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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Semi-batch anaerobic digestion ach-
ieved 562 NmL CH4/g VSadded and 281 
NmLCH₄/L-d.

• Carbon mass balance showed 96.09 % 
recovery, with 84.3 % converted to 
biogas.

• Surface erosion was determined as the 
primary biodegradation mechanism.

• The dominance of Methanosaeta suggests 
acetoclastic methanogenesis.

• Digestate exhibited phytotoxicity, sug-
gesting the presence of inhibitory 
compounds.
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A B S T R A C T

This study investigated the bioconversion of poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBH) in batch 
and semi-batch anaerobic digestion systems, focusing not only on methane production and microbial community 
dynamics, but also on the structural changes that occur during degradation and the potential use of the resulting 
digestate as a soil enhancer. Both systems operated under mesophilic conditions (37 ± 2 ◦C) and stable pH (7.9 
± 0.2). The batch system achieved a methane yield of 550.5 ± 78.79 NmL CH₄/g VS added over 50 days, with a 
typical sigmoidal methane production pattern. A carbon mass balance analysis indicated a 96.09 % recovery, 
with 47.62 % of the carbon converted to methane. SEM, FTIR and XRD analyses of the partially degraded ma-
terial showed that the anaerobic biodegradation of PHBH was characterized by surface erosion and weight loss, 
with minimal changes in crystallinity. Conversely, the adaptation of the microbial community to 93 days of 
continuous PHBH feeding allowed the achievement of a stable methane yield of 562.34 ± 44.97 NmL CH₄/g VS 
added, along with a corresponding volumetric methane production rate of 281.17 ± 22.48 NmL CH₄/L-d. 
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Microbial community analysis, at pseudo-steady state, revealed the dominance of Methanosaeta, Anaerolineaceae, 
and Thermovirga in driving the anaerobic digestion of PHBH via acetoclastic methanogenesis. Despite high 
methane production efficiency, digestate toxicity tests using perennial ryegrass indicated phytotoxic effects on 
seed germination, highlighting the need for further investigation to characterize inhibitory compounds and 
develop mitigation strategies.

1. Introduction

Plastic pollution remains a critical global issue with significant 
consequences for environmental ecosystems and human health. Studies 
have shown that the extensive use of plastics, particularly single-use 
items like grocery bags and face masks, poses challenges for waste 
management systems (Ahamed et al., 2021; Selvaranjan et al., 2021). 
Due to the increasing demand for plastic products, it is essential to 
explore strategies for implementing circular economy practices and 
improving plastic waste management to mitigate their environmental 
impact (Ganguly and Chakraborty, 2024). In this context, the use of 
bioplastics has emerged as a sustainable alternative to conventional 
plastics, offering advantages such as biodegradability, reduced reliance 
on fossil fuels, and lower environmental impact. The bioplastics market 
can be strengthened by developing efficient waste management systems 
that ensure proper collection, recycling, and end-of-life treatment, 
maximizing their environmental and economic benefits (Atiwesh et al., 
2021). Among various bioplastics, polyhydroxybutyrate-co-3-hydrox-
yhexanoate (PHBH) has gained attention for its biodegradability and 
mechanical properties, making it suitable for applications in packaging, 
agriculture, and medical devices (Eraslan et al., 2022).

Anaerobic digestion (AD) represents a promising method for man-
aging bioplastic waste while simultaneously producing bioenergy (in the 
form of biogas) and digestate which has the potential to be used as 
fertilizer (Cucina et al., 2021; Slepetiene et al., 2020). Several studies 
have investigated the effectiveness of AD in the degradation of different 
bioplastics under various conditions (Cazaudehore et al., 2022; Cazau-
dehore et al., 2023a). To date, research on the anaerobic degradation of 
PHBH has been limited exclusively to batch test studies (García- 
Depraect et al., 2024). While batch systems provide initial insights into 
degradation rates and biogas yield, it is worthy to note that the batch 
mode present limitations in accurately simulating full-scale continuous 
AD systems (Dolci et al., 2022). Furthermore, batch tests fail to capture 
key aspects of anaerobic degradation, such as long-term process stabil-
ity, methane productivity, organic loading rates, and the impacts of 
continuous feeding on factors such as nutrient depletion, microbial 
acclimatization, and the accumulation of toxicants (Koch et al., 2020). 
Recently, microbial acclimatization in semi-continuous digesters has 
been reported as a key factor in promoting the enrichment of microor-
ganisms capable of degrading bioplastics, such as starch-based bio-
plastics (SBS) and polylactic acid (PLA) (Clagnan et al., 2023). In this 
context, bioplastics have been shown to shape the microbial community 
structure during AD (Bandini et al., 2022). However, how PHBH may 
influence the microbiome driving the AD process remains unknown. In 
this context, a more in-depth investigation into the continuous AD of 
PHBH, as well as the specific microbiome composition driving the pro-
cess, is essential to advance understanding and optimize process 
performance.

The present study aims at investigating the methanization of PHBH 
in both batch and semi-batch AD systems. Additionally, the structural 
transformation of PHBH during degradation was analyzed using 
analytical techniques, i.e., X-ray diffraction (XRD), Scanning electron 
microscopy (SEM), and Fourier transform infrared spectroscopy - 
attenuated total reflectance (FTIR-ATR). In addition, the microbial 
community structure enriched during the continuous feeding of PHBH 
was characterized. Finally, this study evaluated the digestate derived 
from the semi-batch PHBH AD through phytotoxicity testing, using 
perennial ryegrass as a model seed species. The novel contributions of 

this study are as follows: i) it provides the first comparative analysis of 
PHBH methanization under batch and semi-batch operational systems, 
including a taxonomic analysis of the microbiota involved; ii) it in-
vestigates structural changes in PHBH during the degradation process; 
and iii) it evaluates the phytotoxic potential of PHBH-derived digestate 
as a preliminary step toward assessing its viability as a safe and efficient 
alternative soil amendment.

