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ARTICLE INFO ABSTRACT

Keywords: Biochar shows great potential to enhance biohydrogen production via dark fermentation, but most studies have

Biochar focused on short-term batch tests. This study investigates the impact of pine bark, coconut copra and cherry pit

l;‘artl: fdermematlo" biochars in continuous bioreactors, integrating reactor performance, microbial community data, and elemental
iohydrogen

analysis. Being richest in several biologically important elements, the coconut-derived biochar produces the most
significant improvement in biohydrogen yield, from 2-3 to 45 dm®Hy/kg COD molasses. This correlates with an
increased abundance of biohydrogen-producing microbial taxa and a 100-fold rise in hydA gene copies.
Threefold-elevated butyrate and 33 %-reduced lactate levels suggest stimulation of butyrate synthesis. However,
this enhancement is temporary, requiring periodic biochar replacement and bioreactor reinoculation. Although
biochar promotes biofilm formation, excessive growth may inhibit activity. Furthermore, it has little influence on
pH buffering but effectively adsorbs toxic metals, e.g., chromium. Overall, coconut-derived biochar is a prom-
ising but short-lived enhancer of hydrogen fermentation.

Elemental analysis
Microbial communities

1. Introduction

Hydrogen is being called the fuel of the future, due to its high
calorific value (142 kJ/g) and combustion without carbon dioxide
emissions. However, conventional methods of hydrogen production
create a large carbon footprint. Therefore, low- or carbon-neutral
hydrogen production methods are required, of which biological
methods are of particular interest. Dark fermentation, a part of acido-
genesis, the second step in four-stage anaerobic digestion (AD), is
considered the most promising of these. Interactions between microor-
ganisms during AD determine which metabolic pathways are employed
and consequently, the efficiency of the overall fermentation process.

** Corresponding author.
* Corresponding author.

During acidogenesis, various acid fermentations occur, including lactic
fermentations, as well as Enterobacteriaceae-type and Clostridium-type
fermentations, collectively referred to as dark fermentation, where (bio)
hydrogen is a key product [1-6].

The stable maintenance of efficient long-term fermentation processes
is the biggest challenge when attempting to make dark fermentation a
viable method of biohydrogen generation. Several well-recognized un-
favorable processes can seriously inhibit biohydrogen generation during
acidogenesis. These include excessive production of short-chain fatty
acids (solventogenesis) or changes in the dominant fermentation type in
bioreactors, especially a metabolic shift to lactic and ethanol fermen-
tations. Throughout our research in this field, we have observed
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considerable variability in the performance of bioreactors depending on
the quality of the substrate, i.e., sugar beet molasses, which varies be-
tween sugar beet campaigns. The molasses can differ in the levels of
specific elements, including Fe, Ca, Mg, and P, which are significant for
biohydrogen production processes, and also in the content of reducing
compounds (unpublished internal reports). It has recently been shown
that the production of biohydrogen, short-chain fatty acids, and alcohols
during dark fermentation can be controlled by redox mediators, which
alter the redox potential and electron transfer between enzymatic
complexes, directing NADH towards reactions leading to biohydrogen
formation instead of solventogenesis [7-11].

Recently, much attention has been focused on the enrichment of
substrates with various additives that stimulate dark fermentation and
enhance biohydrogen production, e.g., metals and metal compounds to
increase electron flow, compounds ensuring an appropriate redox po-
tential (1-cysteine) or those such as biochar and cross-linking polymers
that promote the immobilization of microorganisms [12-15].

Biochar is a solid carbon material, the precursor to activated carbon,
that is obtained by thermochemical conversion of biomass or other
organic materials under anaerobic conditions. Its chemical composition
and structure are determined by the starting material and pyrolysis
conditions, including the maximum temperature and heating gradient,
time of pyrolysis, and the extraction of oils [16,17]. Initially, biochar
was shown to have a positive impact on biogas (biomethane) production
[18,19]. In recent years, numerous studies have reported the positive
effects of biochar on biohydrogen production efficiency during dark
fermentation, attributing the improvements to the following mecha-
nisms: (i) stimulating or mediating electron transport within microbial
communities; (ii) lowering the redox potential; (iii) providing buffering
capacity; (iv) enhancing the immobilization of bacterial biofilms; (v)
adsorbing inhibitory compounds, and (vi) releasing beneficial micro-
nutrients or mineral compounds. It is worth emphasizing that one of the
most crucial mechanisms of biochar action may involve extracellular
electron transfer, primarily by serving as an electron shuttle, but also
possibly by enabling direct physical connections between electroactive
microorganisms, although this requires further investigation [13,16,20,
21].

However, nearly all studies on the effect of biochar on biohydrogen
production during dark fermentation have been conducted in short-lived
batch fermentation systems with small total volumes (50-200 mL). In
some of these, the biochar was enriched with metals such as iron or
nickel, resulting in a synergistic effect on biohydrogen yield [22-31].

Industrial-scale processes are typically long-term operations con-
ducted in continuous or quasi-continuous systems, so for commercial
viability, short-term static (batch) fermentations require further opti-
mization in dynamic flow systems and adaptation to the operational
scale. Therefore, in the present study, we used a long-term continuous
system to examine the influence of three different biochars (from pine
bark, coconut copra and cherry pits) on the efficiency of biohydrogen
production via dark fermentation. The poor performance observed in
the control reactor (without biochar) indicated that the system operated
under unfavorable conditions for biohydrogen production. Conse-
quently, the main objective of this study was to assess whether the
addition of biochar could overcome these conditions and improve bio-
hydrogen yields. We found that biochar derived from coconut copra was
the most effective in counteracting the extremely unfavorable back-
ground for dark fermentation. Analysis of the metabolic potential of the
microbial communities using digital PCR (dPCR) revealed a significant
overrepresentation of genes encoding hydrogenases in the bioreactors
with coconut copra. This noteworthy discovery adds to our under-
standing of the mechanisms of biochar action on biohydrogen-yielding
processes. Interestingly, we observed exhaustion of the beneficial
properties of biochar. Our findings are discussed in the context of mi-
crobial community dynamics, microbial metabolites, and the elemental
composition of biochar.

