombardy Region, 
Italy). The PLA cups were then cut into 2.5 × 2.5 cm squares as rec
ommended by standard tests for the assessment of anaerobic degrad
ability of bioplastics (ISO 14855-2, 2018) and used as PLA substrate.

2.2. Batch test experimental design

Three AD runs were conducted sequentially to achieve inoculum 
acclimation and assess its efficiency of PLA degradation with and 
without OFMSW. All AD runs were operated under thermophilic con
ditions (55 ± 2◦C) using 500 mL glass bottles filled with digestate (300 
g) and substate. Bottles were manually shacked daily to ensure optimal 
mixing. Five treatments were set up: (1) PLA mono-digestion (PLA): 
digestate plus PLA (3 g fresh weight (FW)); (2) PLA and OFMSW co- 
digestion (PLA + OFMSW): digestate plus PLA (1.5 g FW) and OFMSW 
(6.3 g FW) with PLA representing 50 % on a carbon basis of the total 
substrate; (3) OFMSW mono-digestion (OFMSW): digestate plus OFMSW 
(12.6 g FW); (4) digestate as negative control; and (5) digestate plus 
microcrystalline cellulose (3 g FW) as positive control. Substrate quan
tities were selected to ensure a carbon ratio between the substrate and 
digestate of 0.33 according to Cucina et al. (2021b), Cucina et al. (2022). 
Although the inoculum-to-substrate ratio (ISR) was initially calculated 
based on fresh weight following the protocol previously established in 
(Clagnan et al., 2023), ISR values were also recalculated using VS to 
align with common reporting standards in anaerobic digestion research 
(Table S1).

Bottles were purged with pure N2 for 1 min to ensure an anaerobic 
environment and tightly capped before the beginning of each run.

For the first AD run, all the bottles were placed at 55 ± 2 ◦C in a static 
incubator. Three replicates were used for each treatment while five for 
PLA and PLA + OFMSW; these two additional bottles were used as 
controls to track residual biogas production across the three runs. After 
the first run, all bottles were opened and the digestate from PLA and 
PLA +OFMSW treatments were sieved to 2 mm to retain eventual plastic 
residues (none retrieved). Replicates of each treatment were then mixed 
and used both as inoculum for the second run and characterization 
analyses.

For the second AD run, four bottles were filled with 150 mL of 
digestate coming from the first AD run, 150 mL of fresh digestate and the 
same substrate weights from the previous run were adopted. A fifth 
bottle was kept as a control without any substrate addition to check the 
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background methane production of potential PLA residues in the 
digestate after run 1. This control will be eliminated at the end of run 2. 
For run 3, only three replicates were used, following the same protocol 
proposed for the second run with a fourth bottle maintained as a control.

Although batch runs have been performed keeping constant all 
variables, fresh inoculum taken directly from full scale plant before each 
run could be different affecting AD processes (Table 1). To account for 
this variability and ensure data comparability across different runs, all 
runs have been carried on until maximum cellulose biogas production 
was achieved, i.e. 600 NL kgVS− 1 (Clagnan et al., 2023).

Bottles were regularly analysed to determine biogas production both 
quantitatively and qualitatively. The volume of biogas produced was 
measured by withdrawing gas with a 100-mL syringe (Chickering et al., 
2018). Biogas production of blank and control bottles was subtracted 
from the biogas production of every sample. Biogas composition was 
analysed through gas chromatography (Agilent Technologies 3000A 2- 
channel Micro GC (G2801A, USA)) twice a week.

Digestate samples collected at the end of each run were then used for 
chemical (TS, VS, VFA, TA, TOC, and NH4

+-N) characterization (see 
section 2.3).

2.3. Chemical characterisation

Digestates were characterized before and after each AD run (Tables 1 
and 2). Chemical analyses on digestates and substrates were carried out 
following standard procedures; TS and VS were determined according to 
standard procedures of the American Public Health Association (Rice 
et al., 2017). TOC was analysed using COD 15,000 test kits (range of 
1.0–15.0 g LO2

− 1) (Nanocolor, Macherey Nagel, Germany) and then 
converted to C by stoichiometric calculations. pH was determined using 
a pH-meter (Eutech ™ pH 700, Thermo Fisher Scientific, Waltham, MA, 
USA). Ammonium-N was measured with the Nanocolor Ammonium100 
(4–80 mg L− 1 NH4

+-N) kit (Nanocolor, Macherey Nagel, Germany), and 
absorbance was measured with a PF-12 Plus photometer (Macherey 
Nagel, Germany) using the supernatant layer of each sample after 
centrifugation at 6000 rpm for 15 min (Chiappero et al., 2021). VFA, TA 
and FOS/TAC were determined by titration as described by Di Maria 
et al. (2014).

All chemical analyses were conducted in triplicate. Averages and 
standard deviations were calculated through Microsoft Excel 2021 and 
its analysis toolbox. Significant differences for normal parameters were 
determined using analysis of variance (ANOVA) followed by the Tukey 
test using SPSS version 29.1 software.