2. Materials and methods

2.1. Plastic material and inoculum

In this study, PHBH sheets with a thickness of 0.9 mm were used as 
the substrate. The PHBH, represented by the chemical formula 
[(C4H6O2)m(C6H10O2)n], has the copolymer composition of <10 mol% 
3-hydroxyhexanoate (3HH), with the remainder consisting of 3-hydrox-
ybutyrate (3HB). Elemental analysis using Energy-Dispersive X-ray 
Spectroscopy (EDAX) confirmed that the PHBH sheet comprised 68.51 
% carbon and 31.49 % oxygen (see Supplementary material). Anaerobic 
sewage sludge, sourced from the domestic wastewater treatment plant 
in Valladolid, Spain, was employed as the inoculum. A comprehensive 
analysis of the physical and chemical properties of the sludge was car-
ried out prior to its use in the study. Total solids (TS) and volatile solids 
(VS) were found to be 19.26 g/kg and 11.85 g/kg, respectively. Total 
dissolved organic carbon was 117.65 mg/L, dissolved inorganic carbon 
was 797.06 mg/L and ammonia nitrogen was 941.73 mg/L. The pH was 
measured to be 7.97 ± 0.2.

2.2. Batch mode

Biochemical methane potential (BMP) tests were conducted to assess 
the anaerobic biodegradability of PHBH. The methanogenic sludge was 
preincubated for 7 days at 37 ± 2 ◦C to minimise the background 
methane production. A working volume of 0.5 L anaerobic sewage 
sludge in 2.1 L glass digesters under mesophilic conditions (37 ± 2 ◦C) 
was used for the experiment. In the experimental setup, nine digesters 
were operated in total, consisting of three blank controls containing only 
inoculum and six dedicated to the degradation of PHBH. The blank 
controls were used to measure baseline methane production from the 
inoculum, allowing for normalization to account for any residual 
methane activity originating from the inoculum. Additionally, three 
PHBH digesters in the BMP test were randomly terminated during the 
exponential methane production phase to collect partially degraded 
bioplastic samples for investigating the structural changes occurring 
during methanization. Approximately three PHBH sheets, each 
measuring 3 × 3 cm, were added to each BMP bottle, corresponding to a 
total of 2.96 g based on the VS composition of the sludge, maintaining a 
food-to-microorganisms (F/M) ratio of 0.5 (VS basis) consistent with 
previous studies (Shrestha et al., 2020). Sodium bicarbonate (NaHCO3) 
at the concentration of 5 g/L was added as a buffering agent to avoid 
acidification of the system. Final pH remained at 7.9 ± 0.2 for all con-
ditions tested. The anaerobic condition was maintained by sealing the 
digesters with butyl rubber septa and aluminium caps, which were then 
purged with helium gas (Abello Linde, Barcelona, Spain) at 0.5 bar for 5 
min. Digesters were incubated at 37 ± 2 ◦C in a Wheaton roller appa-
ratus (Scientific Products, USA) at 4.5 rpm. Biogas production was 
monitored every alternate day, and cumulative methane production was 
calculated by the standard manometric method (García-Depraect et al., 
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2023; Himanshu et al., 2017) along with the determination of biogas 
composition by GC-TCD. The experiment concluded once the daily 
methane production dropped below 1 % of the total cumulative methane 
production for three consecutive days (Angelidaki et al., 2009; García- 
Depraect et al., 2022b). On completion of the incubation period, the 
samples were analyzed for weight loss, pH, dissolved inorganic carbon, 
and total organic carbon. Ultimately, the fate of the carbon introduced 
into the system was determined by performing a carbon mass balance 
analysis. The total carbon recovery was calculated as a percentage of the 
initial carbon input by quantifying the carbon distributed among in-
termediates and end-products. This included the carbon content of 
VFAs, organic and inorganic carbon in the liquid effluent, gaseous car-
bon in the forms of carbon dioxide and methane (García-Depraect et al., 
2022a). The carbon content associated with the residual material was 
also included in the analysis. The amount of residual PHBH material was 
measured by sieving it through a 1 mm mesh and rinsing with tap water. 
It was also assumed that 10 % of the total initial carbon was incorpo-
rated into the biomass (Chernicharo, 2007).