International Journal of Hydrogen Energy 199 (2026) 152812

2. Materials and methods
2.1. Biochar preparation

The biochars were produced and made available by InnEco Sp. z o.0.
(Poland). They were prepared from waste materials remaining after
coconut oil production (designated as K), cherry pits (W), and pine bark
(S). Pyrolysis of each material was carried out in two ways. In the first
procedure (B1), slow low-temperature pyrolysis with oil extraction was
performed. The maximum temperature was 450 °C, the time to reach
this temperature was 72 h, the duration of maximum temperature
maintenance was 2 h, and oil extraction (distillation) occurred during
this process. The second procedure (B3) involved rapid high-
temperature pyrolysis without oil extraction. The maximum tempera-
ture was 650 °C, the time to reach this temperature was 6 h, and the
maximum temperature maintenance time was 2 h. The initial biochar
material was mechanically fragmented using a standard milling pro-
cedure and sieved through a 5-mm mesh to obtain a uniform particle size
(<5 mm), minimizing variability in surface area and ensuring consistent
physical properties. A total of six biochar preparations were used in the
study, named according to the specific starting material and preparation
method employed: KB1, KB3, WB1, WB3, SB1 and SB3.

The SB biochars had pH values of 6.77 (SB1) and 6.36 (SB3) with ash
contents of 1.5 % and 2.6 %, respectively; the WB biochars had pH
values of 4.95 (WB1) and 7.59 (WB3) with ash contents of 1.7 % and 2.4
%; whereas the KB biochars showed the highest pH values of 10.46
(KB1) and 10.45 (KB3), along with the highest ash contents of 4.1 % and
9.2 %, respectively.

2.2. Experimental set-up

Seven 3-L plexiglass PBRs, packed-bed bioreactors, (KB1, KB3, WB1,
WB3, SB1, SB3, and C—control without biochar) were filled with steril-
ized 15-mm ceramic Raschig rings (2-L working volume), 75 g of the
respective biochar, and M9 medium [32] supplemented with sugar beet
molasses from the Dobrzelin Sugar Factory (Poland) at 32 g COD
(chemical oxygen demand)/L. The bioreactor design was as described by
Chojnacka et al. [33], except that Raschig rings replaced granite stones.
The inoculum was the microbial community from a previously described
underperforming PBR [34].

After inoculation, all bioreactors were incubated at room tempera-
ture (21-25 °C) for 7 days. From day 7 onward, fresh medium was
continuously supplied via a peristaltic pump (ZALIMP, Poland), with a
hydraulic retention time of 12-24 h (see Supplementary Table 1). Bio-
reactors SB1, SB3, WB1 and WB3 operated for 29 days, while KB1, KB3
and the control (C) ran for 43 days. In an additional test (days 29-43),
biochar KB3 was added to the control (C) reactor on day 32. A detailed
record of the bioreactors’ operation is presented in Fig. 1.

2.3. Analytical methods

The total rate of fermentation gas production from the bioreactors
was measured (10 measurements for each time point, for each biore-
actor) using a bubble flowmeter (Zaktady Urzadzen Przemystowych
ZAM Kety, Poland). In each case, a mean + SD (standard deviation) was
calculated. The composition of the fermentation gas was analyzed using
an HPR20 mass spectrometer (Hiden, England) with QGA software
version 1.37.

The pH of the media and the effluents from the bioreactors was
measured using a standard pH meter (ELMETRON, model CP-502,
Poland) equipped with a combination ORP (redox, mV) electrode type
ERPt-13. The chemical oxygen demand (COD) was determined using a
NANOCOLOR COD 1500 kit (Machery-Nagel) according to ISO
1575:2002.

Metabolite concentrations were quantified by GC/MS using a Trace
1310 GC System (Thermo Scientific) coupled to a TSQ9000 Triple
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Days of bioreactor .
) Actions
operation
STAGE I: operation of 7 bioreactors
1-7 inoculation and Inoculation of seven bioreactors (SB1, SB3, WB1, WB3, KB1, KB3 and control),
propagation incubation in stationary conditions for bacteria propagation
8-14 phase 1 Supply of media to all bioreactors, continuous operation of the bioreactors
15 renewal 1 Renewal of the cultures in all bioreactors by removal of excess biomass
16-21 phase 2 Supply of media to all bioreactors, continuous operation of the bioreactors
Renewal of the cultures in all bioreactors by removal of excess biomass and
2 renewal 2 . g : : ek i
reinoculation (using the same inoculum as at the beginning of the experiment)
24-29 Supply of media to all bioreactors, continuous operation of the bioreactors
phase 3
29 End of experiment for bioreactors WB1, WB3 and SB1 and SB3.
STAGE II: operation of 3 bioreactors
Renewal of the cultures in bioreactors KB1, KB3 and control (C) by removal of
32 renewal A i . . ¥
excess biomass. Adding KB3 biochar to bioreactor C.
33-36 phase A Supply of media to all bioreactors, continuous operation of the bioreactors
Renewal of the cultures in all three bioreactors by removal of excess biomass,
36 renewal B adding KB3 biochar to the control bioreactor and reinoculation (using the same
inoculum as at the beginning of the experiment)
37-43 - Supply of media to all bioreactors, continuous operation of the bioreactors
43 End of the experiment
Analyses- day of sampling
eter Elements: 15™, 22" 29" (except KB1 and KB3), 43™ (only KB1 and KB3)
Microscopic: 29th
E— Elements: 12", 22™ 26™ (except KB1 and KB3), 29"
GC/Ms: 12, 22", 26™ (only KB1 and KB3), 29"
Microbial community |16S rRNA amplicon sequencing: 12" 22™ 26™ (only KB1 and KB3), 29"

Fig. 1. Experimental set-up and record of the bioreactors’ operation.

Quadrupole mass spectrometer (Thermo Scientific). Chromeleon 7
software was used for instrument control and data acquisition. MS data
were collected in Selected Reaction Monitoring mode. The respective
calibration curves and internal standards were used. Short-chain fatty
acids (SCFA) analysis was performed using the analytical method
described by Ostrowska et al. [35]. Ethanol concentration was deter-
mined according to the method of Pinu & Villas-Boas [36]. The deriv-
atization of y-aminobutyric acid (GABA) was performed based on the

protocol of Sun et al. with slight modifications [37]. DB-1701 and
TG-5SilMS columns were used for chromatographic separations.

