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ABSTRACT

Continuous-flow anaerobic digestion (AD) of wheat straw (WS) is often limited by volatile fatty acid (VFA) accumulation at
low inoculum-to-substrate ratios (ISRs). Here, biochar (8.0g/L) recovered methane production in overloaded systems (ISR
0.5, HRT 12days), increasing yields by 658.45mL/g-VS. Microbial analysis revealed a shift from Methanomicrobiaceae to

Methanosarcinaceae dominance upon biochar addition, correlating with mcrA gene upregulation. This strategy enhances the

AD of refractory feedstocks without diluting the organic load. The results offer insights into optimizing biogas systems treating

low-biodegradability feedstocks at low ISRs, highlighting biochar's potential to stabilize performance and enrich functional mi-

crobial communities under stress conditions.

1 | Introduction

Anaerobic digestion (AD) provides sustainable and environ-
mentally friendly solutions for treating various organic wastes
(Molatudi et al. 2025). However, it is estimated that even up to
70%-90% of digestate remains undigested (Czekala et al. 2022;
Romio et al. 2022), pointing to inefficiencies in the AD process
that are often linked to the biodegradability of the substrate.
Highly biodegradable materials, such as glucose, degrade
rapidly and may cause excessive volatile fatty acids (VFAs)

accumulation, leading to process inhibition (Cai et al. 2016).
Conversely, hardly biodegradable substrates like lignocellu-
losic biomass (e.g., wheat straw [WS]) are resistant to microbial
breakdown due to their complex chemical structure composed
of cellulose, hemicellulose, and lignin (van Meerbeek et al. 2014;
Liu et al. 2019). These differences necessitate tailored opera-
tional strategies, including substrate pretreatment and careful
adjustment of the inoculum-to-substrate ratio (ISR). Among
these strategies, the interaction between ISR and biochar sup-
plementation in continuous systems remains poorly understood.
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ISR represents the proportion of the inoculum and substrate in
the reactor. The inoculum is a nutrient-rich digestate sourced
from an existing successful reactor to start the process of the
new AD. It is an important parameter affecting biodegradabil-
ity and is linked to the hydrolysis rate and methane production
(Johnravindar et al. 2022). Although the influence of ISR on the
AD process has been widely studied using batch experiments
(Valentin and Biatowiec 2024a), recent papers presenting results
of research conducted on lab-scale continuous-flow anaerobic
digestion (CFAD) at different ISRs remain scarce. This knowl-
edge gap is particularly critical for understanding ISR-micro-
biome interactions in continuous-flow systems. Nevertheless, it
can be assumed that low ISRs improve yields, but pose a risk of
instability in CFAD, due to increased organic loading rate (OLR)
(Elliott et al. 2024).

The potential of biochar to address ISR-related instability has
gained attention in recent studies. While proper ISR manage-
ment can address some challenges associated with substrate
biodegradability, additional interventions, such as biochar
(BC) supplementation, may further enhance system stability
and performance. For example, Ngo et al. (2024) claimed that
semi-continuous reactors treating chicken manure exhibited an
8.4-fold improvement in methane production (demonstrating
increased chemical oxygen demand removal and maintaining
lower total ammonia concentrations at the same time) with
BC supplementation, compared to control reactors. Similar
findings were presented by Zhang et al. (2024) who stated
that BC increased methane yield in anaerobic membrane bio-
reactor treating ammonia-rich swine wastewater by enriching
Syntrophomonas and Methanosarcina/Methanospirillum under
ammonia stress. Furthermore, Shao et al. (2025) introduced
magnetic BC into semi-continuous AD of substrates with vari-
ous C/N ratios, observing alleviated acid inhibition and mitiga-
tion of ammonia accumulation in the carbon- and ammonia-rich
reactors, respectively. Noteworthy, magnetic BC promoted the
hydrogenotrophic methanogenesis pathway in carbon-rich re-
actors, whereas acetoclastic methanogenesis was enhanced in
ammonia-rich reactors.

Interestingly, Wambugu et al. (2019) found that during AD of
food waste (FW), the biogas volume produced by the treatments
with BC supplementation was lower than that produced by the
control reactors in batch experiments; however, BC enhanced
the AD performance of a continuous upflow anaerobic sludge
blanket reactor. The reasons behind these observations require
further research. Particularly, the role of biochar under different
ISR conditions in continuous systems needs clarification. On
the other hand, Elliot et al. reported that in the BC-amended,
bench-scale semi-continuous AD of high-strength source-
separated industrial wastewaters, maintained at ISR 3.5, biogas
yields were lower than expected, while stability was possible at
high hydraulic retention times (HRTs) (30 and 45days) (Elliott
et al. 2024). In the mentioned study, Methanosarcina was linked
to the increased biomethane production.

Despite increasing interest in carbon materials-amended CFAD,
the role of BC in microbial dynamics, especially of hardly biode-
gradable biomass at low ISRs, remains unresolved. Based on the
literature review, however, one can hypothesize that BC could
act as a factor enriching stress-tolerant Methanosarcinaceae

under prone-to-instability conditions of low ISR, thus restoring
biomethane production. This hypothesis is particularly relevant
for continuous systems where low ISR operation is economically
favorable but operationally challenging.

To fill the existing knowledge gap, in the current study, sub-
strates with varying biodegradability—glucose (high), FW (me-
dium), and WS (low)—were used under different influent ISR
(2.0 and 0.5), and BC was supplemented close to the end of the
experiment. Beyond biomethane production, other parameters,
like VFA concentrations, methyl-coenzyme M reductase (mcrA)
gene copy numbers, and microbial shifts, were monitored
throughout the experiment to better demonstrate the ISR-BC-
microbiome nexus in CFAD.