2.3. Semi-batch mode

An anaerobic digester with a total volume of 3.1 L (2 L working 
volume) was operated for 112 days, using the same methanogenic 
inoculum as in the batch tests, to establish a stable microbial community 
responsible for methane production from PHBH. The pH remained at 7.9 
± 0.2, while the temperature and mixing rate were kept constant at 
37 ◦C and 200 rpm, respectively, throughout the operation. The digester 
was initially filled with 2 L of inoculum and 1 g of PHBH. To provide 
buffering capacity and to prevent exhaustion of micronutrients in the 
system, the following components were also added at the start of the 
experiment: KH2PO4 (0.27 g/L), Na2HPO4⋅12H2O (0.44 g/L), NH4Cl 
(0.53 g/L), CaCl2⋅2H2O (0.075 g/L), MgCl2⋅6H2O (0.1 g/L), FeCl2⋅4H2O 
(0.027 g/L), Na2S⋅9H2O (0.1 g/L), and NaHCO3 (5 g/L). The digester 
was operated in batch mode for the first 5 days of operation. From day 6 
to day 99, 1 g of PHBH was fed into the digester every day to achieve an 
organic loading rate (OLR) of 0.5 g VS/L-d. To add the plastic, the 
stirring was temporarily stopped for 1 min, during which square pieces 
of plastic, approximately 0.5 cm in size, were added. This involved 
opening one of the ports on the digester lid for 10–15 s to introduce the 
plastic. After the plastic was added, the port was promptly sealed with a 
butyl rubber stopper, and the stirrer was then reactivated. On day 99, 
the continuous feeding of PHBH was halted to assess the methane pro-
duction from residual materials still present in the digester. No liquid 
was added or removed from the digester throughout the entire experi-
ment, except for the periodic sampling of 5 mL for VFAs, pH and 
microbiological analysis, with the total volume collected remaining 
below 5 % of the reactor’s total volume. It is worth mentioning that the 
working volume of the reactor remained relatively constant throughout 
the experiment, despite the continuous addition of PHBH, likely due to 
the effective polymer degradation and conversion of its by-products into 
biogas. Routine analysis of biogas production and composition was 
performed using a liquid displacement gasometer and GC-TCD, respec-
tively. Weekly assessments of pH and VFA were also conducted 
following the onset of exponential methane production to ensure 
optimal reactor performance, avoiding excessive acidification.

2.4. Analytical techniques

Standard methods were employed for the determination of solids 
(American Public Health Association, 1995). Headspace overpressure in 
the BMP bottles was measured using an IFM electronic PN7097 pressure 
transducer, while the gas composition was measured using gas chro-
matography equipped with a thermal conductivity detector (GC-TCD), 
Varian CP-3800, USA. Gas samples from the headspace were injected 
into the GC-TCD using a 100 μL gas-tight syringe. The GC-TCD setup was 
equipped to detect a range of gases, including carbon dioxide, methane, 

hydrogen sulphur, nitrogen, and hydrogen; however, this study priori-
tized methane and carbon dioxide measurements as key indicators of the 
AD performance. Separation of CO2 and CH4 was achieved using CP- 
Molsieve 5A and CP-PoraBOND Q capillary columns. Helium served as 
the carrier gas. Cumulative methane yield was calculated according to 
Angelidaki et al. (2009). Methane production efficiency was calculated 
as the percentage of experimental methane yield relative to the theo-
retical methane yield (Raposo et al., 2011). The total organic carbon 
(TOC), inorganic carbon (IC), and total nitrogen (TN) concentrations 
were analyzed using a Shimadzu TOC-VCSH analyzer equipped with a 
TNM-1 chemiluminescence module. VFA profiles were established using 
a gas chromatograph (Agilent 7820A) equipped with a flame ionization 
detector and a TEKNOKROMA NF29370-F packed column. The GC oven 
temperature was programmed for a gradient increase from 135 ◦C to 
180 ◦C, with a final hold at 180 ◦C. Nitrogen served as the carrier gas, 
while hydrogen and air were utilized for the flame ionization detector. 
Prior to all analyses, the samples were prepared by centrifugation at 
10,000 rpm for 10 min, followed by filtration through a 0.2 μm filter, 
and then acidification using concentrated sulfuric acid.

2.5. Characterization of the bioplastic

To investigate the structural changes that occur during the anaerobic 
degradation of PHBH, partially degraded plastic fragments were 
collected from the BMP tests, specifically from three batch digesters that 
were randomly sacrificed on day 25, corresponding to the exponential 
phase of methane production. These fragments were rinsed with water, 
air-dried at 37 ◦C overnight, and then weighed. Subsequently, instru-
mental analyses were performed to assess structural changes. Crystal-
linity assessment was performed using XRD analysis on a Bruker 
Discover D8 instrument. The XRD was operated in wide-angle mode 
with 40 kV and 30 mA, employing an average wavelength of λ = 1.54 Å. 
Diffractograms were recorded from 5◦ to 50◦ at 2θ, with a 0.02◦ angular 
increment at room temperature (Farrag et al., 2022). OriginPRO 2022b 
software was utilized to process the diffraction patterns and determine 
crystallinity levels. Morphological changes were investigated using SEM 
analysis with a QUANTA 200 FEG instrument operating in high vacuum 
mode. Prior to imaging, samples were sputter-coated with gold for 60 s 
to enhance conductivity and image quality. Elemental mapping was 
conducted using the EDAX Genesis system. Chemical structure modifi-
cations were analyzed via FTIR-ATR analysis using a Thermo Scientific 
Nicolet iS50 spectrometer Spectra were acquired in the range of 4000 to 
400 cm− 1 (Yan et al., 2021). An untreated PHBH sample served as a 
control for all analyses, allowing for a comparative assessment of the 
biodegradation-induced changes.

