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Abstract

Biohydrogen production can be derived from low-value lignocellulosic biomass; however,
in many biohydrogen producing systems, xylose is utilized less efficiently than glucose,
which limits overall substrate conversion. To address this issue, Fe/Mn-modified biochar
was employed to enhance dark fermentation of glucose–xylose mixed sugars, and its
performance was compared with other inoculum treatments. The biochar addition achieved
a hydrogen yield of 2.57 ± 0.10 mol-H2/mol-sugar, representing 14.6% enhancement
over untreated controls, while enabling complete substrate utilization across varying
xylose proportions. Biochar supplementation also reduced the lag phase by 24.4% and
increased hydrogen productivity by 47.3% in mixed-sugar cultivation. Integrated analyses
of the experimental data revealed the dual role of Fe/Mn-modified biochar in constructing
conductive extracellular polymeric substance networks and directing metabolic flux toward
high-yield butyrate pathways. This work establishes Fe/Mn-biochar as a multifunctional
microbial engineering tool that alleviates carbon catabolite repression and promotes the
enrichment of hydrogen-producing bacteria (HPB), thereby providing a practical and
effective strategy for enhanced biohydrogen production from lignocellulosic biomass.

Keywords: Fe/Mn-modified biochar; biohydrogen; enrichment; co-fermentation; microbial
community

1. Introduction
Hydrogen is increasingly regarded as a pivotal component in global decarbonization

due to its high energy density and carbon-neutral combustion [1]. As a clean energy carrier,
hydrogen emits no greenhouse gases and generates only water when it is used as a fuel,
making it a promising alternative to fossil fuels [2]. Current hydrogen production methods
include water electrolysis, thermocatalytic processes, and biological processes. Among
these, the biological conversion of renewable feedstocks such as waste biomass presents a
sustainable and economically viable route [3]. In particular, dark fermentation of complex
organic wastes (e.g., lignocellulosic residues, agro-industrial by-products and food waste)
is attractive due to its operational simplicity and ability to convert complex substrates into
hydrogen along with value-added coproducts such as acetate, ethanol, and butyrate [4,5].
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This not only contributes to clean energy production but also supports waste biomass
reduction and resource recovery, aligning with circular bioeconomy principles [6,7].

Among these biomass feedstocks, lignocellulosic biomass, with an estimated annual
global production exceeding 180 billion tons, represents the most abundant renewable
carbon resource and is therefore a particularly promising substrate for biohydrogen produc-
tion [8]. Nevertheless, less than 5% of this biomass is effectively converted into high-value
products [9]. Lignocellulose is a heterogeneous biopolymer mainly composed of cellu-
lose (30–56%), hemicellulose (10–27%), and lignin (3–30%) [10]. Through pretreatment
and enzymatic hydrolysis, it can be depolymerized into fermentable monosaccharides,
primarily glucose and xylose, which serve as essential substrates for microbial hydrogen
production [11]. Yet, the efficient co-utilization of glucose and xylose remains a major
bottleneck due to carbon catabolite repression (CCR)-mediated substrate competition in
mixed-sugar systems. In this context, substrate competition refers to the preferential uptake
and metabolism of glucose over xylose, which leads to incomplete substrate conversion and
low biohydrogen yields [12]. Overcoming CCR and enhancing mixed-sugar fermentation
efficiency are therefore crucial for lignocellulosic hydrogen production.

A key to this lies in developing hydrogen-producing bacteria (HPB) with high ac-
tivity and xylose utilization capabilities [13]. Traditional treatments strategies for HPB
enrichment, such as heat-shock and acidification, are commonly employed to suppress
non-hydrogenogenic microorganisms (e.g., methanogens and sulfate-reducing bacteria),
while selectively enriching hydrogen-producing functional consortia [14,15]. Nevertheless,
establishing a highly active HPB consortium remains difficult, especially under mixed
sugar conditions where substrate competition and CCR effects significantly inhibit the
metabolic activity of functional strains.

Recent studies have revealed that biochar can serve simultaneously as a conductive
microenvironment and an electron-transfer mediator, thereby promoting the formation of
stable and efficient microbial communities [16]. In particular, when biochar is modified
with transition metals such as iron (Fe) and manganese (Mn), its surface provides abundant
active sites and functional groups that enhance the activity of key enzymes (e.g., xylose
isomerase and dehydrogenase), accelerating the conversion of xylose into central metabolic
intermediates such as acetyl-CoA [17]. Moreover, studies have reported that Fe/Mn-
modified biochar can effectively alleviate CCR effects and enhance the co-fermentation effi-
ciency of glucose and xylose [18]. However, the underlying interaction between modified
biochar and microbial inocula, particularly the mechanisms by which biochar modulates
community succession and functional enrichment, remains unexplored. Therefore, Fe/Mn-
modified biochar was selected in this study as a representative transition-metal-modified
biochar to investigate its effects on biohydrogen production of mixed-sugar substrate.