2 | Materials and Methods
2.1 | Substrates, Inoculum, and Biochar

Glucose (GL), FW, and WS were used as substrates. The major
components of simulated FW were vegetables (31.2%), bread
(23%), meat (15%) (den Boer et al. 2023), fruits (24.8%), and oth-
ers, including rice (4%) (Nagao et al. 2012). The fresh FW was
dried at 105°C for 24 h and underwent size reduction by grinding
and screening to particles below 1.0mm. After the size reduc-
tion, the FW was homogenized in a stainless-steel blender and
stored in a freezer until further use (Chakraborty et al. 2022).
Glucose (Geyer, Poland) was used without further modifica-
tion. A quantity of air-dried WS was ground using an electrical
stainless-steel grinding machine to a particle size of <2.0mm.
The inoculum was acquired from an agricultural biogas plant
that treats FW and farming residues (mostly potatoes and sugar
beets) and was processed as described previously (Valentin
et al. 2023). Wood biochar (BC) pyrolyzed at 500°C for 120min
was used (8.0g/L) as a supplement on days 76 to 95 of the exper-
iment, during the shortened HRT.

2.2 | Anaerobic Digestion Test

The experiment was performed in two types of reactors. First,
the AD was done using batch reactors to measure the biometh-
ane potential and substrate biodegradability. Next, the AD
process was performed in a continuous-flow reactor setup to
study the influence of ISR and HRT on biomethane production
from the AD of the substrates with different biodegradability
(Figure 1).

In the batch experiment, an automatic methane potential test
system (AMPTS) (BPC Instruments AB, Lund, Sweden) with 15
reactors (500 mL) was used with a working volume of 400 mL.
The ISR were 2.0 and 0.5. ISR 2.0 is considered to provide op-
timal conditions for microorganisms, while ISR 0.5 is deemed
to contain high organic material that may result in process
disturbance (IEA Bioenergy 2018). The produced biomethane
was automatically measured and recorded. The biomethane
generated from the AD of the substrates was obtained by sub-
tracting the amount of biomethane produced by the inoculum
from the total biomethane produced by the mixture of the sub-
strate and inoculum (Valentin et al. 2023). To understand the
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FIGURE1 | Flow chart of the experiment.

kinetics of biomethane production, the BMP was fitted into
the Modified Gompertz model discussed in previous studies
(Namal 2020; Valentin and Bialowiec 2024b). The biodegrad-
ability expressed as the biomethane production constant rate,
k (d71), of the substrates obtained from the Gompertz model,
and the specific biomethane production was modeled in a qua-
dratic fit using the Statistica Software described above. The k
values were calculated by dividing R, by P. The statistical
parameters of the models were assessed in terms of the root
mean square error (RMSE) (Nguyen et al. 2019), coefficient
of determination (R?) (Pererva et al. 2020), and mean abso-
lute deviation (MAD). The theoretical biomethane potential
(TBMP) mL/g-VS of the substrates was estimated using the
Buswell and Mueller stoichiometric formulas (Buswell and
Mueller 1952).

The continuous-flow experiment was conducted in bioprocess
control (BPC) with 6 identical reactors. Each reactor had a total
volume of 2.0L, and the working volume was set to 1.8L. The
reactors were initially filled with inoculum and were fed daily
with a mixture of substrate and new inoculum. Reactors 1, 2,
and 3 were maintained at ISR2.0 and were labeled GL2, FW2,
and WS2, representing variants with glucose, FW, and WS, re-
spectively. Reactors 4, 5, and 6 were maintained at ISR0.5 and
were labeled GL0.5, FWO0.5, and WS0.5, representing variants
with glucose, FW, and WS, respectively. The experiment com-
menced with a HRT set at 20days, achieved by introducing an
influent of 90mL/day for 40days. Subsequently, from day 41 to
55, the HRT was shortened to 15days, corresponding to an in-
creased feeding rate of 120mL/day. From day 56 until the end

of the experiment, the feeding rate was increased to reach a
12-day HRT equivalent to a volumetric feed rate of 150 mL/day
(Table 1). At GL2.0 and GLO.5, the OLR were 1.42 and 5.38g-VS/
day, respectively. Similarly, FW2.0 and FWO0.5 had OLR values
of 1.39 and 4.91 g-VS/day, while WS2.0 and WS0.5 had OLR val-
ues of 1.36 and 4.60g-VS/day, respectively. At the onset of day
76, BC was introduced into the influent (8.0g/L) (Valentin and
Biatowiec 2024b).

2.3 | Analytical Method

The TS, VS, VM, and AC of the feedstock, biochar, inoculum,
and digestate samples were determined in a thermogravimet-
ric analyzer (TGA) (Mettler Toledo) (Torquato et al. 2017).
The thermal decomposition of the BC and digestates was de-
termined under a nitrogen atmosphere (50mL/L). The tem-
perature ranged from 30°C to 950°C at a 10°C/min heating
rate. An aluminum oxide crucible (70 uL) was used. The fixed
carbon was obtained by FC=100-VM-AC (Pulgarin-Muiioz
et al. 2025). The C, H, N, and S were measured with the use
of an elemental analyzer (PerkinElmer, 2400 CHNS/O Series
II, Waltham, MA, USA). On that basis, the carbon-relative
molar mass of the materials was calculated (Biatowieca and
Syguta 2025). The pH values of the BC and substrates were
measured at a ratio of 1:20 (w/v) in water after being shaken
for 24h at 130rpm (Zheng et al. 2013).

The functional groups were analyzed using a Thermo Scientific
Nicolet iZ10 FT-IR spectrometer, a module of the Nicolet iN10
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TABLE1 | Matrix of the continuous-flow experiment.