2.4. Kinetic analysis and calculations

A modified Gompertz model was applied to determine the kinetic 
parameters of biogas production potential of the substrates for each run 
(Mu et al., 2021). Maximum biogas production rates (Rmax) and lag 
phases (λ) were calculated from experimental data and subsequently 
applied in the following equation to evaluate the model’s suitability: 

G(t) = B0 × exp
(

− exp
(

Rmax × e
B0

× (λ − t) + 1
))

where G(t) is the cumulative biogas production (NL kgVS− 1), B0 is the 
biogas production potential (NL kgVS− 1), Rmax is the maximum biogas 
production rate (NL kgVS− 1 d− 1), λ is the lag phase (days), t is the 
digestion time (days), and e = 2.7183.

B0 parameters were taken from literature assuming that batch ex
periments were carried out under optimal conditions. As reported in 
Section 2.2., to confirm optimal environmental conditions, cellulose was 
used as positive control. Under optimal conditions, cellulose total pro
duction is 600 NL kgVS− 1. Fig. S1 shows that cellulose degradation 
reached plateau, and that experimental data had a good fitting to model 
curves (i.e., R2 = 0.974); it can be therefore assumed that all runs were 
performed under optimal environmental conditions. The selected model 
and B0 were thus used if model fitting parameters where higher than 
literature (R2 = 0.967) if inhibition occurred (R < 0.967) data were 
excluded for kinetics application, as reported in the Section 3.1.).

To build the model,B0 (the biogas production potential) for PLA in 
mono-digestion was estimated as the average (i.e. av. 840 L kgVS− 1) of 
the biogas productions reported by Bernat et al. (2021), where PLA- 
based cups were anaerobically digested at 58 ◦C under different 
organic loading rates. These data were chosen over the commonly used 
theoretical biogas values calculated by using the Buswell equation for 
pure PLA (934 L kgPLA− 1) at 35 ◦C and 1 atm (Buswell and Mueller, 
1952) as the Buswell equation does not account for the use of substrate, 
and/or other pathways of conversion of organic material, for bacterial 
biomass production (de Lemos Chernicharo, 2007). It is assumed that 
10 % of the total carbon contained in the polymer is utilised for bacteria 
biomass production (García-Depraect et al., 2023) and therefore that 
this 10 % does not contribute to the theoretical biogas yield value as 
calculated by Buswell equation. The use of the Buswell equation was 
therefore discarded as it would have led to an overestimation of the 
theoretical biogas yield.

For the calculation of the B0 of OFMSW, the maximum biogas pro
duction was estimated as the average (i.e. av. 755 ± 68 (n = 6)) of the 
anaerobic bio-gasification potential (ABP) data obtained from different 
OFMSW samples collected from various plants across the Lombardy 
region in Italy (Schievano et al., 2009; Tambone et al., 2010).

The B0 for the co-digestion treatment was calculated by multiplying 
the cumulative biogas production of the mono-digestion treatments 
previously described by the corresponding VS percentage of each sub
strate added in the co-digestion treatment.

To investigate the effects of co-digestion on the degradability of PLA 
and biogas production, theoretical cumulative biogas productions were 
calculated for each run of co-digestion by using the cumulative biogas 
production obtained from PLA and OFMSW mono-digestions within the 
following equation: 

Bco = (BPLAVPLA)+ (BOFMSWVOFMSW)

where Bco is the theoretical biogas production of co-digestion (NL 
kgVS− 1), BPLA is the biogas production of PLA mono-digestion (NL 
kgVS− 1), VPLA is the amount of VS of PLA added within a bottle (g VS), 
BoFMSW is the biogas production of OFMSW mono-digestion (NL 
kgVS− 1), and VOFMSW is the amount of VS of OFMSW added within a 
bottle (g VS).

Table 1 
Chemical characterization of inoculum and substrates.

Parameter Digestate OFMSW PLA
Run 1 Run 2 Run 3

Total solids (%) 5a ±

0bb
5 ± 0.1b 4.1 ±

0.1a
17.2 ±
0.3

99.4 ±
0.0

Volatile solids (% dry 
matter)

56.9 ±
0.1a

49.5 ±
2.3a

55.6 ±
1.6a

86.3 ±
0.1

100 ±
0.0

Total organic C (% dry 
matter)

20.6 ±
2.7a

25.2 ±
0.5ab

28.1 ±
0.1b

58.1 ±
4.6

​

pH 8.6 ±
0.0a

9.3 ±
0.0b

8.5 ±
0.0a

6.1 ± 0.0 ​

Titrable acidity 
(gCH3COOH L− 1)

1.8 ±
0.9a

4.2 ±
0.4b

1.8 ±
0.4a

3.2 ± 0.5 ​

Total alkalinity 
(gCaCO3 L− 1)

27.8 ±
0.3a

30.6 ±
0.8a

35.9 ±
0.8b

9.9 ± 0.0 ​

FOS/TAC 0.31 ±
0.2a

0.48 ±
0.1a

0.24 ±
0.1a

1.6 ± 0.3 ​

Ammonium-N (gN- 
NH3 L− 1)

3 ±
0.1a

3 ± 0.1a 2.9 ±
0.1a

0.4 ± 0.1 ​

a Av. ± St. Dev. (n = 3).
b Letters indicate statistical differences (p ≤ 0.05) across the three runs 

digestates for each parameter according to Tukey test.
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2.5. 16S rRNA next-generation sequencing

DNA extraction was performed on all inocula and each digestate 
after each run. Samples (~40 ml) were pelleted at 13,000 rpm for 20 
min. From each pellet, DNA was extracted using the DNeasy® Power
Soil® Kit (Qiagen, Germany) according to the manufacturer’s in
structions. DNA yield and purity were quantified on a Nanodrop 1000 
spectrophotometer (Thermo Fisher Scientific) while quality was deter
mined through gel electrophoresis 1 % (w/v) 1 × TAE agarose gels. DNA 
was stored at − 80 ◦C until analysis.