In this study, batch serum-bottle experiments were employed as an initial screening
step to evaluate the effect of Fe/Mn-modified biochar supplementation on the enrichment
of HPB consortia, with xylose used as the sole carbon source during the enrichment phase.
This biochar-assisted enrichment strategy was systematically compared with conventional
pretreatment approaches, including ultrasonic stimulation, heat shock, acid treatment,
alkali treatment, and chemical induction. Subsequently, the hydrogen production perfor-
mance and substrate co-utilization behavior of the enriched consortia were investigated
under glucose–xylose mixed sugar fermentation conditions representative of lignocellu-
losic hydrolysates. In addition, the extracellular polymeric substance (EPS) composition,
microbial community succession, and predicted functional gene profiles were comprehen-
sively analyzed to elucidate the regulatory mechanisms by which Fe/Mn-modified biochar
interfaces with microbial activity and mixed-sugar metabolism.
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2. Materials and Methods
2.1. Preparation of Inocula

The activated sludge used in this study was collected from the secondary sedimenta-
tion tank of the Wenchang Wastewater Treatment Plant in Harbin, China. The methanogenic
digester slurry was obtained from a previously constructed anaerobic baffled reactor [19].
Fresh samples were passed through a 50-mesh sieve (300 µm pore size) to remove large
debris and impurities. To enrich HPB, each inoculum underwent specific pretreatment as
described below.

The acidic treatment was performed by adjusting the pH to 3.0 with 1 M HCl, incubat-
ing at 4 ◦C for 24 h, and subsequently readjusting the pH to 7.0 using 1 M NaOH, while
the alkali treatment involved increasing the pH to 10.0 and restoring it to 7.0 following the
same procedure. The heat-shock treatment was conducted by exposing the inoculum to
100 ◦C for 30 min and 60 min, respectively, using a pre-heated water bath. The ultrasonic
treatment was carried out for 3.5 min per day and 7 min per day using a 40 kHz, 100 W
ultrasonic cleaning bath. For chemical induction, two methanogenesis inhibitors were
employed: 10 mM 2-bromoethanesulfonate (BES) and 0.1 v/v% chloroform, both added
to the inocula 24 h prior to inoculation to inhibit methanogenic activity. Two types of
biochar were used in this experiment: a straw-derived biochar and an Fe/Mn-modified
straw biochar synthesized in our laboratory with an iron-to-manganese ratio of 2:1 [20].
Both types of biochar were introduced into the culture medium at a dosage of 3 g/L during
medium preparation, 24 h before inoculation. A control group without any pretreatment
was included for comparison.

2.2. Batch Fermentation Procedure

Batch fermentations were carried out in 100 mL glass serum bottles with a working
volume of 50 mL under controlled conditions of 37 ± 1 ◦C and 200 rpm agitation. The
xylose-based medium contained (per liter): 10 g xylose, 0.5 g L-cysteine, 3.25 g NH4Cl, 0.5 g
K2HPO4, 0.5 g KH2PO4, 77 mg MgCl2, 10 mg NaCl, 7.5 mg MnCl2, 5 mg FeCl2, 1 mL trace
elements (104 µg CoCl2, 83.1 µg ZnSO4, 31 µg Na2MoO4, 13.1 µg NiCl2, 13 µg Na2WO4,
10 µg Na2SeO3, H3BO3 6 µg, 1.6 µg CuCl2), and 1 mL vitamin solution (niacin 350 µg,
pyridoxine hydrochloride 100 µg, calcium pantothenate 50 µg, para-aminobenzoic acid
50 µg, lipoic acid 50 µg, folic acid 20 µg, thiamine hydrochloride 5 µg, cobalamin 1 µg) [20].
The initial pH was adjusted to 7.00 ± 0.05 using 5 M NaOH, and the inoculation ratio was
at 10% (v/v). After inoculation, all reactors were flushed with high-purity nitrogen for
30 min to ensure strict anaerobic conditions.

The optimal HPB enrichment strategy identified from the sole xylose fermentation was
subsequently applied in the glucose and xylose mix sugars (GXMS) batch fermentations.
All other culture conditions were maintained as described above, except that xylose in the
medium was replaced with three types of GXMS (75% xylose + 25% glucose, 50% xylose +
50% glucose, 25% xylose + 75% glucose), corresponding to a total sugar concentration of
10 g/L. Both the gas and liquid phases generated during fermentation were collected for
further analysis.