Phases

1 to 40days

41 to 55days

56 to 75days 76 to 95days

ISR  Substrate Label HRT OLR BC HRT

OLR BC HRT OLR BC HRT OLR BC

2.0 Glucose GL2 20 0.85 0 15

2.0 Food FW2 20 0.83 0 15
waste

2.0 Wheat WS2 20 0.82 0 15
straw

0.5 Glucose GLO.5 20 3.23 0 15

0.5 Food FWO0.5 20 2.94 0 15
waste

0.5 Wheat WS0.5 20 2.76 0 15
straw

1.14 0 12 1.42 0 12 1.42 8.0
1.11 0 12 1.39 0 12 1.39 8.0
1.09 0 12 1.36 0 12 1.36 8.0
4.30 0 12 5.38 0 12 5.38 8.0
3.92 0 12 491 0 12 491 8.0
3.68 0 12 4.60 0 12 4.60 8.0

Abbreviations: BC, biochar concentration (g/L); HRT, hydraulic retention time (Days); OLR, organic loading rate (g-VS/Day).

MX microscope, equipped with a Smart iTX accessory fea-
turing a diamond plate. Attenuated Total Reflection-Fourier
Transform Infrared (ATR-FTIR) analyses were performed at a
spectral resolution of 4cm™!, with each spectrum representing
the average of 32 scans within the 400-4000cm~! wavenum-
ber range.

The substrates, biochar, inoculum, and digestate from the re-
actor representing days 55 to 75 (no BC) and from days 76 to
95 (BC phase) were characterized using SEM-EDX. The dried
sample specimens were mounted onto aluminum stubs using
double-sided carbon tape and coated with gold for 400s using an
ion sputter coater (Edwards Scancoat Six Sputter Coater). The
samples were then examined using a scanning electron micro-
scope (Zeiss Evo LS15), with random regions of each specimen
analyzed. Scanning electron microscopy (SEM) equipped with a
field emission (FE) gun enables high-resolution imaging, provid-
ing detailed insights into the three-dimensional ultrastructure
of macerated tissues. A semi-quantitative elemental analysis
of the BC samples was performed using energy-dispersive X-
ray spectrometry (EDX) with a Quantax 200 XFlash detector
(Bruker, Berlin, Germany) operating at 20kV. The detected sur-
face elements were quantified as weight percentages (wt.%), and
elemental maps (O, Mg, K, Pb, Si, P, Ca, Fe) were generated to
visualize their spatial distribution on the BC surface.

To get a deeper understanding of the process, digestate samples
were analyzed for qualitative and quantitative VFA content.
Samples were collected atdays 0, 5, 20, 40, 47, 55, 60, 65, 70, 76, 81,
87, and 95 and were analyzed for specific VFA contents. Samples
taken during the AD were protected by freezing at —20°C and
thawed at room temperature before analysis. Defrosted sam-
ples were centrifuged at 10°C at 4500rpm for 10 min. Samples
were diluted in Milli-Q water and re-centrifuged at 10°C for
5min at 15000 rpm. Ultra-Performance Liquid Chromatography
(U-HPLC) was used for quantitative and qualitative analy-
sis using the UltiMate 3000 System (ThermoFisher Scientific,
UK). The VFA 10mM standard solution (Volatile Free Acid
Mix, CRM46975, Merck, Poland) was used to prepare calibra-
tion curves. Standards were stored at 4°C, according to the

manufacturer's guidelines. The ethanol standard was purchased
from the Geyer company. HyperREZ XPCarbohydrateH+8 um
column (Thermo Scientific, Waltham, MA) and isocratic elution
were used to determine the concentration of VFA (and other
components such as ethanol). Identification of analytes was
performed with the UV/VIS-DAD detector at 208 +1nm, and
a refractive index (RI) detector (Shodex, Ogimachi, Japan) was
used simultaneously. 0.25mM trifluoroacetic acid was used as
eluent, the flow rate was 1.1 mL/min, and the column tempera-
ture was 35°C (isocratic elution). Data analysis was performed
using Chromeleon 7.1 Software.

2.4 | Microbial Analysis
2.4.1 | Genomic DNA Extraction

Genomic DNA was extracted from 25 samples in total, collected
from the continuous-flow experiment. Precisely, one sample
of inoculum and 24 samples from 6 bioreactors were collected
in 4 sampling campaigns (representing HRT 20, 15, 12, and 12
with BC supplementation). DNA was extracted using a DNeasy
PowerSoil Pro kit (Qiagen), according to the manufacturer's
instructions. The quality and concentration of each DNA sam-
ple were measured using a NanoDrop (ThermoScientific). The
gDNA was then subjected to quantitative PCR (qQPCR) and next-
generation sequencing (NGS) analyses.

2.4.2 | Real-Time PCR

Real-time PCR (qPCR) was conducted to detect and quantify the
mcrA gene, known to code methyl-coenzyme M reductase in all
methanogens (Aydin et al. 2015), and the 16S rRNA gene, present
in all bacteria and archaea (Maeda et al. 2003). For this purpose,
the DyNAmo ColorFlash SYBR Green qPCR Kit (ThermoFisher
Scientific) was used according to the manufacturer's instruc-
tions. All reactions were run in a CFX96 Touch Real-Time PCR
Detection System (BIO-RAD). The details of the reactions are
presented in the Supporting Informations (Tables S6-S8).

40of 14

GCB Bioenergy, 2025

85U8017 SUOWIWOD BA1ER1D 8ot [dde au) Aq peusenof ale Sap1e YO 8sN J0 S9INJ 10} ARIq1T 8UIUO /8|1 UO (SUOIPUOD-PUR-SLLIBI WD A8 | M AReq Ul |Uo//Sthy) SUORIPUOD pue swie | 84} 88S *[5202/TT/ST] Uo ArigiTauluo AB[IM ' 1O AISIBAIUN Me[D0IM - 38IMOfe!g BZIpuy Ag 0600£ AG0B/TTTT OT/I0P/W0D A8 1M AReIq 1 pUI|UO//SANY WOy POpeolumoq ‘2T ‘5202 ‘L0LTLSLT