The NGS was performed at Novogene Co. Ltd (Cambridge, UK). 
Sequencing targeted the V3 and V4 regions of the bacterial 16S rRNA 
gene using primers 341F (CCTAYGGGRBGCASCAG) and 806R (GGAC
TACNNGGGTATCTAAT) (Yu et al., 2005) and V4 region of the Archaeal 
16S rRNA gene using primers U519F (CAGYMGCCRCGGKAAHACC) and 
806R GGACTACNSGGGTMTCTAAT) (Porat et al., 2010). The generated 
DNA libraries were sequenced with an Illumina NovaSeq PE250, and the 
generated nucleotide sequences are available at the NCBI SRA repository 
(BioProject accession number: PRJNA1088852). The sequences result
ing from the NGS were quality-checked through the FastQC software and 
analysed using DADA2 for R as per https://benjjneb.github.io/dada2/ 
tutorial.html (Callahan et al., 2016). For the taxonomic assignment, 
the SILVA database v. 138.1 was used as a reference (McLaren and 
Callahan, 2021).

All microbial statistical analyses were performed on R studio 
(version 4.3.1) as by Clagnan et al. (2023) while MaAslin2 analyses were 
carried out as by https://huttenhower.sph.harvard.edu/maaslin/.

3. Result and discussion

3.1. Impact of acclimation on biogas production under mono- and co- 
digestion conditions

3.1.1. Cellulose
Cellulose was degraded similarly across the three runs and final 

biogas productions were close to theoretical production and previous 
research (Clagnan et al., 2023) indicating a functioning and reproduc
ible system (Table 3).

3.1.2. OFMSW mono-digestion
Such as reported in Section 2.2, fresh inoculum taken directly from 

full scale plant before each run could be different therefore affecting AD 
processes (Table 1). To ensure data comparability across different runs, 

AD runs were carried on until the maximum cellulose (control) biogas 
production was achieved, i.e. 600 NL kgVS− 1 (Clagnan et al., 2023). 
Doing so AD length differed across runs (Table 3) and it was generally 

Table 2 
Digestate characterization at the end of each run.

Parameter Run 1 Run 2 Run 3

Cellulose OFMSW PLA PLA +
OFMSW

Cellulose OFMSW PLA PLA +
OFMSW

Cellulose OFMSW PLA PLA +
OFMSW

Total solids (%) 3.6 a ±

0ab
3.9 ±
0.5a

3.7 ±
0a

3.8 ±
0.2a

​ 3.6 ± 0a 3.2 ±
0.4a

3.5 ±
0.1a

3.5 ± 0a ​ 3.7 ±
0.1a

3.7 ±
0.4a

3 ±
0.1a

3.2 ± 0a

Volatile solids (% 
dry matter)

53.1 ±
0.3a

61.4 ±
13.6a

51.1 
± 0.4a

54.1 ±
2.4a

​ 50.1 ±
0.6a

50.2 ±
0.1a

51 ±
0a

47.3 ±
2.5a

​ 54.9 ±
0.2a

49.9 ±
1.8a

49.7 
± 0.4a

44.8 ±
7a

Total organic C 
(% dry matter)

41.9 ±
0.4a

39.6 ±
0a

37 ±
4.3a

46.4 ±
2.5a

​ 35.9 ±
1.5a

36 ±
0.4a

34 ±
2a

35.4 ±
0.8a

​ 54.9 ±
0.2a

49.9 ±
1.8a

49.7 
± 0.4a

44.8 ±
7a

pH (pH unit) 8.6 ± 0a 8.6 ± 0a 8.5 ±
0a

8.41 ±
0a

​ 8.6 ± 0a 8.5 ± 0a 8.5 ±
0a

8.4 ± 0a ​ 8.5 ± 0a 8.5 ± 0a 8.3 ±
0a

8.4 ± 0a

Titratable acidity 
(gCH3COOH 
L1)

2.2 ±
0.3ba

2.8 ± 0b 1.8 ±
0a

2 ± 0.1a ​ 1.8 ±
0.1c

1.4 ± 0b 1.1 ±
0a

1.9 ±
0.1c

​ 1.5 ±
0.1a

1.48 ±
0.2a

1.1 ±
0a

1.6 ±
0.1a

Total alkalinity 
(gCaCO3 L− 1)