2.4. Elemental analysis of biochars and effluents

Biochar samples were milled into a fine powder for chemical anal-
ysis. Their pH was determined potentiometrically in a water suspension
at a biochar-to-water ratio of 1:10. The total contents of carbon (C),
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nitrogen (N) and sulfur (S) were determined by dry combustion using a
Vario MacroCube analyzer (Elementar, Germany). The concentrations of
phosphorus (P), sodium (Na), potassium (K), calcium (Ca), magnesium
(Mg), iron (Fe), aluminum (Al), manganese (Mn), copper (Cu), zinc (Zn),
nickel (Ni), lead (Pb), chromium (Cr), vanadium (V), strontium (Sr),
barium (Ba), titanium (Ti) and zirconium (Zr) were determined using
inductively coupled plasma atomic emission spectrometry (ICP-AES,
Avio 200, PerkinElmer, USA), following microwave-assisted digestion
(Ethos Up, Milestone, Italy) with a mixture of 65 % HNO3 and 38 % HCl
in a 3:1 vol ratio.

The aforementioned elements were also quantified in the bioreactor
effluents using the same analytical techniques and instrumentation. The
only difference was the digestion method, in which 65 % HNOg alone
was used. Only reagents of analytical grade purity were used. Certified
reference materials were employed to ensure data quality and analytical
accuracy.

2.5. Scanning electron microscopy

Initial and post-experimental biochars were analyzed using a FEI
Quanta 200 Environmental Scanning Electron Microscope (ESEM).
Samples were mounted on stubs with carbon tape and examined under
low vacuum conditions without gold coating. Imaging was conducted at
a chamber vacuum of 0.98-1.00 Torr, temperature of 1 °C, and relative
humidity of approximately 20 %. These conditions permitted the
observation of surface morphology without extensive sample prepara-
tion. SEM images were used to identify structural differences between
untreated and treated biochars.

2.6. Microbial DNA extraction and 16S rRNA amplicon sequencing and
data analysis

Two 15-ml samples (duplicates) containing microbial biofilm sus-
pended in the fluid phase were collected from the inner middle part of
the bioreactors on the following days of the experiment: 12, 22 and 29
for each bioreactor, and additionally on day 26 for KB1 and KB3. The
samples collected for microbial community analysis included both the
fluid phase containing flocks and granules, as well as the bacterial bio-
films formed on the surfaces of Raschig rings and biochars. Total DNA
was isolated from 250 to 300 mg of material pelleted by centrifugation
of the duplicate samples. DNA was extracted and purified using a
DNeasy PowerSoil Pro Kit (Qiagen, Cat. No. 47014) according to the
manufacturer’s protocol. Cell lysis was achieved using a Vortex-Genie 2
equipped with a Vortex Adapter for 1.5-2 ml tubes (Cat. No. 13000-V1-
24). The preparations of DNA isolated from the duplicate samples were
pooled and stored at —20 °C. Extraction blanks were included for
contamination control during extraction and sequencing.

The V4 hypervariable region of the 16S rRNA gene was PCR-
amplified using the primer pair 515-F and 806-R [38], which carried
[llumina adapters and a unique 12-nt barcode for each sample. The PCR
products were quantified with a Quant-iT PicoGreen dsDNA iAssay Kit
(Invitrogen). DNA amplicons from each reaction were then pooled in
equimolar concentrations, and fragments longer than 200 bp were
selected using QIAseq beads and sequenced on a 2x150 bp Illumina
MiSeq platform (Illumina) at the PANDA Core for Genomics and
Microbiome Research, University of Arizona, USA. Demultiplexing was
performed using idemp (https://github.com/yhwu/idemp). The DADA2
pipeline was used to infer amplicon sequence variants (ASVs). The reads
were trimmed to 145 bp, and low-quality reads exceeding a maximum
expected error of 2 bp were removed. The resulting quality-filtered reads
were used to train the error model in DADA2. Paired-end reads were
merged and chimera sequences eliminated. Taxonomic identities were
assigned using the Ribosomal Database Project (RDP) classifier [39] on
the SILVA nr version 138.1 database [40]. The number of reads per
sample after quality filtering, error correction, chimera removal and
taxonomy cleaning ranged from 47,552 to 103,732. Reads were rarefied

International Journal of Hydrogen Energy 199 (2026) 152812

to a depth of 47,000 for further analysis. The raw sequences generated in
this study have been deposited in the NCBI databases with the BioProject
accession number PRINA1291707, submission ID SUB15462781.

Principal component analysis (PCA) was conducted using GraphPad
Prism (version 10.4.0621). A total of 73 variables were included in the
dimensionality reduction process. To improve the interpretability of the
multivariate structure, the loading plot displays the top 30 vectors,
which represent variables with the strongest contributions to the first
principal components. This method allowed the identification of the
most influential parameters driving sample separation while maintain-
ing the overall variance structure of the dataset. Data used for the
analysis are provided in Supplementary Table 3.

2.7. Digital PCR (dPCR)

Quantification of the hydA gene was performed using the QIAcuity
Digital PCR System (QIAGEN) with a QIAcuity Nanoplate 8.5k. Each 10
pL reaction mixture consisted of 1 pL of a hydA-specific primer set
(forward: 5-AAGAAGCTTTAGAAGATCCTAA-3; reverse: 5-GGACAA-
CATGAGGTAAACATTG-3") [41], 4 pL of QIAGEN EvaGreen Supermix, 3
pL of nuclease-free water, and 2 pL of template DNA (2 ng/sample).
Thermal cycling was performed with an initial denaturation step at
95 °C for 5 min, followed by 40 cycles of 57 °C for 45 s for annealing and
elongation. Fluorescence was read post-PCR using FAM channels, and
the data were analyzed with the QIAcuity software suite using default
thresholds and Poisson statistical modeling to calculate absolute quan-
tification. No template controls (NTC) were run in triplicate on each
plate. Data were excluded if NTCs exhibited a signal above baseline or if
partition fill was below 85 %.

2.8. Statistics

The collected data were statistically analyzed to identify differences
among group means. Analysis of variance (ANOVA) was employed as
the primary statistical method, followed by Tukey’s post hoc test to
assess pairwise comparisons. A significance threshold of p < 0.05 was
applied to determine statistically significant differences. Analyses were
performed using GraphPad Prism software, Version 10.4.10 (GraphPad
Software, San Diego, CA, USA), and Microsoft Excel (Microsoft Office
LTSC Professional Plus 2021). Venn network diagrams were generated
using the EVenn platform [30].

3. Results and discussion
3.1. Effects of biochars on biohydrogen production via dark fermentation

The effect of three biochars (from coconut copra [KB1, KB3], cherry
pits [WB1, WB3], and pine bark [SB1, SB3]) on biohydrogen production
via dark fermentation was studied in seven continuous PBRs fed with
molasses. Based on the poor performance of the control reactor (without
biochar), it was inferred that the system operated under unfavorable
conditions for biohydrogen production.