2.4.3 | Next-Generation Sequencing

The bacterial metabarcoding full-length 16S rRNA gene was
amplified, and the library was prepared according to the ONT
16S Barcoding Kit 24V14 protocol. As full-length 16S rRNA
primers used in the ONT kit (27F and 1492R) do not amplify ar-
chaeal 16S rRNA sequences, we also amplified shorter 16S rRNA
gene fragments with primers ARC344f-mod and Arch958R-mod
under PCR conditions. Libraries for archaeal 16S rRNA PCR
products were prepared using the Native Barcoding Kit 96 V14,
according to the producer’'s manual. Both archaeal and bacterial
16S rRNA fragments were separately pooled, cleaned, and se-
quenced using Oxford Nanopore Technologies (ONT) MinION
sequencer along with R10.4.1 flow cells (50k reads per sam-
ple minimum). Bacterial and archaea ONT raw data were ba-
secalled with the GPU version of Dorado (https://github.com/
nanoporetech/dorado) using a super high accuracy (sup) base
calling model. Quality control of the reads was analyzed with
PycoQC along with MinIONQC and trimmed using Porechop
(https://github.com/rrwick/Porechop) along with Chopper, ac-
cording to quality control results. Finally, a quantitative anal-
ysis tool MetONTIIME (QIIME2 long reads implementation)
(Matoute et al. 2024), was used for species identification and
statistical differential analyses within sequenced metabarcoded
samples. The dataset used in the manuscript has been deposited
in the NCBI database under accession numbers: SRR33159634-
SRR33159658 and SRR33185919-SRR331185943 for bacterial
and archaeal samples, respectively.

3 | Results
3.1 | Properties of Materials

The properties of the feedstock, inoculum, and BC are presented
in the Supporting Information (Section S1). The physical and
chemical properties were assessed through FT-IR, thermal deg-
radation, and elemental distribution.

3.2 | Anaerobic Digestion Experiment

The cumulative BMP of the tested substrates (GL, FW, and
WS) from the batch test is shown in Figure 2. At ISR 0.5, the
BMP from FW, WS, and GL were 245.1, 228.6, and 86.4mL/(g-
VS), respectively, while at ISR 2.0 they were 298.5, 212.3, and
275.0mL/(g-VS), respectively. This translates to conversion ef-
ficiency, relative to the theoretical biomethane, of 73.70% for
GL2.0 and 27.52% for GLO0.5, while 49.87% and 53.72% for WS2.0
and WSO0.5, respectively.

The kinetic parameters for the fitted cumulative BMP in the
Modified Gompertz model shown in Table 2 indicate that the
highest predicted biomethane yields were 298.54mL/(g-VS) for
FW2 and 275.04 mL/(g-VS) for GL2. The data for both FW2 and
GL2 demonstrated a strong fit with the model, yielding high
coefficients of determination of 0.916 and 0.915, respectively.
However, reactors under ISR 0.5 showed poor fitting, suggesting

350 1 l 1 I 1 l 1 l 1 l 1 l 1
| —8— GL2——FW2—e— WS2 GL0O.5—8—FW0.5—#— WS0.5—>— Control L
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FIGURE2 | The cumulative biomethane production from the batch test anaerobic digestion of GL-glucose, FW-food waste, and WS-wheat straw

at ISR 2.0 and 0.5.
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that lower ISRs may introduce variability or inhibition in the
system, reducing the model's ability to accurately predict BMP
under these conditions.

The specific methane production (SMP) and the daily methane
production (DMP) from the AD of the substrates maintained
at an ISR of 2.0 and 0.5 for 95days are shown in Figure 3A,B,
respectively. The digestates from the test were analyzed, and
the results are presented in the Supporting Informations
(Section S2). Overall, the average SMPs of the reactors at

TABLE 2
straw at ISRs 2.0 and 0.5.

ISR2.0 are higher than the group at ISR0.5. During the ini-
tial HRT, stabilization period (day 1 to 20), the average SMP
from GL2, FW2, and WS2 were 401.74 + 35.63, 401.70 £45.77,
and 273.19 +51.02mL/(g-VS), respectively, which are respec-
tively 28.69%, 22.13%, and 44.77% higher than GL0.5, FWO0.5,
and WSO0.5 (Table 2). Analysis of variance shows that aver-
age SMPs in the reactors are significantly lower (p<0.05)
across the HRTs. The least significant difference (LSD) test
indicated that SMPs for GL2.0 and FW2.0 are statistically in-
significant in all HRTs. The cumulative SMP also shows that

| The kinetic parameters of the modified Gompertz equation of the predicted biomethane production of glucose, food waste, and wheat

Predicted BMP, Biodegradability
Variants [mL/(g-VS)] R,.., [mL(g-VS/day)] Lag phase, [day] RMSE R? (k), [day']
GL2.0 277.09 2.23 —-0.25 15.63 0.95 0.0080
GLO0.5 112.97 0.04 0.0 12.59 0.294 0.0002
FwW2.0 295.78 2.00 -0.10 18.66 0.916 0.0068
FWO0.5 254.07 0.51 1.74 37.55 0.770 0.0020
WS2.0 193.80 0.61 -0.16 18.91 0.884 0.0031
‘WSO0.5 223.73 0.43 1.54 30.30 0.813 0.0019
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FIGURE 3 | (A) The specific methane production (mL/(g-VS)); and (B) Daily methane production (mL/day) during the AD of GL, WS, and FW

at ISR 2.0 and 0.5, and HRTs 20, 15, and 12.
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FIGURE4 | Changes in the volatile solids of the digestate from the anaerobic digestion of glucose, wheat straw, and food waste.