28.7 ±
0.1a

28.7 ±
0.1a

30.6 
± 0.5a

36.1 ±
2b

​ 28.4 ±
0.2a

28 ± 0a 28.5 
± 0.9a

29.4 ±
0.2a

​ 30.7 ±
0.8a

30.7 ±
1.6a

30.5 
± 1.8a

30.7 ±
0.4a

FOS/TAC 0.4 ±
0ba

0.5 ± 0b 0.3 ±
0a

0.3 ± 0a ​ 0.3 ± 0b 0.2 ±
0ab

0.2 ±
0a

0.3 ± 0b ​ 0.2 ± 0a 0.2 ±
0.1a

0.2 ±
0a

0.2 ± 0a

Ammonium-N 
(gN-NH4

+ L− 1)
3.2 ± 0a 3.2 ±

0.2a
3.2 ±
0.1a

3.2 ± 0a ​ 2.6 ± 0a 2.9 ±
0.1a

2.7 ±
0a

2.4 ±
0.5a

​ 3.2 ± 0a 3.4 ±
0.2a

3.5 ±
0.2a

3.6 ±
0.4a

a (Av. ± St. Dev., n = 3).
b Letters indicate statistical differences (p ≤ 0.05) across the three runs for each parameter according to Tukey test.

Table 3 
Biogas production and composition during the three anaerobic digestion runs.

Parameter Run 1 
(29d) a

Run 2 
(42d)

Run 3 
(37d)

Cellulose Biogas 
(NLkgVS− 1)

651b ±

34ac
593 ±
39a

576 ±
27a

Biomethane 
(NLkgVS− 1)

413 ±
32a

397 ±
19a

391 ±
16a

Biomethane (% v/ 
v)

63.4 ± 1 66.9 ± 2 67.9 ± 5

OFMSW Biogas 
(NLkgVS− 1)

597 ±
71a

719 ±
25b

730 ±
15b

Biomethane 
(NLkgVS− 1)

341 ±
42a

517 ±
8b

535 ±
10b

Biomethane (% v/ 
v)

57.1 ± 2 71.9 ± 3 73.3 ± 2

PLA Biogas 
(NLkgVS− 1)

330 ±
23a

831 ±
11c

710 ±
11b

Biomethane 
(NLkgVS− 1)

227 ±
14a

466 ±
22c

362 ±
5b

Biomethane (% v/ 
v)

68.8 ± 2 56.1 ± 3 51.0 ± 1

PLA + OFMSW 
(Experimental)

Biogas 
(NLkgVS− 1)

488 ±
51a

827 ±
69b

749 ±
9b

Biomethane 
(NLkgVS− 1)

326 ±
31a

485 ±
42b

430 ±
12b

Biomethane (% v/ 
v)

66.8 ± 2 58.7 ± 2 57.4 ± 2

PLA + OFMSW 
(Theoretical)

Biogas 
(NLkgVS− 1)

432 ±
31a

788 ±
16b

721 ±
11c

Biomethane 
(NLkgVS− 1)

293 ±
18a

486 ±
13b

428 ±
5b

a The duration of the run (d) depended on the achievement of max cellulose 
biogas production, i.e. about 600 NL kg VS− 1.

b (Av. ± St. Dev.; n = 3).
c Letters indicate statistical differences (p ≤ 0.05) across the three runs for 

each parameter according to Tukey test.
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lower for run 1 due to non-acclimation (Fig. 1).
The first run of OFMSW mono-digestion resulted in a production of 

597 ± 71 NL kgVS− 1 (341 ± 42 NLCH4 kgVS− 1). At the end of run 2 and 
3 (i.e. after acclimatation), a significantly higher production of cumu
lative biogas was achieved (719 ± 25 NL kgVS− 1 and 517 ± 8 NLCH4 
kgVS− 1 for run 2; 730 ± 15 NL kgVS− 1 and 535 ± 10 NLCH4 kgVS− 1 for 
run 3; i.e. +20 % and +22 % when compared to run 1; p < 0.05) 
(Table 3).

Differently from run 2 and 3, run 1 showed a curve of biogas pro
duction typical of inhibition and partial biogas production due to the 
toxic effects of VFAs and/or ammonium-N accumulation (Liu et al., 
2016) (Fig. 1). In this study ammonium toxicity was excluded as its 
content was similar in runs where this pattern was not seen. On the other 
hand, the content of titratable acidity was higher (p < 0.05) in run 1 
than the other runs, i.e 2.8 ± 0.0 g CH3COOH L− 1 for run 1 vs. 1.4 ± 0.0 
and 1.48 ± 0.22 g CH3COOH L− 1, for run 2 and 3 respectively (Table 2). 
Anaerobic digesters generally operate stably at VFA concentrations 
below 1–2 g L− 1 (Angelidaki et al., 2005). In our study, run 1 showed a 
titratable acidity up to 2.8 ± 0.0 g CH3COOH L− 1, which exceeded the 
common range indicated, leading to the partial inhibition of the 
methanation bacteria activity such as indicated by the reduced bio
methane percentage, i.e. 57.1 ± 2 % of run 1 with respect runs 2 and 3 (i. 
e., 71.9 ± 3 and 73.3 ± 2 % respectively) (Table 3). Due to this partial 
inhibition occurred of run 1, the kinetic parameters for this run were not 
considered in the subsequent discussion (R2 < 0.967).