2.6. Microbial analysis

Triplicate digestate samples (R1, R2, R3) were collected at three 
different time points (Day 42, day 63, day 92) during the pseudo-steady 
state of the semi-batch reactor to gain insights into the dominant mi-
crobial communities driving the AD of PHBH. The total genomic DNA 
extraction was performed using FastDNA™ SPIN Kit for Soil according 
to the manufacturer’s instructions and quantified using Qubit™ dsDNA 
HS assay kits. The obtained DNA samples were sequenced, targeting the 
V4-V5 region of 16S rRNA by Novogene, Europe. The primer set 515F- 
944R was used to PCR amplify the hypervariable region V4-V5 to 
study the bacterial community. Meanwhile, the V4 region was targeted 
using the 519F-806R primer set to study the archaeal community. 
Phusion® High -Fidelity PCR Master Mix (New England Biolabs) was 
used to perform all PCR amplifications. Following the purification, 
quantification, and library preparation of the PCR-amplified target re-
gions, 250 bp paired-end reads were generated by sequencing on the 
Illumina NovaSeq platform. The raw sequences obtained were trimmed 
using Cutadapt (v3.3) with default parameters to remove the adaptors 
introduced during the library preparation process. Subsequently, the 
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trimmed reads were merged using FLASH (v1.2.11) (Magoč and Salz-
berg, 2011), which merges the overlapping reads of opposite ends of the 
same DNA fragment. Fastp (v0.23.1) was used for quality filtering, 
resulting in high-quality reads (Q20). Chimera sequences detection was 
performed by comparing the quality-filtered sequences with the refer-
ence database and was removed using the vsearch package (v2.16.0) 
(Edgar et al., 2011). To identify unique amplicon sequence variants 
(ASVs), denoising was performed using DADA2, implemented within the 
QIIME 2 software package. The high-quality reads were used for species 
annotation against the reference database (Silva database v138.1 (16S) 
and the Micro_NT database) (Quast et al., 2013). The phylogenetic 
relationship of the annotated sequences was built using the MUSCLE 
software (v3.3.31) (Edgar, 2004). Subsequent alpha, beta diversity an-
alyses and data visualization were performed using R software (Version 
4.0.3). The raw sequence data has been deposited in the NCBI GenBank’s 
Sequence Read Archive (SRA) under BioProject accession number 
PRJNA1162757.

2.7. Digestate phytotoxicity test

Seed germination assays with perennial ryegrass (Lolium perenne) 
were used to assess digestate toxicity and its potential as a fertilizer, 
following established methods (Xu et al., 2021; Zhang et al., 2015). The 
assay involved exposing seeds to various concentrations of soluble ele-
ments in digestate to determine potential phytotoxic effects. The 
digestate was collected on day 99 from the semi-batch anaerobic 
digester. The digestate was centrifuged at 11,000 rpm for 5 min and 
filtered using 47 mm filter paper to remove solid particles, including 
residual bioplastic, ensuring a uniform liquid phase for a more accurate 
analysis. For the phytotoxicity assessment, final concentrations of 10 %, 
20 %, and 40 % digestate were prepared by diluting the filtrate with 
sterile distilled water. Healthy grass seeds, carefully selected for their 
intact embryos, were only used in this test. Distilled water served as the 
positive control. All dilutions and the control were assessed in triplicate, 
with each replicate consisting of fifteen seeds in a 90 mm diameter Petri 
dish lined with filter paper, moistened with 2 mL of each digestate 
dilution. To maintain moisture and prevent seed desiccation, 1 mL of the 
respective digestate concentration was added after 48 h. The seeds were 
then incubated in the dark at 25 ◦C for 96 h. The seed germination index 
assessing the combined effects of seed germination and the root devel-
opment, was monitored as an indicator of phytotoxicity. This index is 
mathematically expressed as the product of the relative seed germina-
tion (the germination rate of treated seeds compared to control seeds) 
and the relative root length (the root length of treated seeds compared to 
control seeds), with the result expressed as a percentage (Martínez-Cruz 
and Rojas-Valencia, 2024).

2.8. Data analysis

All experimental data were obtained from triplicate measurements, 
with standard deviations calculated to assess data variability. The vol-
umes of biogas reported were normalized to standard temperature and 
pressure conditions (0 ◦C and 1 atm). The kinetics of methane produc-
tion in the batch tests were evaluated using the modified Gompertz 
model (Eq. 1), where H represents the total cumulative methane pro-
duction (NmL), λ denotes the lag phase duration (days), t is the culture 
duration (days), P signifies the maximum cumulative methane produc-
tion (NmL), Rm refers to the maximum specific methane production rate 
(NmL CH4/g VS-d), and e is the Euler’s number, approximately equal to 
2.71828. 

H (t) = P exp
{

− exp
[
Rm • e

P
(λ − t)+1

]}

(1) 

3. Results and discussion

3.1. Biogas production

Notable differences in the dynamics of methane production were 
observed between the batch and semi-batch operation systems, indi-
cating distinct behaviours in the biodegradation kinetics of PHBH. In 
batch-mode operation, the methane production exhibited a typical 
sigmoidal pattern, characterized by an initial lag phase lasting approx-
imately 12 days (Fig. 1). As the inoculum used was not adapted to PHBH 
(as the only carbon source), the observed lag phase likely reflects the 
time required for microbial communities to acclimate and initiate the 
hydrolysis of the polymer (Bandini et al., 2022; Ryan et al., 2017). 
Following this acclimation period, a pronounced exponential increase in 
methane production was observed over the subsequent 28 days, indi-
cating active microbial involvement in substrate metabolization. 
Around day 40, the batch-mode system entered a stationary phase 
(Fig. 1A). This reduction in methane production suggested the depletion 
of methane precursors, indicating the end of the batch process. The 
cumulative methane yield was calculated to be 550.5 ± 78.79 NmL 
CH4/g VS added (the calculated methane yield for the digesters sacri-
ficed for PHBH characterization is provided in the supplementary file). 
The biodegradation kinetics of PHBH in the batch system were analyzed 
using the modified Gompertz model, which provided a strong fit to the 
experimental data (R2 = 0.9962 ± 0.0021; Fig. 1). The model estimated 
a maximum methane potential (P) of 601.4 ± 87.2 NmL CH₄/g VS 
added. In addition, the maximum daily methane production rate was 
estimated to be 157.1 ± 10.6 NmL CH4/L-d (Fig. 1B). Throughout the 
BMP test, VFA levels remained low, in the range of a few mg/L, with 
acetate showing a transient increase from 2.75 mg/L to 12.76 mg/L 
during the exponential methane production phase before decreasing to 
9.03 mg/L by the end of the experiment, Other VFAs, such as propionic 
acid and butyric acid, remained below 2 mg/L (see Supplementary 
material).