ISR2.0 reactors are higher across the substrates and HRTs
(Table S6). The same trend was observed in the succeeding
HRTs. A similar result was observed that high ISR increased
methane production by ~20% (Xiao et al. 2022). When consid-
ering the theoretical BMP, GL2 had the highest average con-
version efficiency at 94.57% +16.10%, followed by FW2 and
GLO0.5 at 77.15% +11.17% and 68.00% +11.81%, respectively.
Lower efficiencies at 58.92%+7.98%, 55.87%=*7.21%, and
30.42% + 5.53% were observed from FWO0.5, WS2, and WS0.5,
respectively. In the final phase, when BC was added, all reac-
tors, except WSO0.5, decreased in the SMP. The average SMP at
WSO0.5 during the BC phase was 140.70 mL/(g-VS), which is
~40% higher compared to the previous phase (days 56 to 75)
under the same HRT with an average SMP of 100.10 mL/(g-
VS). Considering the increase in SMP, the BC addition was
only effective for WS0.5. The group of reactors at ISRs 0.5 ac-
cumulated TVFA. During the BC phase, the TVFA dropped
to 11.74g/L.

In terms of the DMP (Figure 3B), the group of ISR 0.5 reactors
is higher than ISR 2.0. On average, GL0.5, FW0.5, and WSO0.5
had DMP of 1135.35, 1074.95, and 489.90 mL/day, which are
64.3%, 63.8%, and 46.5% higher than GL2.0, FW2.0, and
WS2.0, respectively. Adding BC increased the DMP for WSO0.5
at 647.63 mL/day, which is 44% higher than the previous phase
at450.25mL/day. The highest DMP of 1297.30 mL/day was ob-
served at GL0.5 at HRT 12 (days 56 to 75) but it decreased to
1120.31 mL/day during the BC addition. A similar observation
was reported from the AD of grass silage that showed meth-
ane yield decreased at higher loading (ISR 0.53) (Benito and
Greger 2017).

Figure 4 shows the changes in the VS of the digestate from
the reactors. WS0.5 had the highest VS among the reactors,
indicating the high amount of organic matter in the digestate,
which was not degraded. This explains the low biomethane

production in WS0.5. GL2.0 and FW2.0 are lower in VS concen-
tration, ascribed to the lower concentration and high substrate
biodegradability.

The highly biodegradable substrates like GL and FW are sus-
ceptible to fast accumulation of VFA (Cai et al. 2016). The WS
has TVFA below the inhibition limit, allowing the microor-
ganisms to degrade the substrate continuously. The same sub-
strates and ISRs were verified in a batch-type AD experiment.
The result from the batch-type reactor confirms the result
obtained from the continuous-flow reactor. The cumulative
methane from GL2 was 9039.69 mL/(g-VS), while at GLO.5, it
was 262.83mL/(g-VS). In the case of glucose, the overloaded
reactor (GLO.5) ceased to produce methane on day 3, and the
pH had reached 4.0. For FW, the cumulative methane for FW2
was 9452.42mL/(g-VS), while FW0.5 was 5696.03 mL/(g-VS).
The cumulative methane from the WS from both ISRs is close
to each other, where at WS2, it was 5413.48 mL/(g-VS) while
at WSO0.5 it was 4900.67 mL/(g-VS), compared to FW and glu-
cose, where overloading the reactor resulted in a significant
decrease in methane production.

3.3 | Analysis of VFA Distribution

To complement the results of determining the total amount of
volatile fatty acids (TFVAs), a detailed analysis was carried
out to determine the distribution of the acids in the samples.
VFA analysis was carried out using Ultra High-Performance
Liquid Chromatography, and the results are shown in
Figure 5. Higher VFAs (acetic and propionic) production was
observed for the three tested substrates in reactors with an
ISR of 0.5. At ISR2.0, only small amounts of propionic acid
were detected at a few measurement points. On the last day
of HRT (day 20), for ISR 2.0, a comparable amount of acetic
acid was observed, which decreased by more than half at the

GCB Bioenergy, 2025

7 of 14

85U8017 SUOWIWOD BA1ER1D 8ot [dde au) Aq peusenof ale Sap1e YO 8sN J0 S9INJ 10} ARIq1T 8UIUO /8|1 UO (SUOIPUOD-PUR-SLLIBI WD A8 | M AReq Ul |Uo//Sthy) SUORIPUOD pue swie | 84} 88S *[5202/TT/ST] Uo ArigiTauluo AB[IM ' 1O AISIBAIUN Me[D0IM - 38IMOfe!g BZIpuy Ag 0600£ AG0B/TTTT OT/I0P/W0D A8 1M AReIq 1 pUI|UO//SANY WOy POpeolumoq ‘2T ‘5202 ‘L0LTLSLT



0

0.4
0.0 ﬂ y e e 3
5

1.0 1 1 1 " 1 ‘_I' 1 1 1 1 1 1 1 I '0 1 1 1 " 1 ‘;' 1 1 Lol 1 1 1
AHRT20 | HRTIS HRTI2 | HRTI2(BC) B HRT20 | HRTI5S HRTI2 HRTI(BC)
0.8 l | 0.8 -
Acetic Acid - GL2 } B {'
2'0.6 - Ml Propionic Acid - GL2 L 0.6 [0 Acetic Acid- FW2 % -
: Il Propionic Acid - FW2
E 0.4
L 0.2

0.0+ EI

0 5 204047556065707681879‘5

0.2 N
0.0 I # N | L

0 40 47 55 60 65 70 76 81 87 95

20 40 47 55 60 65 70 76 81 87 95
1.0 1 1 1 L 1 1 1 1 1 6 L L L L | L L 1 1 1 L L
c D L
0.8 Acctic Acd - WS2 1 Acctic Acid - GLOS
[l Propionic Acid - WS2

Il Propionic Acid - GL0.5 {»

h

0 5 20 40 47 55 60 65 70 76 81 87 95

tr

-

3 | [ Acetic Acid - FW0.5

[l Propionic Acid - FWO0.5

0 5

Time, [Days]

Il

20 40 47 55 60 65 70 76 81 87 95

: | I
3 [ Acetic Acid- WS0.5
Il Propionic Acid - WS0.5

4 r -
34 r
24 -
1 L
04 i

0 5 20 40 47 55 60 65 70 76 81 87 95
Time, [Days]