The experiment was conducted in two stages: stage I (days 1-29)
with all reactors in operation, and stage II (days 30-43), during which
only KB1, KB3 and the control (C) remained active. On day 32, fresh KB3
biochar was added to reactor C (Fig. 1). In stage I, after inoculation and
propagation, the following phases were distinguished: continuous
operation phase 1, renewal 1, continuous operation phase 2, renewal 2,
and continuous operation phase 3. Continuous operation phase 1
demonstrated the positive and varied impact of the tested biochars on
biohydrogen production. The yield of 3.2 dm® bioH,/kg COD molasses
from reactor C was much lower than the yields of 25.4, 23.2, 20.4, 42.7,
14.4 and 22.4 dm® bioHy/kg COD molasses from reactors KB1, KB3, SB1,
SB3, WB1 and WB3, respectively. In terms of their positive effect on
biohydrogen production, the tested biochars were ranked as follows:
SB3>KB1>KB3>WB3>SB1>WB1, with the strongest stimulating
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properties observed for pine bark biochar prepared using method B3,
and the weakest for cherry pit biochar prepared using method Bl
(Fig. 2A).

After renewal 1, which involved removing excessive bacterial
biomass, continuous operation phase 2 occurred, during which the ef-
ficiency of biohydrogen production was unexpectedly low: <2 dm® bio-
Hy/kg COD molasses in all bioreactors. During renewal 2, biochar
replacement and reinoculation were performed in addition to removing
excess bacterial biomass. In continuous operation phase 3, the strongest
stimulating effect on biohydrogen production was observed for coconut
copra biochars, with yields of 45.0 and 50.4 dm® bioH,/kg COD
molasses for KB1 and KB3, respectively. The performance of biochar
WB3 remained unchanged, while surprisingly, no stimulation was
observed with the SB3, WB3 or SB1 biochars (<5 dm® bioHy/kg COD
molasses) (Fig. 2B). The ranking of biochars based on their stimulating
effect was as follows: KB3>KB1>WB3>SB3~SB1~WB1. The perfor-
mance of the control bioreactor remained unchanged. Among the bio-
chars, those derived from pine exhibited the highest brittleness. Their
initial distribution within the bioreactor was uniform; however,
following subsequent renewals, they tended to fragment and settle to-
wards the bottom of the bioreactor to form compacted structures.
Notably, these biochars generated the largest amount of fine particulate
matter, which was washed out from the bioreactor along with the post-
fermentation effluent during the bioreactor’s operation.

The second stage of the experiment, stage II (days 30-43), was
divided into four phases: renewal A, continuous operation phase A,
renewal B, and continuous operation phase B. Renewal A involved the
removal of excess bacterial biomass from bioreactors KB1, KB3 and C, as
well as the addition of fresh KB3 biochar to the control bioreactor C.
During continuous operation phase A an unexpectedly low efficiency of
biohydrogen production was observed, not exceeding 5 dm® bio-Hy/kg
COD molasses in reactors KB1 and KB3. Renewal B was analogous to
renewal 2 of stage I, and involved the removal of excess bacterial
biomass, reinoculation and biochar replacement in reactors KB1, KB3
and C, with fresh KB3 biochar being added to C. In continuous operation
phase B, biohydrogen yields were comparable across all bioreactors,
averaging 45.3, 40.4 and 42.5 dm® bioH,/kg COD molasses for bio-
reactors C, KB1 and KB3, respectively (Fig. 2C). These results were
similar to the performance of bioreactors KB1 and KB3 in the third
continuous operation phase of stage I. Stage II was a proof-of-concept
experiment demonstrating the strong stimulating effect of copra
coconut-derived biochar on biohydrogen production and the reproduc-
ibility of this phenomenon. The average yield obtained in bioreactor C
after supplementation with KB3 biochar increased approximately 15-
fold compared to the yield without biochar addition. Both stages of
the experiment also demonstrated the occurrence of exhaustion of bio-
hydrogen production stimulation by the biochars over time, since
following renewals involving only the removal of excess biomass, the
performance of biochar-enhanced bioreactors did not differ from the
control. Strong evidence for this phenomenon is provided by the coconut
copra-derived biochars in reactors KB1 and KB3. Another key factor here
is the addition of new inoculum (reinoculation). The issue of the
exhaustion (depletion) of biochar and the need for reinoculation is
further examined in section 3.5.

Bioreactor performance was unaffected by the pyrolysis temperature
(B1 vs. B3) but varied significantly with the type of biomass used for
biochar production, as observed in previous studies [21]. Moreover,
other reports have confirmed the positive effect of coconut-derived
biochar on biohydrogen production [42,43].

In the continuous system presented here, the increase in biohydrogen
production is consistent with the mechanisms reported for batch tests.
However, the stimulatory effect was transient and declined during
prolonged operation, which cannot be observed in batch systems.
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Fig. 2. Efficiency of biohydrogen production in bioreactors throughout their
operation: A. Stage I, continuous operation phase 1 (days 8-14). Statistically
significant differences (Tukey’s Multiple Comparison Test) were observed for C
vs. SB3 (***) and WB1 vs. SB3 (**); B. Stage I, continuous operation phase 3
(days 24-29). Statistically significant differences (Tukey’s Multiple Comparison
Test, p < 0.05) were observed for C vs. KB1 (**%), C vs. KB3 (***), C vs. WB3
(**); KB1 vs. WB1 (***), KB1 vs. WB3 (***), KB1 vs. SB1 (***), KB1 vs. SB3
(***); KB3 vs. WB1 (***), KB3 vs. WB3 (***), KB3 vs. SB1 (***), KB3 vs. SB3
(***); WB1 vs. WB3 (**); WB3 vs. SB1 (**) and WB3 vs. SB3 (**). C. Stage II,
continuous operation phase B (days 37-43); no statistical differences were
observed. The lower and upper sides of each box represent the first and third
quartiles, respectively. The whiskers extend to the minimum and maximum
values, while the middle line indicates the median value. *p < 0.05; **p < 0.01;
**¥p < 0.001.
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3.2. Effects of biochars on non-gaseous fermentation products

Metabolic processes in bioreactors are reflected not only in the
composition of the fermentation gas, but also in the characteristics of the
effluent containing non-gaseous fermentation products.