The modified Gompertz model fit biogas production (R2 = 0.994 and 
0.982) (Table 4). Biogas production rate (Rmax) and the lag phase 
remained constant between runs 2 and 3 (i.e. Rmax of 39 and 38 NL 
kgVS− 1d− 1 and lag phases of 7 and 8 d) indicating that the microbial 
community was already optimized and adapted to efficiently degrade 

this substrate (Table 4).

3.1.3. PLA mono-digestion
In run 1, the cumulative biogas produced from PLA in mono- 

digestion was of 330 ± 23 NL kgVS− 1227 ± 14 NLCH4 kgVS− 1) 
(Table 3). This production is comparable to data previously reported by 
Clagnan et al. (2023) where PLA-based glasses mono-digested under 
similar AD conditions produced 395 ± 3 NL kgVS− 1 (233 NLCH4 
kgVS− 1). Moreover, Cucina et al. (2022) reported a slightly lower CH4 

Fig. 1. Experimental and predicted biogas yields of each substrate based on Gompertz model across the three runs and treatments: PLA mono-digestion (A, B, C), co- 
digestion (PLA + OFMSW) (D, E, F), and OFMSW mono-digestion (G, H, I).

Table 4 
Kinetic analysis of biogas production during the three anaerobic digestions runs.

Parameter Run 1 Run 2 Run 3

OFMSW B0 (NL kgVS− 1) 755 755 755
Rmax (NL kgVS− 1d− 1) 20 39 38
λ (d) 5 7 8
R2 0.891 0.994 0.982
t90

a (d) n.d. 31 32

PLA B0 (NL kgVS− 1) 840 840 840
Rmax (NL kgVS− 1d− 1) 27 47 39
λ (d) 17 12 12
R2 0.997 0.996 0.985
t90 (d) 54 33 38

PLA + OFMSW B0 (NL kgVS− 1) 806 806 806
Rmax (NL kgVS− 1 d− 1) 42 58 51
λ (d) 17 10 13
R2 0.967 0.994 0.985
t90 (d) 40 27 32

a t90: time required to get 90 % of the total producible biogas.
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production achieving 215 ± 11 and 279 ± 20 NL kgVS− 1 after 60 days 
under similar conditions for PLA-based dishes and cutlery, respectively. 
Similarly, Vasmara and Marchetti (2016) obtained a slightly lower CH4 
yield of 282 NL kgVS− 1for PLA-based cups after 90 days under ther
mophilic condition. The differences in the degradation time observed 
between the studies could be explained by variations in the types or 
sources of the inoculum, as well as differences in the composition and 
physical properties of the PLA materials.

In run 2, biogas production increased to 831 ± 11 NL kgVS− 1 (466 ±
22 NLCH4 kgVS− 1), i.e. +152 % compared to run 1 (p < 0.05). At the end 
of run 3, there was a decrease in biogas production to 710 ± 11 NL 
kgVS− 1 (362 ± 5 NLCH4 kgVS− 1; i.e., − 15 % compared to run 2; p <
0.05) although it was still higher than in run 1 (+115 %) (Table 3). The 
lower productivity of run 3 was associated to the shorter degradation 
time (37 days for run 3 instead of the 42 days of run 2). The ratio of 
biomethane to biogas, expressed as methane concentration (% v/v), was 
between 68.8 ± 2 and 51.0 ± 1 % (Table 3); while some variations were 
observed, the values remained within the range commonly reported for 
AD processes involving mixed substrates (50–70 %), indicating that 
methane production was consistently maintained throughout the 
experiment (Taramasso et al., 2024).

Again, the modified Gompertz model fitted biogas production (R2 =

0.996 and 0.985 for run 2 and run 3, respectively) (Table 4). The PLA 
biogas production rate (Rmax) showed an increase from 27 NL 
kgVS− 1d− 1 (lag phase of 17 d; R2 = 0.997) in run 1 to 47 and 39 NL 
kgVS− 1d− 1 to run 2 and 3, respectively (lag phases of 12 d for both runs) 
(Table 4) (Fig. 1). The increase in the biogas production rate and the 
decrease in the lag phase indicated that microbial adaptation occurred 
within this treatment (Table 4).

For PLA mono-digestion, acclimation seems to be an efficient 
approach to improve the biodegradability of PLA. The degradation here 
obtained was similar to the degradability results obtained by PLA pre- 
treatment in literature. For example, Zaborowska et al. (2023) re
ported that under thermophilic AD conditions, PLA-based cups pre- 
treated by hydrothermal and alkaline treatments lead to a CH4 pro
duction of 448 NLCH4 kgVS− 1. Similarly, Jin et al. (2023) achieved a 
comparable CH4 production (462.6 NLCH4 kgVS− 1) through alkali pre- 
treatment and thermophilic AD of ground PLA pellets. Alkaline and 
thermal pre-treatments are however associated with significant costs, 
energy consumption and environmental issues, affecting the overall 
sustainability of the process. On the other hand, microbial acclimati
zation is cost-effective and environmentally friendly and has the po
tential to be a strategy to promote the circular economy of bioplastics 
(Clagnan et al., 2023; Cucina et al., 2023).