Additionally, a carbon mass balance analysis was conducted to 
elucidate the fate of carbon during BMP tests (Table 1). The total carbon 
recovery was 96.09 % consistent with accepted ranges for experimental 
studies (García-Depraect et al., 2022a). A significant portion, 47.62 %, 
was converted to methane, while 36.68 % was recovered as gaseous CO₂, 
resulting in a combined 84.3 % carbon recovery in biogas. Furthermore, 
1.07 % and 0.63 % of the carbon were recovered as dissolved inorganic 
carbon and total organic carbon in the liquid phase, respectively, with a 
minimal contribution from VFAs (0.09 %) indicating near-complete 
conversion of intermediates and a well-balanced AD process 
(Cazaudehore et al., 2023b). It should be noted that the carbon fate 
analysis considered that 10 % of the carbon present in the substrate was 
converted into microbial biomass (Chernicharo, 2007; García-Depraect 
et al., 2022a), which could explain the unaccounted carbon fraction 
(3.91 %). Finally, the measurements of residual material obtained at the 
end of the batch test showed that only a negligible amount (0.0001 %) 
remained as undegraded PHBH.

In contrast, the semi-batch system displayed a distinct methane 
production behaviour, characterized by an initial lag phase (days 6–15), 
followed by a sharp but temporary increase in methane production (days 
16–38), and a subsequent transition to steady-state methane production 
(day 39–99) (Fig. 2A). The criterion used to define steady-state methane 
production was a 15 % variation in recorded daily methane yields over a 
three-week period. Under pseudo-steady conditions, the average 
methane productivity achieved was 281.17 ± 22.48 NmL CH4/L-d, 
while the methane content in the produced biogas was approximately 
58 % (v/v) (Fig. 2B). During the lag phase, microbial communities un-
dergo acclimatization, synthesizing and releasing extracellular enzymes 
essential for hydrolysis of PHBH (Zhu et al., 2023). The accumulation of 
substrate due to the continuous supply of PHBH, combined with the 
temporary inability of the microbiota to hydrolyze and further metab-
olize the PHBH material, probably explains the lag phase observed. The 
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temporary increase in methane production (peak at 1275.91 NmL CH4/g 
VS added with an associated methane productivity of 639.30 NmL CH4/ 
L-d) could be attributed to the completion of the acclimation period. 
Acclimated microbiota began to produce and metabolize methane pre-
cursors such as acetate, which showed a significant increase from 2.75 
mg/L to 2959.51 mg/L at the peak of methane production (Fig. 2A and 
C). When the process reached a pseudo-steady state, acetic acid levels 
averaged 29.76 mg/L, while other VFAs, including propionic and 
butyric acids, dropped below the detection limit (Fig. 2C). During the 
subsequent pseudo-stable phase, an average methane yield of 562.34 ±
44.97 NmL CH4/g VS added was recorded for over 60 days. The recorded 
methane output closely aligns with the theoretical yield of approxi-
mately 585.62 NmL CH₄/g VS from PHBH, as calculated by (Reischwitz 
et al., 1997), indicating a methane production efficiency of 98.54 %. 
This correspondence indicates that daily methane output was equivalent 

to the expected methane yield from the daily PHBH feed (0.5 g VS/L-d), 
indicating a steady-state balance in methane production. Finally, after 
observing consistent methane production over an extended period in 
semi-batch mode, the reactor operation was terminated by halting the 
PHBH feed on day 99. The observed decreasing trend in methane pro-
duction indicates the gradual depletion of methane precursors, with 
methane production ceasing completely by day 112 (Fig. 2A). Overall, 
the results presented here demonstrate that the AD process is an effec-
tive end-of-life treatment for PHBH-based products. It is worth 
mentioning that further studies are needed to evaluate reactor perfor-
mance at higher OLRs. Also, future studies should focus on evaluating 
continuous anaerobic digesters operating on a mix of food waste or 
OFMSW and bioplastics, which entails a more realistic scenario for 
existing full-scale biogas plants.

3.2. Characterization of degradation pattern of PHBH

Visual inspection revealed that the bioplastic retained its structural 
sturdiness despite pronounced surface degradation, evidenced by the 
formation of pits and pores indicative of microbial activity, as confirmed 
by SEM analysis (Fig. 3A). Additionally, the XRD spectrum (Fig. 4A) 
demonstrated the preservation of the polymer’s crystalline structure, 
with minimal variation in the intensity of characteristic diffraction 
peaks at 2θ values of 13.49◦, 16.90◦, 21.81◦, 25.49◦, 27.13◦, and 30.31◦

(Farrag et al., 2022). The crystallinity index, calculated as the ratio of 
crystalline to amorphous peak areas within the 5–40◦ at 2θ range, 
remained relatively unchanged, further supporting the visual observa-
tion of structural sturdiness. The observed pattern of pore formation, 
combined with persistent crystallinity and a weight loss of approxi-
mately 52.85 ± 4.90 %, suggests that the degradation was likely driven 
by the non-uniform activity of extracellular microbial enzymes, which 
preferentially target susceptible regions (Bonartsev et al., 2012). In 
addition, the elemental mapping using EDAX coupled with SEM further 
confirmed a depletion of carbon-rich components within the eroded 
areas compared to the intact PHBH, providing additional evidence of 

Fig. 1. Time course behaviour of (A) cumulative methane yield and (B) methane production rate during the batch anaerobic digestion of PHBH.

Table 1 
Carbon fate during the batch anaerobic digestion of 
PHBH.