The effluent pH ranged from 4.0 to 4.7, which is typical for acidic
fermentations, with some significant differences observed between re-
actors (Fig. 3 and Supplementary Table 1). During stage I, a significantly
higher pH was observed in reactor SB3 during phase 1, characterized by
high biohydrogen production, compared to phase 3, where biohydrogen
production was lower (p < 0.01). However, in stage II, the pH of efflu-
ents from high-performing biohydrogen-producing reactors KB1 and
KB3 was lower than that of the poorly performing control reactor in
stage I (KB1 stage Il vs. C stage I, p < 0.001; KB3 stage Il vs. C stage I, p <
0.01). The finding that pH values in biochar-containing reactors were
either lower or unchanged compared to the control was unexpected,
considering that the optimal pH for biohydrogen production is approx-
imately 5 [44-46]. With the exception of a few studies [22,24,31],
biochar is generally reported to buffer the fermentation environment.
This buffering capacity is associated with its surface functional groups
and mineral ash content [16,19,21]. In our experiments, the biochars
displayed considerable variation in both pH and ash content (Section
2.1), with the highest pH values (exceeding 10) and the highest ash
content observed for KB, the strongest stimulator of biohydrogen pro-
duction. Although the final pH of the effluent remained unchanged,
local pH variations may occur in the bioreactors, particularly in specific
niches near the biochar surface, especially KB. Future study of this
phenomenon is warranted.

Metabolite concentrations in the effluents were analyzed only during
stage I on days 12, 22 and 29, except for reactors KB1 and KB3, which
were sampled on day 26 instead of day 29. Averaged stage I results
showed no significant differences between bioreactors, probably due to
operational instability and high data variability (Supplementary Fig. 1
and Supplementary Table 1). However, certain trends can be observed in
relation to biohydrogen production on specific days (Fig. 4).

Generally, lactic acid was the main effluent component, with the
highest average concentrations of about 10-11 g/L in bioreactors WB1,
SB1 and SB3, followed by WB3, C and KB1 with around 9 g/L
(Supplementary Fig. 1 and Supplementary Table 1), indicating that
fermentations unfavorable for biohydrogen production were co-
occurring in the bioreactors. Notably, the lowest lactic acid concentra-
tions of <6 g/L were observed in the bioreactors with coconut copra
biochar during the most efficient biohydrogen production periods (day
26 for KB1, and days 12 and 26 for KB3), as shown in Fig. 4 and Sup-
plementary Table 1. This is consistent with the observation that the
acetate concentration was lowest in bioreactors KB1, KB3 and SB3,
which showed the highest biohydrogen production. It is well recognized
that in conditions optimal for the production of biohydrogen, lactic acid
is a minor product because, together with acetic acid, it is converted into
butyric acid, a relevant metabolic pathway in biohydrogen production
[34,44-47]. The butyrate level was highest in the bioreactors supple-
mented with coconut copra biochar, with average concentrations of 3.0
g/L for KB1 and 2.9 g/L for KB3 (Supplementary Fig. 1 and Supple-
mentary Table 1). It is noteworthy that during the continuous operation
phase 1 (day 12) and phase 3 (day 26), characterized by high bio-
hydrogen production, the butyrate concentration was markedly elevated
compared to the end of phase 2 (day 22), when a low yield of bio-
hydrogen was observed. This was particularly striking in bioreactor KB3,
where the difference was over 10-fold (Fig. 4, Supplementary Table 1).
The average butyrate concentration in bioreactors SB3, WB1 and WB3
was about 1 g/L (Supplementary Fig. 1). However, in SB3 on day 12, at
the end of continuous operation phase 1, it reached 3.3 g/L, and this
bioreactor exhibited the highest biohydrogen production efficiency
during that phase (Fig. 4, Supplementary Table 1). The lowest butyrate
concentrations of <0.1 g/L were found in bioreactors SB1 and C.
Notably, a low concentration of butyrate in dark fermentation
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Fig. 3. pH of effluents from the bioreactors: A. Stage I, continuous operation
phase 1 (days 8-14). No statistically significant differences were observed; B.
Stage I, continuous operation phase 3 (days 24-29). Statistically significant
differences (Tukey’s Multiple Comparison Test) were observed for C vs. SB1 (*)
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value. *p < 0.05; **p < 0.01; ***p < 0.001.

bioreactors is always associated with low biohydrogen production effi-
ciency [34,44-48].

The presence of propionate and ethanol among the fermentation
products in dark fermentation bioreactors is also undesirable, because it
is indicative of solventogenesis. Interestingly, ethanol concentrations
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Fig. 4. Non-gaseous fermentation products (g/L) in the effluents from the
bioreactors in stage I. The measurements were taken on days 12, 22, and 29,
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29. The upper row shows biohydrogen production yield on individual days,
expressed in dm>/kg of COD from sugar beet molasses. Each metabolite con-
centration for individual days, shown in the heatmap (Fig. 4), is based on two
determinations.

were higher in all bioreactors supplemented with biochars produced
using method B1 (0.4-0.5 g/L) compared to those using method B3 and
the control (0.2-0.3 g/L), which indicates that oil extraction from bio-
char feedstock impacts the course of ethanol fermentation. The levels of
other minor metabolites, such as caproate, 2-methyl butyrate and
valerate were low (<0.1 g/L) and similar across all bioreactors
(Supplementary Fig. 1 and Supplementary Table 1).

3.3. Effect of biochars on microbial community dynamics

The performance of bioreactors and the processes occurring within
them are governed by the microbial communities they contain. Samples
for microbial community analysis were collected from the bioreactors at
the sampling time points for metabolite and biochar analyses at the end
of continuous operation phases 1 and 3 in stage I. The taxonomic
composition of these communities was then determined by sequencing
the V4 region of 16S rRNA amplicons.