3.1.4. PLA and OFMSW co-digestion
Co-digestion of PLA and OFMSW produced 488 ± 51 NL kgVS− 1(326 

± 31 NLCH4 kgVS− 1) in run 1. At the end of run 2, a significant increase 
in biogas production was achieved (827 ± 69 NL kgVS− 1), i.e. + 69 % if 
compared to run 1 (p < 0.05). No significant difference was seen be
tween runs 2 and 3 (Table 3). Biomethane concentration for PLA + FW 
co-digestion was consistently lower than that observed for OFMSW 
alone, indicating that CH4 content depended by the substrate added, i.e. 
OFMSW containing fat produced biogas with more CH4 (REF) than PLA, 
so that when PLA was added to OFMSW the CH4 content decreased (see 
Table 3 run 2 and 3, run 1 was not considered to inhibition occurred).

Theoretical production, calculated starting form PLA and OFMSW 
mono-digestion, gave similar results to the experimental results indi
cating reproducibility and validating both the experimental work and 
data acquired. These results were a further indication that OFMSW and 
PLA degrade similarly in both mono- or co-digestion (Table 3).

The modified Gompertz kinetics showed an increase of the biogas 
production rate from 42 NL kgVS− 1d− 1 in run 1 (R2 of 0.967) to a rate of 
58 NL kgVS− 1d− 1 in run 2 (R2 of 0.994). A reduction of the lag phase was 
also shown from 17 days to 10 d for run 1 and 2, respectively (Table 4) 
(Fig. 1). Run 3 (R2 of 0.985) showed a slightly reduction of the Rmax 

when compared to run 2 (51 NL kgVS− 1d− 1) and a lag phase of 13 days 
(Table 4). These data indicated that the biogas production rate increased 
with acclimatation. It can be assumed that for run 1 the contribution to 
biogas production came above all from OFMSW degradation as micro
bial adaptation was not required for an efficient degradation (see Sec
tion 3.1.2) and less from PLA degradation. In run 2 and run 3, the 
adaptation of the microbial population to PLA, started to contribute to 
biogas production reducing lag phase. Interesting the lag phase trend 
observed for PLA + OFMSW was the same of PLA mono-digestion. These 
results seem to confirm that microbial adaptation is needed to maximize 
PLA degradation.

3.2. Prokaryotic communities’ characterization

The composition and dynamics of the bacterial communities of all 
treatments (i.e., inoculum, negative control, cellulose, OFMSW, PLA, 
and PLA + OFMSW) were investigated for the three batch runs per
formed (i.e., run 1, run 2, and run 3) through a 16S rRNA sequencing 
analysis with a double couple of primers one dedicated to Bacteria and 
one to Archaea.

3.2.1. Bacteria
Bacterial NGS analysis produced between 151,934 and 219,794 

input reads while between 118,915 and 179,089 reads after DADA2 
assignment (Fig. S2).

When looking at the phyla composition, all samples showed a similar 
composition. Similarly to Clagnan et al. (2023), main phyla (above 2 %) 
across most samples were Firmicutes, Cloacimonadota, Bacteroidota 
and Synergistota with Proteobacteria characterizing the run 3 of all 
treatments (Fig. S3). Proteobacteria, Bacteroidota, Firmicutes, and 
Synergistota have been shown to enhance substrate (often lignocellu
losic) degradation (i.e. hydrolysis, acidogenesis and acetogenesis) (Li 
and Huang, 2024). Firmicutes and Bacteroidetes have been linked to 
process performance and its parameters such as organic loading rate, 
volatile fatty acids concentration, and methane production (Chen et al., 
2016), while Cloacimonadota to mutual metabolic interactions with 
methanogens (Feng et al., 2023).

When looking at the structure at genus level (abundance > 5 %), the 
inoculum was characterized by Fastidiosipila at both run 1 (14 %) and 
run 2 (12 %), a proteolytic and VFAs-producing bacteria (Wang et al., 
2023), with the addition of the thermotolerant organic matter degrader 
Sinibacillus (10 %) at run 2 (Zhen et al., 2021), while run 3 showed the 
presence of the denitrifier Pusillimonas (10 %) (Fang et al., 2023), Sini
bacillus (7 %), and the carbohydrates fermenter Lentimicrobium (5 %) (Li 
et al., 2022) (Fig. 2).

The negative controls were characterized by a similar genera (>5%) 
composition of proteolytic bacteria, denitrifiers and starch, casein, and 
tributyrin hydrolysers with high NH3 tolerance (Perman et al., 2022) 
(Fig. 2).

The positive control (cellulose) showed again a similar composition 
with the addition of an enrichment in Halocella increasing from run 2 
(14 %) to run 3 (27 %) (Fig. 2). Halocella are hemicellulose and starch 
degraders whose growth seems to be impaired by the presence of PLA 
(Zheng et al., 2023; Wahid and Horn, 2021) and it was retrieved for the 
same treatment also in Clagnan et al. (2023).