Fate of carbon Carbon (%)

DIC 1.07
DOC 0.63
CO2 gas 36.68
CH4 47.62
VFAs 0.09
Microbial growth ~10 %
Residual PHBH 0.0001
*Total recovery 96.09

*Carbon mass balance was assessed by comparing pre- 
and post-digestion carbon levels, assuming that bio-
degraded PHBH carbon was diverted to methane (CH4), 
carbon dioxide gas (CO2 gas), dissolved organic (DOC) 
and inorganic (DIC) carbon and new biomass (García- 
Depraect et al., 2022a). It was assumed that 10 % of the 
total initial carbon was incorporated into biomass 
(Chernicharo, 2007).
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degradation (Fig. 3B). These findings support the hypothesis of surface 
erosion, a degradation mechanism primarily attributed to the action of 
extracellular microbial enzymes. While both surface and bulk erosion 
can occur during polymer degradation, the limited diffusion of enzymes 
into the polymer matrix typically favours surface erosion in biological 
systems (Dotson et al., 2024).

Further, the FTIR-ATR analysis of the control and partially bio-
degraded material PHBH samples revealed several key spectral features 
indicative of chemical modifications that the polymeric structure un-
derwent during its degradation (Fig. 4B). A broad peak at 3250–3650 
cm− 1, corresponding to -OH stretching, was observed primarily in the 
control sample, with reduced intensity in the treated sample, suggesting 
polymer breakdown through hydrolysis. The presence of C–C and C–H 
stretching vibrations observed at 2935 cm− 1 and 2860–3000 cm− 1, 
respectively, confirmed the aliphatic nature of the polymer backbone. 
This characteristic is attributed to the repeating aliphatic chains in the 
–[O–CH(CH₃)–CH₂–CO]– (3HB) and –[O–CH(CH₂(CH₂)₃CH₃)–CH₂–CO]– 
(3HH) units within the copolymer. The C–H stretching vibrations are 
attributed to the presence of the methyl (CH₃) and methylene (CH₂) 
groups present in both the shorter 3HB and the 3HH units. Notably, a 
reduction in the intensity of these peaks in the treated sample, indicates 
fragmentation of the long aliphatic chains, reflecting a change in the 
PHBH structure. A characteristic carbonyl (C=O) peak at 1700–1750 
cm− 1, corresponding to the ester functional groups in the PHBH struc-
ture, was observed with varying intensities in both samples. The reduced 
intensity of this peak in the treated sample suggests a decrease in the 
number of intact ester linkages, indicating polymer degradation, further 
supporting polymer degradation (Coates, 2006; Nandiyanto et al., 
2022). Unlike the 1500–4000 cm− 1 region used for functional group 
identification, the fingerprint region (500–1500 cm− 1) contains com-
plex, unique vibrational patterns specific to each compound, making it 
ideal for comparing treated and untreated samples (Coates, 2006; 
Nandiyanto et al., 2022). In this study, while both spectra exhibited 
similar peak patterns in the fingerprint region, the partially biodegraded 
material showed overall reduced peak intensities, indicating the 
breakdown of the polymeric structure of PHBH (Xu et al., 2019).

3.3. Microbial community analysis

The quality control (QC) metrics for the obtained sequence data of 
samples R1, R2, and R3 (see Supplementary material) highlight the 
reliability and accuracy of the sequencing results. All three samples 
consistently exhibited high-quality scores, with Q20 > 98 % and Q30 >
93 %, confirming the robustness of the sequencing data. During the 
pseudo-steady state of methane production, the microbial diversity 
within the anaerobic digester was evaluated through several alpha di-
versity metrics, including Chao1, Shannon Index, and Simpson indices. 
Both bacterial and archaeal communities exhibit a prokaryotic richness 
average of around 174 and 177, respectively, indicating the involvement 

of diverse microbiome in the system. The bacterial community showed 
richness values of 191, 193, and 140 for samples R1, R2, and R3, 
respectively, while the archaeal community exhibited richness values of 
225, 133, and 173 for the same samples. This observed variation in 
species richness across the sample points reflects the distinct microbial 
community structures. The relatively lower richness observed in R3, 
particularly within the bacterial community, suggests a more specialized 
microbial profile. The periodic addition of PHBH likely promoted the 
establishment of a specialized microbial community optimized for the 
efficient degradation of PHBH, thereby promoting methane production 
(Bandini et al., 2022; Clagnan et al., 2023). Additionally, other metrics, 
such as the Shannon Index, which evaluates both species richness and 
evenness, yielded values of 4.801 for R1, 4.718 for R2, and 4.717 for R3 
for the bacterial community, and 3.812 (R1), 2.42 (R2) and 3.02 (R3) for 
the archaeal community. These results indicate the presence of complex 
microbial ecosystems typical of AD systems (Zhang et al., 2021). The 
Simpson index, which evaluates species evenness and dominance, 
showed values of 0.919 for R1, 0.924 for R2, and 0.935 for R3 in the 
bacterial community, and 0.798 (R1), 0.543 (R2), and 0.637 (R3) for the 
archaeal community. The observed relatively similar Shannon index 
values and higher Simpson index values reflect a greater evenness in 
species distribution across all samples for bacteria. In the case of 
archaea, the lower Simpson index suggests a less even distribution and 
potentially higher dominance of certain archaeal species in the semi- 
batch reactor. These results highlight the stabilization of the microbial 
community within the anaerobic digester, indicating a well-established 
community.