Comparative analysis of microbial diversity shows statistically
similar richness (denoted by the letter "a" above the boxes), indicating
no significant differences between any biochar or the control (Fig. 5A).
Major bacteria (>1 % of the microbial community) include genera such
as Escherichia-Shigella, Serratia, Leuconostoc, Lactoplantibacillus, Fructo-
bacillus, Liquorilactobacillus, Lentilactobacillus and others (Fig. 5B, upper
panel). Minor bacteria (<1 % of the microbial community) include
genera such as Clostridium sensu stricto, Lacticaseibacillus, Caproicipro-
ducens, Prevotella, Eubacterium and others (Fig. 5B, lower panel). Fig. 5B
highlights the dynamic changes in community structure depending on
the biochar and time. For the detailed taxonomic assignments, see
Supplementary Table 2. The heatmap (Fig. 5C) shows variation in the
abundance of the selected Clostridium sensu stricto subgroups (1, 11, 12
and 16) across biochars and time points. Notably, a higher abundance of
Clostridium sensu stricto 1 is observed in KB1 and KB3, which exhibit high
biohydrogen production. The microbial co-occurrence network (Fig. 5D)
highlights associations between specific bacterial genera and particular
biochar types, clustering bacterial communities associated with
different biochar types. For example, genera such as Prevotella 7,
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Eubacterium and Clostridium sensu stricto 12 appear to be closely associ-
ated with bioreactor KB3 (biochar associated with higher biohydrogen
production). In our previous studies, Clostridium sensu stricto subgroups
11 and 12, as well as Prevotella and Caproiciproducens, were identified as
dominant taxa in continuously operating dark fermentation bioreactors
with high biohydrogen production efficiency [34], as well as in sta-
tionary batch cultures [44]. These systems were maintained under
conditions favorable for the conversion of lactate and acetate to buty-
rate, a key metabolic pathway for biohydrogen production in bacterial
communities. In contrast, we did not observe a positive correlation be-
tween Clostridium sensu stricto 1 and biohydrogen production [44,49],
although other reports indicate that this taxon is found in bioreactors
with high biohydrogen yields [50].

3.4. Effect of biochars on the metabolic potential of microbial
communities

To evaluate the effect of biochars on the biohydrogen production
potential of microbial communities, the abundance of the hydA gene
encoding hydrogenase I was quantified using digital PCR (dPCR)
(Fig. 6A). [FeFe]-hydrogenase I, a key enzyme in biohydrogen produc-
tion, is the most well-studied hydrogenase [41,51-53]. Several groups
have examined the expression of the hydA gene while determining the
impact of various factors on biohydrogen production to assist subse-
quent process optimization. In previous studies, quantitative PCR
(qPCR) was used to examine hydA gene copy number and reverse
transcription-quantitative PCR (RT-qPCR) was used to quantify hydA
mRNA expression in response to various factors in pure strains of
C. butyricum [41,53], in individual isolates from dark fermentation
communities [51], and in entire microbial consortia grown in stationary
batch cultures. In this study, we employed dPCR to determine the hydA
gene copy number in total DNA extracted from microbial communities
selected in the bioreactors. This approach, which assesses metabolic
potential based on hydA gene abundance, appears to be a novel appli-
cation of this technique in the analysis of microbial communities in
continuously operating bioreactors.

Our dPCR analysis revealed variations in the presence of the hy-
drogenase gene, indicating that biochars had a differential impact on
hydA gene abundance within the microbial consortia (Fig. 6A). Specif-
ically, the coconut copra-derived biochar significantly increased hy-
drogenase gene abundance from an average value of 12.2 copies/pl in
the control bioreactor to median values 2245 copies/pl in KB1 and 1380
copies/pl in KB3, highlighting its role in enhancing microbial hydrogen
production activity. A similar, albeit weaker effect was observed with
pine bark-derived biochar in the SB3 bioreactor during the end of phase
1, stage I (230 copies/pl), coinciding with the highest biohydrogen
production levels. At the end of phases 2 and 3 of stage I, the number of
copies decreased to ~83 per pl. The average values for WB1 and WB3
were comparable, at ~41 copies/pl, whereas for SB1, the value was 28.3
copies/pl.

The dPCR data revealed that biochar-induced modulation of micro-
bial hydrogen production coincided with an increased number of bac-
teria carrying hydrogenase genes. The abundance of the hydA gene,
together with other biohydrogen-related indicators, biohydrogen pro-
duction efficiency and biohydrogen content, was used for correlation
analysis with microbial community profiles to elucidate the functional
role of specific hydrogen-yielding bacterial genera (Fig. 6B). Among the
major bacterial genera, Liquorilactobacillus and Klebsiella show the
strongest positive correlations with biohydrogen production parame-
ters, while among the minor genera, Clostridium sensu stricto 1, Clos-
tridium sensu stricto 12 and Prevotella are also positively associated.
Conversely, major genera such as Lactiplantibacillus and Lentilactoba-
cillus, as well as minor genera including Lacticaseibacillus and Subgroup
10, exhibit negative correlations with biohydrogen yield and hydA gene
abundance. These correlations are consistent with the results presented
in Fig. 5C and D, especially in relation to the minor genera. Members of
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the genus Klebsiella, belonging to the Enterobacteriaceae family, include
species known to produce biohydrogen, such as K. oxytoca. Biohydrogen
production by these bacteria occurs via the Enterobacter-type fermen-
tation pathway [54].

Liquorilactobacillus belongs to the family Lactobacillaceae. Its corre-
lation with increased biohydrogen production efficiency suggests that
this taxon is involved in cross-feeding interactions that promote the
production of hydrogen.
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The heatmap shown in Fig. 6B indicates that the addition of coconut-
derived biochar leads to the formation of an intermediate state in the
bioreactors, positioned between a poorly performing control reactor and
one approaching, but not attaining, optimal performance. This transi-
tional state is comparable to that observed in batch experiments in our
previous study (experiment ML), where lactate is the dominant
fermentation product, butyrate production increases, and the contribu-
tion of Clostridium within the microbial communities rises [44]. A
similar state was also identified in the continuous operation of the
bioreactor PBR5 in a separate study [34].

In summary, biochar seems to induce a metabolic shift towards the
equilibrium described in our previous studies [34,49], between lactic
acid bacteria and biohydrogen producers. It is likely that this occurs
through the enhancement of extracellular electron transfer by biochar, a
phenomenon highlighted by others [13,16,20,21].

3.5. Biochars as an additional surface for biofilm formation

In analyzing the impact of biochar on biohydrogen production in a
long-term continuous system, we also focused on the aspect of bacterial

biofilm formation. It is widely accepted that in dark fermentation bio-
reactors, packing materials are employed to facilitate the immobiliza-
tion of bacterial cells, and biofilm and granule formation to enhance
biohydrogen production [33,34,55]. Scanning electron micrographs of
initial biochar structures and post-experimental biochar after recovery
from bioreactors confirmed that biochar provides a surface for bacterial
biofilm development (Fig. 7). Our results support the assumption that
biochar increases and diversifies the surfaces available for biofilm
development [16,56]. Depending on the raw material and preparation
method, the surface areas of biochar are highly variable, which affects
the structure of the biofilm. In this study, pine-derived biochar was the
most porous, while coconut-derived biochar exhibited the lowest
porosity.