FIGURE 5

| Specific volatile fatty acid concentrations during fermentation. (A) reactor with glucose at ISR2, (B) food waste at ISR2, (C) wheat

straw at ISR2, (D) glucose at ISR0.5, (E) food waste at ISR0.5, and (F) wheat straw at ISRO.5.

next measurement point for each of the reactors with ISR 2.0.
At ISRO.5, both acetic and propionic acids were observed. As
shown in Figure 5D, where ISR was 0.5, and glucose was the
substrate, the highest concentration of acetic acid was mea-
sured at 4.35g/L on day 65 of the experiment, corresponding
to the midpoint of HRT 12. For this reactor, significant dif-
ferences in the ratio of acetic to propionic acid were also ob-
served in the final phase of the experiment, starting from day
76. This reactor also recorded the highest amount of propionic
acid, which peaked at 3.71 g/L on day 87. For the reactor using
FW at ISRO.5, the acetic acid level was maintained at a stable
level from day 47 of the experiment, ranging from 2.19g/Ltoa
maximum of 3.67g/L. In the reactor where WS was used as a
substrate at ISRO0.5 (Figure 5F), the acetic acid level remained
similar throughout the experiment, with its highest amount
recorded on day 70 (at the final phase of HRT12).

Application of more complex substrates such as FW and WS,
which also had a variety of other nutrients in their composi-
tion, indicates that they preserve the process under more stable

conditions of acetic to propionic acid ratio (ISR0.5). At the same
time, similar amounts were released into the fermentation
medium.

3.4 | Real-Time PCR and NGS

The qPCR results (ratios of the mcrA to 16S rRNA gene copy
numbers) (Figure 6) illustrate the prevalence of the mcrA gene
in the total microbial population. At HRT12, the gene copy
numbers at GL2.0 and WS2.0 increased. In general, before the
BC addition, the relative abundances of mcrA were higher at
ISR2.0, indicating that overfeeding the reactors could suppress
gene expression. It was previously shown that in AD of FW car-
ried out at high OLRs, the highest relative abundance of mcrA,
mcrB and merG genes was noted on the first day of the experi-
ment (Zhao et al. 2021), suggesting the overloading of the sys-
tem. Interestingly, during the BC phase, the relative abundance
of mcrA increased significantly for WS0.5, indicating an en-
riched microbial community. This could explain the significant
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FIGURE 6 | Relative abundance of the mcrA gene in the microbiomes of each sample.

increase in the SMP (Figure 3A) and correlates with the shift in
the archaeal microbial structure (Figure 8).

Regarding NGS results, alpha diversity indices (Shannon's
index, observed features, and Pielou's Evenness) for bacteria and
archaea are given in Tables S10 and S11, respectively. Shannon's
index measures richness (the higher the number, the higher the
diversity of species in a particular community); the observed fea-
tures metric is simply the count of individual species (the higher
the index, the greater the number of species); whereas Pielou’s
Evenness is in the range of 0-1 (where 0 signifies no evenness,
and 1 a complete evenness). WS0.5 consistently maintained the
highest bacterial diversity (Shannon index 4.8-5.4), followed by
FW, with GL showing the lowest diversity (Shannon index as
low as 0.5 for GL0.5) (Table S8).

Beta diversity quantifies dissimilarities among communities.
In this paper, the Bray-Curtis metric, which considers not only
presence and absence but also abundance, was employed. The
results are presented in Supporting Information, Figures S12
and S13 for bacteria and Figures S15 and S16 for archaea, con-
sidering differences regarding ISR and substrate. Figures S15
and S16 demonstrate that archaeal communities are clustered
primarily by substrate type. Regarding taxonomy, microbial
communities of bacteria and archaea at the class (Figures S14
and S17) and family (Figures 7 and 8) levels are presented. BC's
addition shifted the archaeal community structure at WSO0.5.

Figure S14 shows that specific bacterial groups dominate dif-
ferent treatments. The bacterial community structures of G2.0,
FW2.0, and FWO0.5 were affected by BC addition. The substrate-
specific microbial community in GL reactors shifted notably
with ISR: Bacilli dominated under most conditions at ISR 0.5,
while Clostridia prevailed at ISR 2.0. The WS and FW-fed re-
actors have similar community structures. When ISR is con-
sidered, the relative abundance of Clostridia decreased while
Bacteroidia increased at ISR0.5. However, during BC addition,
for WSO0.5, opposite shifting was observed in which Clostridia
increased while Bacteroidia decreased. When the WS was ap-
plied, consistent dominance of Clostridia, particularly at ISR
0.5, was observed, while more balanced communities with sig-
nificant proportions of Clostridia, Bacteroidia, and other groups,
reflecting its intermediate biodegradability, were observed in
FW. Considering the ISR effect on communities, there is a clear
differentiation in community structure.

4 | Discussion

4.1 | Anaerobic Digestion

The lowest conversion efficiency in GL0.5 was due to the acid-
ification and overloading. Moderate conversion efficiency was

observed from the FW-fed reactors at 54.66% from FWO0.5 and
66.56% from FW2.0. The results show that, for FW and GL, the
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ISR 2.0 favors biomethane production while increasing organic
load decreases biomethane production in the case of FW or even
breaks its production for GL. Additionally, the high C/N ratio of
GL and FW could explain the high BMP under ISR2.0 (Pulgarin-
Murioz et al. 2025). WS is the only substrate that benefits from
an increased organic load, showing that ISR should be adjusted
depending on the biodegradability. This occurs because easily
degradable substances (FW and GL) rapidly decompose, leading
to acid accumulation that outpaces methanogen consumption
and disrupts the reactor's pH balance. On the other hand, WS
benefited at a high organic load because only a small portion

Relative abundance of archaea at the family level. ‘Other’ represents all taxa with relative abundance <2%.

was decomposed; thus, increasing the organic load increases
available food for microorganisms, without accumulation of the
intermediates.