2.3. Analytical Methods

The volume of biogas produced during fermentation was measured using a gas-tight
syringe method [21]. The content of biogas and soluble metabolites was measured via gas
chromatographySP-7890 plus (LunanRUIHONG Co Ltd., Zaozhuang, China) equipped
with a thermal conductivity detector (TCD). Residual reducing sugars were quantified via
a high-performance liquid chromatography (HPLC) system (Waters Alliance 1525, Waters
Corporation, Milford, MA, USA) equipped with a refractive index detector Waters 2414
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(Waters Corporation, Milford, MA, USA) and a Shodex sugar SH 1011 column (Resonac
Corporation, Tokyo, Japan). The mobile phase consisted of 0.5 mM H2SO4 at a flow rate of
0.6 mL min−1. The protein concentration was determined following the steps provided by
the Solarbio BCA (bicinchoninic acid) protein assay kit (Beijing, China). The composition
of EPS in inocula and fermentation effluents was analyzed using a three-dimensional
excitation-emission (3D-EEM) fluorescence spectrometer LS-55 (Perkin-Elmer, Waltham,
MA, USA) [22]. The total organic carbon (TOC) content of the EPS was determined using
a total organic carbon analyzer multi N/C 3100 (Analytik Jena GmbH+Co. KG, Jena,
Germany) [23].

2.4. Microbial Community Analysis

Microbial community compositions of inocula subjected to different pretreatments
were analyzed via 16S rRNA gene amplicon sequencing targeting the V3–V4 region
using primers 341F (CCTACGGGNGGCWGCAG) and 805R (GACTACHVGGGTATC-
TAATCC) [24]. The PCR products were purified, quantified, and subsequently sequenced
on an Illumina MiSeq PE250 platform (Guangdong Magigene Biotechnology Co., Ltd.,
Guangzhou, China). Operational taxonomic unit (OTU) clustering was conducted at 97%
similarity using UPARSE (version 11.0.667). Representative OTU sequences were taxo-
nomically classified employing the Bayesian algorithm of the RDP classifier (version 2.12)
against the SILVA 138 reference database with default parameters. Functional gene and
metabolic pathway predictions were performed based on the 16S rRNA gene data using
PICRUSt2 (version 2.5.2). The predicted functional profiles were annotated against the
Kyoto Encyclopedia of Genes and Genomes (KEGG) database (accessed in October 2024),
and KEGG ortholog abundances were collapsed to pathway level for downstream analysis.

2.5. Kinetic Analysis

Hydrogen production kinetics were analyzed using the modified Gompertz model
(Equation (1)) [25]:

P = Pm ∗ exp
{
−exp

[
Rm × e

Pm
(λ − t) + 1

]}
(1)

where, t—fermentation time (h); P—cumulative hydrogen production (mL); Pm—maximum
hydrogen production potential (mL/L); λ—lag phase duration (h); Rm—maximum hydro-
gen production rate (mL/(h·L)); e—2.718.

3. Results and Discussion
3.1. Effects of Pretreated Inocula on H2 Production from Xylose Fermentation

To elucidate the effects of inoculum pretreatments on fermentative hydrogen pro-
duction, the time-course profiles of cumulative H2 generation under different treatment
strategies were analyzed. As shown in Figure 1, most pretreated systems entered the hy-
drogenogenic phase rapidly after a brief lag period, yet exhibited substantial differences in
hydrogen production, indicating that the distinct pretreatment methods induced divergent
microbial responses and metabolic adaptations.

In the systems inoculated with activated sludge (S), the Fe/Mn-modified biochar
amended group (SMC) achieved the highest cumulative hydrogen production, reaching
2198 ± 58 mL/L within 96 h, followed by the unmodified straw biochar addition group
(SC), the chloroform addition group (SCL), and the BES addition group (SB) with hydro-
gen yields ranging from 1902 to 1989 mL/L. Notably, although the unmodified straw
biochar treatment enhanced hydrogen production compared with chemical inhibition
strategies, its performance remained distinctly inferior to that of the Fe/Mn-modified
biochar, highlighting the critical role of metal-induced redox functionality. In contrast,
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both the untreated control (SN) and the heat-shock groups (ST3, ST6) produced less than
1000 mL/L, demonstrating that thermal stress severely inhibited the activity of HPB.

Figure 1. Hydrogen production variation from xylose with different inoculum treatments. (a) Ac-
tivated sludge inoculum; (b) Methanogenic digester slurry inoculum (The first letter “S” refers
to activated sludge, while “M” refers to methanogenic digester slurry. Others letter refers to the
treatment strategies: U3, short-term ultrasound treatment; U7, long-term ultrasound treatment; T3,
short-term heat shock; T6, long-term heat shock; AC, acid treatment; AK, alkaline treatment; B, BES
addition; CL, chloroform addition; C, straw biochar addition; MC, Fe/Mn modified straw biochar
addition; N, untreated control).