However, the formation of biofilm may also explain the biochar
exhaustion effect (discussed in Section 3.1), manifested as a decrease in
biohydrogen production efficiency. The results of previous studies
indicate that biochar serves as a valuable source of minerals for bacteria
(which will be discussed in more detail in Section 3.6). Therefore, the
excessive development of biofilm on the surface, formed predominantly
by non-biohydrogen producers, acts as a barrier to the accessibility and/
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Fig. 7. Scanning electron micrographs of biochar surface structures (400 x magnification): A, B—KB1; C,D - KB3; E, F - WB1; G, H- WB3; 1, J - SB1; K, L-SB3. A, C,
E, G, I, K - initial biochars before the experiment, B, D, F, H, J, L — post-experimental biochars.

or release of valuable elements for hydrogen-yielding bacteria. It is also
possible that hydrogen-producing bacteria may be loosely associated
with the biofilm or suspended in the bioreactor in the form of flocks or
granules, and the removal of excess biomass from the bioreactor during
renewal depletes the entire consortium to such an extent that it cannot
regenerate to ensure efficient biohydrogen production, hence the need
for reinoculation.

Our results indicate that in long-term continuous systems, unlike
stationary ones, biofilm formation on biochar does not favor bio-
hydrogen production. In general, excessive biomass growth is detri-
mental to biohydrogen generation, hence the need for periodic renewal
and removal of biomass in continuous systems [33].

3.6. Elemental analysis of biochars and fermentation effluents

The positive effects of biochars on biohydrogen production stem
directly from their unique properties. To identify these properties, and
considering the widely accepted view that biochars serve as a mineral
source for microorganisms [16,26], we analyzed the elemental compo-
sition of the tested biochars, both before addition to the bioreactors and
after the completion of the experiment, both washed and unwashed. In
addition, we performed elemental analysis on the fermentation efflu-
ents. Particular attention was paid to the properties of coconut copra
biochar due to its distinctive ability to stimulate biohydrogen

10

production. This analysis revealed that of the initial biochars, KB1 and
KB3 are richer in elements other than carbon (Table 1), which is
consistent with their 4-fold higher ash content compared to the WB and
SB biochars (Section 2.1). Carbon constitutes approximately 80 % of the
overall composition of coconut copra-derived biochar, whereas it ac-
counts for 95 % of the WB and 96 % of the SB biochars. KB biochars also
contain more nitrogen: around 7 %, compared to nearly 3 % in WB and
<1 % in SB. Furthermore, they have higher levels of potassium (6-8 %
vs. 0.8 % and 0.2 %), phosphorus (~2 % vs. 0.2 % and 0.04 %), and
sulfur (0.2 % vs. >0.1 % and >0.05 %) when compared to WB and SB,
respectively. Coconut copra biochar is also richer in minor elements (in
the range of tenths to thousandths of a percent) such as sodium, mag-
nesium, nickel, zinc and copper, but is poorer in calcium and aluminum.

In the analysis of the post-experimental biochar, we initially focused
on comparing the elemental composition of the same type of biochar
when covered with a bacterial biofilm (unwashed) and after the biofilm
had been removed (washed) (Fig. 8, Supplementary Table 1). The
following statistically significant differences in the levels of various el-
ements were found: for KB1 regarding N, P, K and Cu; for KB3 regarding
K, Mg and Ni; for SB1 and SB3 regarding P, K and Na. Apart from N, in all
cases, the content of the aforementioned elements was always higher in
the unwashed biochar, which indicates their accumulation in bacterial
cells or biofilm structures. Similarly, comparison of the elemental
composition of the initial biochar with the unwashed biochar, coated
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Table 1

Elemental composition of initial biochars in mg/kg biochar and percentage contribution.

Element

Ca Mg Fe Al Mn Cu Zn Ni Pb Cr

Na

biochar

0.30

3.3

1765 13311 44134 1374 1769 2164 207 40 147 90 131 14 1.1

48998

633126

KB1 [mg/kg]

[%]

0.00004
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[%]
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[%]

0.02 0.04 0.20 0.05 1.96 0.07 0.11 0.116 0.046 0.001 0.007 0.0006 0.0008 0.0008 0.0002

0.87

96.51

11

International Journal of Hydrogen Energy 199 (2026) 152812

with a bacterial biofilm, further confirmed this accumulation, except for
K. Coconut copra-derived biochar seems to be a rich K source that
bacteria probably utilize, since its concentration was several-fold lower
in post-experimental KB biochars (KB1 and KB3). Post-experimental
copra coconut-derived biochar was the richest source of elements
(Fig. 8). In addition, it exhibited the property of persistent Mg accu-
mulation, as evidenced by much higher concentrations of Mg in both
washed and unwashed post-experimental biochar compared to the
initial biochar. Pine bark-derived biochars, on the other hand, appear to
be relatively rich in readily released iron, as indicated by comparison of
the iron concentrations in the initial and post-experimental samples.

Many elements have a significant impact on biohydrogen production
processes. This influence is dependent on their concentration; exces-
sively low levels can lead to deficiencies, while excessively high levels
can inhibit the process. The optimal concentration varies between ele-
ments and is determined by the type of substrate as well as the broader
technical aspects of the process. Many elements, mainly metals, function
as cofactors for enzymes that are involved in bacterial metabolism and
cell growth. The impact on the catalyzed process is dependent on the
relationship between cofactor concentration and enzymatic activity.

In our experimental setup, it does not appear that the nitrogen
contained in biochar had any significant impact on biohydrogen pro-
duction. It is a general rule that microorganisms utilize carbon 25-30
times faster than nitrogen during the anaerobic digestion of organic
matter. Therefore, microbes require a C:N ratio of 20-30:1, with the
majority of the carbon being readily degradable [57]. It is believed that
this ratio should be even higher for efficient biohydrogen production at
the acidogenesis stage during dark fermentation [58,59]. In the present
study, regardless of the biochar employed, the C:N ratio of the fermented
substrate was relatively low, which may have contributed to the sig-
nificant instability of the process and the poor biohydrogen yield in the
control bioreactor. In this setup, the situation would have worsened if
additional N had been released from the biochar. Besides the C:N ratio,
the C:P, C:N:P, and C:N:P:Fe ratios are also important [10]. P, present as
phosphates, is involved in controlling redox potential, electron transfer
between enzymatic complexes, and the reduction of Fd by NADH [8].