In the case of FWO0.5, the biomethane production stopped on
day 2, plateauing until day 6 (Figure 2). After this period, the
system recovered, showing a sharp increase in biomethane
production, which then leveled off on day 21 and remained
stable for the rest of the process. GL0.5 exhibited a cessation
of biomethane production on day 2, while WS0.5 showed a
gradual, continuous production throughout the process. This
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suggests that overloading the reactor with highly biodegrad-
able substrates can lead to system failure. However, when less
biodegradable substrates like WS are used, the reactor can
maintain biological activity at similar production levels when
ISR is set to 2.0. At GLO.5, there is an excess of the substrate
relative to the microorganisms, leading to rapid fermentation
of GL, accompanied by an increase in the TVFA (9.70g/L)
(Table S4) and a decrease in pH from an initial value of 8.44 to
4.58. In contrast, WS is a more complex, lignocellulosic sub-
strate that degrades slowly due to its lower biodegradability
(k=0.0019 day™") (Table 2).

The behavior of the reactor fed with FW at ISR 0.5 can be ex-
plained by its intermediate biodegradability (k=0.002day™")
(Table 2). Like GL, FW is partially comprised of readily degrad-
able organic materials, such as sugars, fats, and proteins, which
can lead to rapid microbial consumption and the accumulation
of VFAs. The high TVFA concentration of FW0.5 at 16.57 g/L on
day 3 (Table S4), caused temporary acidification (pH dropped
from 8.5 to 7.5 by day 3). As a result, the system experiences
a decrease in biomethane production, which nearly halted on
day 2. However, unlike GL, which is highly biodegradable and
degrades almost immediately, FW contains more complex and
slow-degradable components, such as fibrous materials. These
components degrade more slowly, allowing the system to re-
cover gradually after the initial acidification. Between days 2
and 6, the methanogenic microbes likely adjust and recover as
the VFAs are slowly converted into methane, stabilizing the
system's pH. The pattern of FW0.5—a lag phase followed by a
sharp increase in biomethane production—indicates that the in-
termediate biodegradability of FW creates an initial overload of
easily degradable substrates, but the slower-degrading compo-
nents enable recovery and sustained biomethane production as
the process progresses.

4.2 | Biochar's Metal Mobilization

When BC was added, the concentration of Cobalt (Co) and
Nickel (Ni) increased at WS0.5 while Iron (Fe) remained rela-
tively high (Table S3). These metals act as cofactors in essen-
tial enzymes such as the Acetyl-CoA Synthase (ACS) (Sugiarto
et al. 2021) and methyl-coenzyme M reductase (MCR) (Sanchez
et al. 2021) that catalyze the chemical reactions needed to pro-
duce CH, during methanogenesis. The ACS enzyme uses Ni and
Fe to convert acetate to CH,. Iron supports electron transfer re-
actions essential for energy generation during methanogenesis
(Sugiarto et al. 2021). Therefore, it could be assumed that BC
addition improved the system by providing essential enzyme
cofactors.

The oxygen content in the non-biochar phase varies between
31.61% and 43.58%, whereas in the biochar supplementation
phase, it ranges from 25.93% to 36.47%. The reduction in ox-
ygen content in BC samples aligns with findings from pre-
vious studies, where biochar amendment leads to decreased
oxidation and improved nutrient retention (Liu et al. 2017).
Furthermore, an increase in C content from approximately
22%-28% in non-BC samples to 38%-57% in BC samples cor-
roborates the role of biochar in enhancing organic matter
stabilization.

The biochar-amended samples also show a notable decrease in
lead concentration, indicating possible heavy metal immobili-
zation. This is consistent with research showing the potential
of biochar to adsorb heavy metals, reducing their bioavailability
(Beesley et al. 2011; Xu et al. 2013). Another significant finding
is the decrease in Cl concentration from 6.32%-11.75% (non-BC)
to 2.38%-7.24% (with BC), since biochar-amended systems are
known to reduce chloride leaching, improving the quality of
the soil and digestate (Ahmad et al. 2014). The results suggest
that biochar supplementation significantly improved the phys-
icochemical properties of digestate by enhancing nutrient re-
tention, stabilizing organic matter, and reducing heavy metal
bioavailability. These findings align with previous research that
highlights the benefits of biochar in agricultural waste manage-
ment, particularly for its potential to enhance soil fertility and
mitigate environmental contamination (Ren et al. 2018).

4.3 | Analysis of VFA Distribution

Butyric acid was not observed in any sample. The absence of
butyric acid may be affected by several factors that indicate spe-
cific conditions or microbial activities within the fermentation
system that favor the production of other VFAs over butyric
acid. The observed phenomena are related to a lack of butyrate-
producing strains, from which Clostridium butyricum and other
microbial communities from dark fermentation convert sub-
strates lactate to acetate and butyrate (Detman et al. 2019).

The results obtained correlated with biogas production and
agree with previous reports in this aspect. Higher levels of propi-
onic acid compared to acetic acid in methane fermentation affect
biomethane production and indicate a change in the dynamics
of the process (Feng et al. 2009; Suwannakham and Yang 2005).
The ratio of acetic acid to propionic acid plays an important role
in the biogas production process since propionic acid fermenta-
tion uses electrons, which reduces biomethane production (Feng
et al. 2009). The research also suggests that propionate synthesis
during carbohydrate fermentation can sequester hydrogen, thus
reducing its availability for biomethane production by methano-
genic bacteria (Liang et al. 2012). The results obtained during
the experiment indicate this, as when glucose was used as a sub-
strate, the highest concentrations of propionate were observed.
At the same time, it had a higher proportion of acetic acid, and
this was correlated with lower biomethane production.