The OFMSW treatment was characterized by Fastidiosipila (12 %) and 
Halocella (6 %) at run 1. At run 2 Fastidiosipila (8 %) was followed by 
Caldicoprobacter (7 %), another glucose-based acidogen (Xiao et al., 
2024), with a combination of Lentimicrobium (7 %), Halocella (5 %) and 
Caldicoprobacter (5 %), at run 3 (Fig. 2). The PLA treatment was char
acterized again by Fastidiosipila (12 %) with the addition of Tepid
anaerobacter (9 %) at run1. Run 2 showed again the presence of 
Fastidiosipila (7 %) and Acetomicrobium (6 %) with an increase Tepid
anaerobacter (14 %). Tepidanaerobacter (23 %) showed a further increase 
in run 3 accompanied by Lentimicrobium (8 %) (Fig. 2). Similarly to 
Lentimicrobium, Tepidanaerobacter, a lactate-degrading bacterium, is 
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positively linked to propionic and butyric acid accumulation (Xiao et al., 
2024) and has been shown to positively correlate also with the 
increasing methane production from PLA in the thermophilic reactors 
(Cazaudehore et al., 2022b; Clagnan et al., 2023). Its increase in 

abundance over time can be seen as an indication of acclimation of the 
community.

Generally, co-digestion of PLA and OFMSW showed a mixed 
composition of genera (>5%) between PLA and OFMSW mono- 

a

 
b

 
Fig. 2. Bacterial (a) and archaeal (b) communities’ composition at genus level with a >5 % cut-off (Av., n = 2).

Fig. 3. Selection of the most enriched genera across treatments from MaAsLin2 analysis.
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digestion. Run 1 showed the presence of Fastidiosipila (15 %), while at 
run 2 Fastidiosipila (8 %) was followed by Acetomicrobium (6 %) and 
Lentimicrobium (5 %). At run 3, Acetomicrobium (6 %) and Lentimicrobium 
(7 %) were followed by Tepidanaerobacter (8 %) and the H2-producing 
bacteria Clostridium sensu stricto 1 (7 %) (Fig. 2).

Across most samples, genera belonging to the family of W27 and the 
order of MBA03 were further encountered. They are frequently observed 
in cellulose-based biogas reactors, and MBA03 has been found to be a 
potential syntrophic acetate-oxidizer which follows similar trends to 
hydrogenotrophic methanogens (Perman et al., 2022).

When looking at the most enriched genera across all treatments, a 
significant enrichment in Tepidanaerobacter can be further confirmed for 
PLA and PLA + OFMSW. Conversely, OFMSW and PLA + OFMSW 
showed a further enrichment in the proteolytic bacterium Keratinibac
ulum (Fig. 3). The increase in protein and starch degraders is most likely 
driven by a dual cause, the substrate high in starch and protein (due also 
to the increasing biomass from digestate recycling) and secondly as 
protein degraders are directly contributing to PLA degradation as mul
tiple bacterial proteases have been proven to be enzymatically active for 
PLA hydrolysis (e.g. the hydrolytic activity of Bacteroidales protease) 
(Zhu et al., 2023).

3.2.2. Archaea
Archaeal NGS produced between 184,132 and 219,745 input reads 

while between 108,131 and 187,393 reads after DADA2 assignment 
(Fig. S2).

Archaeal phyla composition (above 2 %), included three main phyla, 
all containing methanogens: (i) Euryarchaeota, generally hydro
genotrophic, acetoclastic, methylotrophic, or H2-dependent methylo
trophic (Kumar et al., 2021), (ii) Halobacterota, mainly aerobic 
halophiles that possibly evolved from anaerobic methanogens (Martijn 
et al., 2020), and (iii) Thermoplasmatota that thrives under energy 
limitation thanks to a metabolic potentials for the degradation of aro
matic and halogenated organic compound and alkane utilization (Zheng 
et al., 2022) (Fig. S3).

Considering the most abundant archaeal genera (above 5 %), the 
inocula and the negative controls showed a similar composition with the 
presence of mainly three genera: a candidatus Methanoplasma, and two 
hydrogenotrophic methanogens Methanosphaera (Ros et al., 2017) and 
Methanothermobacter (Tian et al., 2015) (Fig. 2). Candidatus Meth
anoplasma is an understudied methanogen which has been found in the 
AD processes that is however correlated to low methane production 
(Vendruscolo et al., 2020). On the other hand, Methanothermobacter has 
been found to outcompete other methanogens thanks to its syntrophic 
relationship with fatty acid-oxidizers (Yan et al., 2020).

The positive control (cellulose) showed Methanothermobacter as main 
genera at run 1 (97 %), which was retrieved also at run 2 (37 %) together 
with candidatus Methanoplasma (46 %). In run 3, the community 
switched to Methanoculleus (71 %), a genus that has been found in 
literature to positively correlate with high ammonia levels and high 
methane production (Ziganshin et al., 2016) (Fig. 2).

Similarly to cellulose, OFMSW showed Methanothermobacter (78 %) 
at run 1 with a small presence of candidatus Methanoplasma (7 %), 
Methanoculleus (6 %) and Methanosphaera (7 %) while both run 2 and 3 
were characterized by a higher abundance of candidatus Methanoplasma 
(43 % and 32 %, respectively) and Methanoculleus (43 % and 57 %, 
respectively), with traces of RumEn M2 (7 % and 6 %, respectively) 
(Fig. 2).

PLA was characterized across all runs by Methanothermobacter 
(90–97 %) with only a small abundance of Methanoculleus at run 3 (6 %) 
(Fig. 2).