A Principal Coordinate Analysis (PCoA) was conducted using Bray- 
Curtis, Jaccard Index, and Weighted UniFrac distances to evaluate the 
similarities and differences between samples. While the overall micro-
bial community structure appeared broadly similar across the samples, 
minor variations were observed. The PCoA results, particularly with 
respect to Bray-Curtis distance and the Jaccard Index (Supplementary 
material), revealed a separation between the microbial communities of 
R1 and R3, with R2 occupying an intermediate position. This suggests 
that R2 may represent a transitional stage between R1 and R3, indi-
cating a progression in microbial community composition over time. 
This observation was further supported by the alpha diversity analysis, 
which revealed significantly higher diversity in R1 and R2, with rela-
tively lower diversity in R3. Regarding the archaeal communities, R2 
and R3 exhibit greater similarity, while R1 comprises a slightly distinct 
community profile. This observed temporal shift in microbial commu-
nity composition suggests an adaptive response to the continuous supply 
of PHBH (Clagnan et al., 2023).

As observed from alpha and beta diversity analysis, this pattern in-
dicates a selective enrichment of microbial populations specialized in 
PHBH bioconversion to methane, highlighting the dynamic nature of 
microbial communities. This dynamic nature of microbial communities 
was effectively captured by performing UPGMA (Unweighted Pair 

Fig. 2. Time course behaviour of (A) methane yield, (B) biogas composition, and (C) organic acids profile and pH during the semi-batch anaerobic digestion 
of PHBH.
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Group Method with Arithmetic Mean) clustering based on Weighted 
UniFrac distance. The resulting dendrogram (Fig. 5) emphasizes the 
difference in the abundance of specific microbial groups as the semi- 
batch anaerobic digester evolved and stabilized.

Taxonomic analysis of the microbial communities during the pseudo- 
steady state revealed a diverse and complex ecosystem. Firmicutes, 
constituting 45.85 % (on average) of the total microbial population, 
emerged as the dominant phylum in this study. This observation is 

consistent with previous research that emphasizes the crucial role of 
Firmicutes in AD, particularly during the hydrolysis and acidogenesis 
stages (Yu et al., 2023). Members of this phylum are well-known for 
their ability to break down complex organic compounds into simpler 
molecules, thereby initiating the early phases of the digestion process 
(Le et al., 2024; Westerholm and Schnürer, 2019). The high abundance 
of Firmicutes in the digester indicates a strong hydrolytic potential, 
supporting the breakdown of organic matter and facilitating the 

Fig. 3. (A) Morphological changes observed via Scanning Electron Microscopy (B) and elemental mapping by EDAX showing carbon depletion in eroded regions of 
PHBH in samples drawn on day 25.
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subsequent stages AD. The second most abundant phylum was Cloa-
cimonadota, which accounted for an average of 18.03 % of the total 
community. Cloacimonadota has been reported as an understudied 
bacterial lineage frequently associated with engineered and wastewater 
systems (Johnson and Hug, 2022). On average, Bacteroidota, which is 
commonly associated with the fermentative processes in the acidogenic 
phase of AD (Braz et al., 2018; Loughrin et al., 2023), accounted for 12.6 
% of the microbial population. Additionally, Chloroflexi, with an average 
relative abundance of 9.6 %, possesses hydrolase-coding genes that 
facilitate the breakdown of complex polymers into simpler monomers 
(Nierychlo et al., 2019). The role of Synergistota, which on average 
recorded a relative abundance of 6.4 %, in the anaerobic degradation of 
PHBH remains elusive. However, members of this phylum have been 
reported to be involved in syntrophic interactions with methanogens 
(Hardy et al., 2021; Tukanghan et al., 2021).

In contrast to the relatively stable bacterial community, the archaeal 
community exhibited notable variations across samples, indicating a 
dynamic archaeal structure with distinct phyla dominating at different 
stages of the system’s progression. The most dominant archaeal phylum 
was Halobacterota, constituting an average of 67.26 % of the archaeal 
community. Its abundance increased significantly over time, from 49.90 
% in R1 to 79.26 % in R2 and 72.63 % in R3. This upward trend suggests 
that Halobacterota plays a pivotal role in the methanization of PHBH. 
Halobacterota has been found in other anaerobic digesters systems 
(García-Depraect et al., 2024; Ottoni et al., 2022). Euryarchaeota, the 
second most prevalent phylum, accounted for an average of 11.62 % of 
the archaeal community. However, unlike Halobacterota, Euryarchaeota 
exhibited a decreasing trend, being more prominent in R1 (18.13 %) and 
R2 (13.25 %), with a marked decline in R3 (3.49 %). The observed 
decrease in our study may highlight the dominant role of Halobacterota 
as the system acclimates, leading to a relative reduction in Euryarchaeota 
(Fig. 5). Other archaeal phyla, such as Thermoplasmatota (2.14 %) and 
Crenarchaeota (0.41 %), were present in smaller proportions, suggesting 
their more limited role in the overall archaeal community.

At the genus level (Fig. 6A), Anaerolineaceae, representing 6.83 % of 
the bacterial population, was prominently identified, aligning with the 
observations of Jin et al. (2022) during the AD of poly(3-hydrox-
ybutyrate-co-4-hydroxybutyrate). The role of Anaerolineaceae has been 
linked to the hydrolysis stage (Liang et al., 2016). Another significant 
genus identified was Thermovirga, representing 6.13 % of the bacterial 
community. Although less commonly linked to bioplastic degradation, 
its ability to ferment proteinaceous compounds and carbohydrates likely 
contributes to the metabolism of intermediate products generated dur-
ing polymer breakdown, thus enhancing the efficiency of the AD process 