A higher proportion of propionic acid compared to acetic acid
in biomethane fermentation processes could potentially lead to
reduced methane production due to the use of hydrogen in pro-
pionate synthesis and other mechanisms that affect the overall
fermentation process. The higher rates of propionic acid com-
pared to acetic acid negatively affected biomethane production.
That agrees with the theory that propionate synthesis can se-
quester hydrogen, reducing its availability to methanogenic
bacteria. More complex substrates (FW and WS) allowed the
acetic acid/propionic acid ratio to remain more stable at an ISR
of 0.5, resulting in better methane production compared to glu-
cose. A higher ISR (2.0) promoted more efficient conversion of
substrates to biomethane, probably due to a better balance of
microbial populations and reduced accumulation of process in-
hibitors such as excess VFAs. Overall, the results indicate that
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the ISR and the type of substrate play an important role in op-
timizing the methane fermentation process. Higher ISR gen-
erally promotes higher biomethane production and process
stability, especially for more difficult-to-degrade substrates such
as WS.

4.4 | Real-Time PCR and NGS

Lower ISR (0.5) treatments showed more extreme diversity pat-
terns—either very high (WS0.5) or very low (GL0.5)—suggest-
ing that higher organic loading creates more selective pressure.
The archaeal diversity (Table S11) shows an overall lower diver-
sity compared to bacteria (Shannon index 0.6-1.5). It indicates a
gradual increase in diversity over time in most treatments.

At ISR 2.0, more diverse communities with higher proportions
of various bacterial classes were observed, while at ISR 0.5,
more specialized communities, particularly for GL0.5 (Bacilli-
dominated) and WSO0.5 (Clostridia-dominated), were observed.
Clostridia and Bacilli were reported to produce acetate (Ma
et al. 2017), which is consistent with the results obtained in this
study (Figure 5). Clostridia were reported to degrade solid (Pan
et al. 2019), which could explain their lower abundance in GL0.5
with lower solid contents compared to reactors with higher solid
contents. The Bacteroidia increased their abundance at HRT 15
and HRT 12, corresponding to increased OLR (Pan et al. 2019).

BC supplementation showed significant variation in the com-
munity. With GL2.0, BC addition increased the relative abun-
dance of Actinobacteria and decreased the relative abundance
of Clostridia and Bacteroidia, while Bacilli stayed more or less
the same. Clostridia include many syntrophic bacteria that work
effectively with methanogens in digesting complex substrates.
The extreme dominance of Bacilli in GLO0.5 correlates with its
high VFA accumulation and process instability—the commu-
nity was likely too specialized in fermentation without sufficient
VFA consumers. The BC-induced archaeal community shifts,
particularly the increased diversity in WS0.5, demonstrate bio-
char's role as a habitat provider that promotes a more balanced
microbial community, probably due to its properties such as
high surface area (32.94 cm?/g) or buffering capacity. The more
gradual changes observed in WS treatments across different
HRTs explain their greater stability compared to the rapidly
shifting GL communities. This microbial community data pro-
vides mechanistic evidence for why substrate biodegradability
interacts so significantly with ISR and BC effects, with the most
beneficial BC impact occurring in the WS0.5 condition, where it
promoted a more balanced microbial community better adapted
to the slower degradation of lignocellulosic material.

Overall, the community shift resulting from BC addition ex-
plains why this treatment showed the most significant improve-
ment in methane production with BC (increasing from 100.10
to 140.70mL/(g-VS)). The diverse community likely provided
metabolic resilience. On the other hand, the process inhibition
in GLO.5 showed extremely low bacterial diversity in GLO0.5
(Shannon index 0.5-0.9, a strong Bacilli dominance), which
correlates with the high VFA accumulation and process insta-
bility observed. The rapid degradation of glucose likely created

selective pressure for acidogenic bacteria while inhibiting meth-
anogens. The intermediate stability of FW-fed reactors was ob-
served, giving moderate community diversity, which aligns with
its intermediate biodegradability and partial recovery after ini-
tial acidification in batch tests.

The microbial data suggest that BC mechanisms were more
focused on providing attachment surfaces that support more
diverse communities. BC potentially adsorbs inhibitory com-
pounds (as seen in VFA reduction in WSO0.5). Furthermore, the
BC created microhabitats that fostered syntrophic relationships
between bacteria and methanogens.

The microbial analysis provides critical mechanistic explana-
tions for the varying responses to ISR and BC across substrate
types. Substrate biodegradability dictates initial community
selection and adaptation potential. Lower ISR creates stronger
selective pressure, beneficial only when the substrate degrada-
tion rate matches microbial adaptation capacity (as in WS0.5).
BC provides the most benefit in systems where microbial com-
munities are diverse but stressed (WS0.5). Interestingly, it was
recently proven that other abiotic additives, such as clinoptilo-
lite, alter significantly the composition of the microbial com-
munities in anaerobic co-digestion of sewage sludge, citrus
waste, and brewery spent grain (Szaja et al. 2025), while gran-
ular activated carbon was demonstrated to enrich Synergistes
and Geobacter, as well as Methanolinea and Methanosaeta
during AD of dairy wastewaters (Logan et al. 2022). Likewise,
magnetic BC and nanoparticles were proven to affect meth-
ane production via direct interspecies electron transfer or
stimulating microorganisms to metabolize VFAs (Al-Essa
et al. 2024; Gao et al. 2022).

4.5 | Summary

The experiment arrived with significant findings for batch and
continuous AD tests. The results revealed that a lower ISR pos-
itively influenced the degradation of substrates, resulting in
higher biomethane production. BC supplementation enhanced
the biomethane production of the hardly biodegradable substrate
(WS), probably due to releasing trace elements (Ni Co) serving
as enzyme cofactors. The potential role of BC in the adsorption
of AD inhibitors, such as VFA, and as the provider of protective
habitat for stressed microbial communities, was also observed
in this study. Furthermore, BC addition shifted the bacterial
community to a more diverse and balanced community.
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