PLA + OFMSW showed, both at run 1 and 3 a high abundance of 
Methanothermobacter (82 % and 86 %, respectively) together with 
Methanoculleus (both 11 %). Run 2 showed a higher abundance of 
Methanoculleus (51 %) than Methanothermobacter (25 %) with also the 
presence of candidatus Methanoplasma (19 %) (Fig. 2).

Ammonia released from AD usually leads to suboptimal conditions 
with methanogens being the most vulnerable to high NH4

+-N concen
trations (Yan et al., 2020). High NH4

+-N suppressed acetoclastic meth
anogenesis to the advantage of hydrogenotrophic methanogens, as seen 
in this study. A genomic analysis of hydrogenotrophic methanogens has 
found that Methanomassiliicoccales and Methanothermobacter carry out 
methanogenesis from methanol and formate (respectively) and H2/CO2 
which is highly exergonic and might lead to a higher ammonia tolerance 
than Methanoculleus from acetate and H2/CO2 (Yan et al., 2020). How
ever, a more recent study has shown how Methanoculleus is consistently 
enriched under inhibitory levels of NH4

+-N pushing CH4 productions 
over other genera such as Methanothermobacter (Finn et al., 2023). The 
same study highlighted how the adaptation of a community leads to a 
higher methanogenesis under suboptimal NH4

+-N concentrations and 
how a successful and robust system is the results not of specific taxa but 
of the constant interaction and redundances between tolerant metha
nogens and other tolerant taxa (i.e. broad-scale tolerance) (Finn et al., 
2023). In this context, when looking at CH4 production, PLA showed a 
trend of lower diversity among the three treatments (OFMSW, PLA +
OFMSW and PLA) (Fig. S4) and a lower abundance of Methanoculleus, 
which might have led to the trend of lower production especially in run 
3.

3.3. PLA degradation vs. Microbial acclimatation

These results appear of great interest considering the upscale po
tential to a full-scale plant treating OFMSW wastes containing bio
plastics. In particular, full scale anaerobic digestion must be able to (i) 
completely degrade PLA therefore avoiding or limiting the content of 
PLA in the final digestate and (ii) maximize biogas production to which 
PLA is contributing (Abraham et al., 2021; Cazaudehore et al., 2022a).

Literature reported that acceptable AD performance in continuous 
stirred-tank reactors (CSTR) allows the achievement 90 % of producible 
biogas (t90) from OFMSW at a HRT of 30 days (Schievano et al., 2011). 
In this work, kinetics analyses performed using experimental data 
indicated that microbial adaptation allowed the reduction of the t90 
from 54 and 40 days to 33–38 and 27–32 days, for PLA mono- and co- 
digestion respectively (Table 4). These enhanced (t90) values obtained 
from PLA mono- and co-digestion are in line with the HRT typically 
applied within the real-scale OFMSW treating plant cited above.

These results showed that microbial acclimation is an efficient 
strategy to achieve a faster PLA biodegradation characterised by a 
shorter lag phase and an increase of the biogas production rate, indi
cating the potential to apply this concept to CSTRs at full-scale leading to 
a more sustainable bioplastic waste management in the context of cir
cular economy. This study is of interest when considering future 
upscaling to full-scale. Microbial acclimation can be applied through 
two main approaches: pre-acclimation of the inoculum to the target 
substrate prior to reactor start-up and gradual in situ acclimation during 
continuous digestion by gradually increasing the organic loading rate. 
While no full-scale CSTR studies have yet implemented these strategies 
for bioplastics, their effectiveness has been demonstrated for other 
complex substrates. For instance, Wojcieszak et al. (2017) showed that 
both pre-acclimation and in situ acclimation enhanced biogas produc
tion and process stability during maize silage digestion, while Gonçalves 
et al. (2012) demonstrated similar improvements using pre-acclimated 
inoculum with olive mill wastewater. These findings strongly support 
the potential applicability of microbial acclimation strategies to the 
industrial-scale AD of bioplastics. Overall, microbial acclimation is 
promising and effective strategy for enhancing biogas production from 
PLA, both in mono-digestion and co-digestion systems. Furthermore, its 
application in the co-digestion of bioplastics with OFMSW will further 
avoid the need for de-packaging, and relative loss of OFMSW, thus 
increasing process profitability.
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4. Conclusions

Microbial acclimation was a strong enhancer of PLA biodegradation 
and biogas production through thermophilic AD both alone and in co- 
digestion with OFMSW. After microbial acclimation, biogas pro
ductions and the kinetic rate of both PLA mono-digestion and co- 
digestion were enhanced and linked to an enrichment in PLA degrad
ing bacteria such as Tepidanaerobacter; these were also characterized by 
a high abundance of hydrogenotrophic Archaea member such as 
Methanothermobacter and Metanoculleus. The time required to degrade 
at least 90 % of PLA was reduced after microbial acclimatation leading 
to a degradation time that is comparable with HRTs commonly used in 
CSTRs of full-scale AD plants. These results suggest that microbial 
acclimation is a useful strategy to improve PLA degradation efficiency 
especially in co-digestion with OFMSW therefore the use of this tech
nique might lead, after further targeted research, to its use in AD full- 
scale plant improving PLA waste management.
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