(Dahle and Birkeland, 2006).
The archaeal community was predominantly composed of aceto-

clastic methanogens, with Methanosaeta comprising 63.01 % (on 
average) of the archaeal population (Fig. 6B). This genus is crucial for 
the direct conversion of acetate to methane and carbon dioxide (Smith 
and Ingram-Smith, 2007), suggesting that the methanization of PHBH 
primarily occurred through acetoclastic methanogenesis. Other notable 
methanogenic genera included Candidatus Methanofastidiosum (9.49 %), 
Methanoculleus (3.65 %), Methanobacterium (1.88 %), and Meth-
anomassillicoccus (1.85 %). These findings are consistent with the study 
by Liang et al. (2015), which identified Anaerolineaceae and Meth-
anosaeta as dominant microbes in systems exposed to long-chain alkanes 
for extended periods, highlighting their critical roles in the degradation 
of complex polymers like PHBH (Liang et al., 2015). The observed co- 
dominance of Anaerolineaceae and Thermovirga, with the prevalence of 
Methanosaeta and other methanogens, suggests a well-adapted microbial 
community for effective PHBH degradation. In this system, Anaeroli-
neaceae, along with other hydrolytic bacteria, likely initiates the 
breakdown of PHBH polymers, followed by Thermovirga and other 
genera involved in the breakdown of the resulting intermediates. 
Methanosaeta, supported by other methanogenic genera, converts these 
by-products into methane. It is worth noting that the microbiological 
results here observed provide valuable insights for the methanization of 
PHBH. However, future research integrating co-digestion (organic waste 
with bioplastics) with genome-centric metagenomic analysis could 
deepen our understanding of microbial roles, key enzymes, and their 
contributions to methane production during the AD of biodegradable 
bioplastics.

3.4. Digestate phytotoxicity testing

A concentration-dependent decrease in the germination index was 
observed with increasing digestate concentrations, resulting in complete 
inhibition at 20 % and 40 % concentrations, while 10 % digestate led to 
a drastic 70 % drop in the germination index compared to the control 
(Fig. 7A-B). The control set-up achieved a germination rate of approxi-
mately 84 %. Representative images of seeds showing complete and 
delayed germination are provided as supplementary material. Notably, 
some seeds at the 20 % digestate concentration exhibited delayed 
germination, characterized by minimal root growth (<1 mm). Despite 
visible signs of germination, these seeds were classified as ungerminated 
to ensure a consistent and unbiased evaluation of germination. This 
inhibitory effect observed on seed germination aligns with a recent 
study revealing the complex effects of bioplastics on soil and plant 

Fig. 4. Characterization of the partially degraded PHBH (A) XRD Spectra (B) FT-IR Spectra.
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systems (Brown et al., 2023). PHBV bioplastics, when loaded onto soil at 
proportions exceeding 1 % of the total soil composition, significantly 
altered soil metabolomes and microbial communities, negatively 
affecting plant health and metabolic function (Brown et al., 2023). 
These findings suggest the presence of phytotoxic compounds within the 
digestate, likely VFAs and ammonia which could directly interfere with 
cellular processes essential for germination. These compounds might 
disrupt membrane integrity, enzyme activity, or hormonal signalling 
pathways critical for embryo activation and radicle emergence. 
Although VFA levels and total ammonia nitrogen levels (1.2 ± 0.2 g/L) 
were recorded to be below the inhibitory threshold for AD (Yang et al., 
2024), these concentrations may have exerted phytotoxic effects on seed 
germination (Wang et al., 2022). Future investigation should identify 
specific inhibitory compounds within the digestate matrix and under-
stand their interactions and impacts on plant growth. Despite these 
inhibitory effects, the byproducts of PHBH have been reported to indi-
rectly benefit soil health. It has been reported that 3HB, a monomer of 
PHBH, has a positive effect on soil microbiota but a negative effect on 
plant growth by reducing nitrogen availability (Brtnicky et al., 2022). 
The phytotoxic effects observed in the digestate may pose risks for direct 

agricultural application and require careful management and further 
analysis to understand the inhibition mechanisms and develop mitiga-
tion strategies. Alternative strategies, such as co-digestion with food 
waste or nutrient-rich organic matter, could provide potentially bene-
ficial results as a soil amendment. Expanding the study to include pot 
plant assays and germination tests will provide a more comprehensive 
understanding of the latent impact of digestates derived from the 
methanization of organic waste containing biodegradable bioplastics 
and their degradation by-products on plant growth and development.

4. Conclusions

This study provides a comprehensive analysis of the AD of PHBH 
under batch and semi-batch conditions. The batch system demonstrated 
the effective AD of PHBH, achieving a cumulative methane yield of 
550.5 NmL CH4/g VS added and a carbon recovery of 96.09 %, with 
84.3 % converted to biogas. Structural analyses confirmed surface 
erosion as the primary biodegradation mechanism. In contrast, the semi- 
batch system with continuous feeding of PHBH allowed stable methane 
production, with an average yield of 562.34 NmL CH4/g VS added and a 

Fig. 5. Relative abundance of (A) bacterial and (B) archaeal communities at the phylum level during the semi-batch anaerobic digestion of PHBH under pseudo- 
steady-state conditions.
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methene productivity of 281.17 NmL CH4/L-d. The consistent substrate 
input supported microbial adaptation and ensured efficient degradation 
over extended periods. Microbial community analysis revealed that 
Methanosaeta dominated the archaeal population, suggesting aceto-
clastic methanogenesis as the primary methane production pathway. 
However, digestate phytotoxicity tests indicated inhibitory effects on 
seed germination, emphasizing the need for further investigation into 
inhibitory compounds and mitigation strategies. Overall, operational 
strategies that enhance microbial adaptation and degradation should be 
prioritized for the efficient anaerobic degradation of biodegradable 
bioplastics such as PHBH. In particular, future research should focus on 

the implementation of continuous operation and co-digestion with 
complex bioplastic mixtures commonly found in urban biowaste.
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