Fe, Ni and S form the active centers of hydrogenases, where iron-
sulfur motifs are connected to Fe-Fe and Ni-Fe prosthetic groups, in
[FeFe] and [NiFe] hydrogenases, respectively. Ferredoxins, which are
iron-sulfur proteins, contain only iron-sulfur centers [9,60]. Enhanced
biohydrogen production in dark fermentation reactors was observed
after adding sources of Fe and Ni [14,25,30,61,62]. In all of these
studies, the effects were concentration-dependent; an excess of the
particular elements inhibited the process. Notably, low concentrations
of sulfide also had a positive impact on biohydrogen production. High
sulfide concentrations (100-800 mg/L) can inhibit anaerobic microor-
ganisms by entering the cells and disrupting protein and enzyme func-
tions. However, a low sulfide concentration (25 mg/L) significantly
enhanced biohydrogen production (54 % higher than the control),
suggesting that an optimal amount of dissolved S?~ can boost microbial
metabolism. Sulfur is also an essential macronutrient for fermentative
bacteria [63].

Na plays an important role in the formation of reduced ferredoxin.
The translocation of Na * ions across the bacterial cell membrane creates
an electrochemical gradient that enhances the reduction of Fd,x by
NADH, leading to a higher concentration of Fd.eq [9,64]. It is hypothe-
sized that K may also play a crucial role in sustaining membrane po-
tential, modulating intracellular pH, and facilitating enzymatic
functions, all of which could contribute to enhanced biohydrogen pro-
duction. In addition, it has been demonstrated that potassium ferrate(VI)
boosts biohydrogen generation during the dark fermentation of organic
waste by breaking down organic materials and increasing the concen-
tration of soluble organic matter [65,66]. Ca promotes the formation of
biofilms and granules that are beneficial for biohydrogen production [9,
10]. However, the molasses-containing medium in our system seems to
provide sufficient Ca. Notably, the most effective biochar from coconut
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Fig. 8. Elemental composition of biochars: initial (I), post-experimental washed (W) and post-experimental unwashed (NW) samples. The whiskers extend to the
SEM values, while the middle point indicates the mean value. Statistically significant differences (Tukey’s Multiple Comparison Test) between washed and unwashed
samples were observed for KB1 regarding N (*), P (*), K (**) and Cu (***); for KB3 regarding K (**), Mg (**) and Ni (***); for SB1 regarding P (**), K (***) and Na
(***); for SB3 regarding P (*), K (**) and Na (***). *p < 0.05; **p < 0.01; ***p < 0.001.

copra contained the least amount of this element. As a cofactor of ki-
nases and phosphatases, Mg is involved in glycolysis leading to pyruvate
formation [9,10,67]. Poly-aluminum chloride has been shown to
enhance biohydrogen production by inhibiting propionic acid fermen-
tation and the activity of biohydrogen consumers during the dark
fermentation of waste-activated sludge [68].

All biochars in our study tended to adsorb Cr. This indicates that
biochars possess the property of absorbing toxic elements [16], which
could lead to a specific type of “biochar toxicity” from the perspective of
microbiological processes and potentially result in biochar exhaustion.
Besides Cr, other elements known to inhibit biohydrogen production are
Cu, Zn and Pb [9,10].

Elemental composition analysis of fermentation effluents did not
reveal any statistically significant differences between the bioreactors. C
was the most abundant element, followed by K, Na, P, N, S and Ca. The
elements with the lowest concentrations in the bioreactor effluents were
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Cr, Ni, Cu and Pb. A similar percentage distribution was observed in the
substrate containing sugar beet molasses supplied to the bioreactors.
Since the percentage elemental composition in biochar and effluents
differs, this indicates no significant release of elements from the biochar
into the liquid phase in the bioreactors (Supplementary Fig. 2).

3.7. Principal Component Analysis

Principal component analysis (PCA) (Fig. 9) revealed that the first
two principal components (PC1 and PC2) accounted for 39.4 % and 16.9
% of the total data variability, respectively, explaining a cumulative
56.3 % of the observed variation among the samples. The biplot indi-
cated a clear separation of the KB1 and KB3 variants, which showed
strong positive correlations with parameters such as P, S, N, the presence
of the hydA gene, and biohydrogen production efficiency (Hyd. effi-
ciency). In contrast, samples from the SB and WB variants exhibited
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abundance. The score plot of PC1 (39.4 % variance) and PC2 (16.9 % variance) shows the degree of separation and similarity between the experimental variants; the
accompanying loadings show the 30 parameters with the largest vector magnitudes contributing most to their differentiation.

distinct profiles associated with higher concentrations of elements such
as Al, Ni, Cr and Pb, as well as with the bacterial genera Acetobacter and
Schleiferilactobacillus. Overall, these results suggest that both the mi-
crobial composition and chemical parameters of the biochar play a
crucial role in determining the efficiency of dark fermentation. Enrich-
ment of hydrogen-producing microbial communities, particularly those
harboring the hydA gene, is favored under nutrient-rich and metal-
balanced conditions.

4. Conclusions

Of the materials added to the continuous dark fermentation bio-
reactors, coconut copra-derived biochar exhibits the most consistent and
pronounced stimulatory effect, enhancing biohydrogen yields up to 15-
fold (45 dm® Hy/kg COD molasses) compared with the control (2-3 dm?®
Ha/kg COD molasses). This improvement is associated with a 100-fold
increase in hydA gene copies and selective enrichment of Clostridium
sensu stricto subgroups 11, 12 and 1, as well as Prevotella and Caproi-
ciproducens. The stimulatory effect is transient, requiring periodic bio-
char replacement and reinoculation with fresh inoculum to maintain
stable biohydrogen production. This observation is particularly relevant
because most previous studies have been limited to short-term batch
systems, whereas industrial-scale implementation requires sustained
performance under continuous operation.

Alkaline coconut copra biochar, enriched in potassium, phosphorus,
sulfur, sodium, magnesium and nickel, promotes butyrate-type
fermentation and enhances biohydrogen evolution, whereas mostly
acidic pine bark and cherry pit biochars display weaker and unstable
effects. Biochar does not contribute to pH changes in the acidic effluents,
maintaining values in the mid-range of 4.2-4.6. Biochar origin and
physicochemical characteristics, rather than pyrolysis conditions,
determine microbial community composition and process outcomes.
Continuous operation enables real-time assessment of microbial adap-
tation, biochar depletion, and system stability, revealing temporal dy-
namics that remain undetectable in batch assays.
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Overall, this study advances the mechanistic understanding of bio-
char as both a microbial support surface and a nutrient reservoir,
highlighting its feedstock-dependent efficacy and the critical impor-
tance of continuous systems for optimizing biochar application in sus-
tainable biohydrogen production. Further studies aimed at maximizing
the beneficial effects of biochars in such systems are warranted.
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