In comparison, the methanogenic digester slurry (M) inoculated systems exhibited
a longer active hydrogenogenic phase and higher overall yields, suggesting that appro-
priately conditioned methanogenic digester slurry serves as a more efficient and stable
inoculum source for biohydrogen production. Among these, the Fe/Mn-modified biochar
group (MMC) recorded the highest yield of 2888 ± 11 mL/L, which was 1.22–1.38 times
greater than those of other representative treatments (e.g., BES addition group (MB), alkali
treatment group (MAK) and long-term ultrasound treatment group (MU7)). The superior
performance of Fe/Mn-modified biochar relative to unmodified straw biochar may be
attributed to the synergistic redox functions of Fe and Mn, which enhance interspecies
electron transfer and stimulate the proliferation of efficient hydrogen producers [26,27].
This observation aligns with previous reports that Fe-based materials selectively enrich
Clostridium spp. while suppressing facultative taxa such as Enterobacter spp., thereby opti-
mizing the microbial consortia for hydrogenogenesis [28]. Conversely, the two heat-shock
treatment groups (MT3 and MT6) yielded the lowest hydrogen levels, confirming that
high-temperature exposure irreversibly impaired HPB viability [29,30].

Furthermore, the cumulative hydrogen profiles were well fitted to the modified Gom-
pertz model (Table 1). Although Fe/Mn-modified biochar addition did not shorten the
lag phase, it substantially accelerated system stabilization and enhanced overall kinetic
performance. With Fe/Mn-modified biochar supplementation, both the maximum hy-
drogen production potential and maximum production rate increased significantly from
584 mL/L and 5.73 mL/(L·h) to 2228 mL/L and 38.53 mL/(L·h) for SMC and 2918 mL/L
and 35.43 mL/(L·h) to 1022 mL/L and 35.10 mL/(L·h) for MMC, respectively. These results
demonstrate that Fe/Mn-modified biochar effectively mediates inoculum enrichment and
process stabilization, offering a promising strategy to enhance hydrogen yield and reactor
robustness in dark fermentation systems.
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Table 1. Hydrogen production kinetic parameters of xylose fermentation using inocula with differ-
ent treatments.

Pretreated Inocula Pmax (mL/L) Rmax (mL/(h·L)) λ (h) R2

SU3 818 7.53 4.3 0.979
SU7 917 6.41 17.37 0.989
ST3 328 10.15 38.65 0.999
ST6 259 7.08 26.39 0.995
SAC 710 8.11 26.35 0.990
SAK 935 16.17 33.63 0.991
SCL 2088 21.51 33.36 0.985
SB 2092 20.97 32.47 0.983
SC 2044 31.59 33.84 0.995

SMC 2228 38.53 20.15 0.960
SN 584 4.73 15.24 0.957

MU3 1862 17.81 37.59 0.994
MU7 2251 28.16 23.14 0.983
MT3 483 24.74 29.449 0.999
MT6 563 21.96 26.64 0.999
MAC 2385 21.94 13.52 0.982
MAK 2185 27.34 30.86 0.986
MCL 1380 23.36 88.96 0.999
MB 2539 25.22 21.27 0.980
MC 1475 14.11 43.09 0.969

MMC 2918 35.43 38.17 0.998
MN 1022 12.41 35.10 0.978

3.2. Performance of Hydrogen Fermentation Using Glucose–Xylose Mixed Substrates

The principal fermentable constituents of lignocellulosic hydrolysates are glucose and
xylose. Previous studies have reported that when glucose–xylose mixed sugars (GXMS)
are used as substrates, the actual hydrogen yield generally attains only about 40% of the
theoretical maximum [12,15,31]. This limitation primarily arises from carbon catabolite
repression (CCR), wherein glucose markedly suppresses xylose metabolism, resulting in
preferential glucose consumption and restricted xylose utilization within mixed-sugar
systems [32]. To evaluate the hydrogen-producing performance of pretreated inocula under
mixed-sugar conditions, the most efficient consortia, SMC and MMC, were selected for
further investigation. In this experiment, mixed-sugar solutions containing 75% (w/w)
xylose + 25% glucose, 50% xylose + 50% glucose and 25% xylose + 75% glucose, respectively,
were prepared to simulate the composition of lignocellulosic hydrolysates.

As shown in Figure 2a, the SMC consortium maintained a clear advantage over the
control (SN) across all substrate compositions. The SMC-75 group achieved the highest hy-
drogen yield of approximately 2603 ± 125 mL/L after 120 h before reaching a stable plateau,
while SMC-50 and SMC-25 stabilized around 2023 ± 169 mL/L and 2039 ± 74 mL/L, re-
spectively. In contrast, all SN reactors produced less than 400 mL/L, confirming that
Fe/Mn-modified biochar substantially enhanced hydrogenogenic potential even under
mixed-sugar conditions. In the methanogenic digester slurry inoculum systems (Figure 2b),
overall hydrogen production was markedly higher. The MMC-75 group exhibited the
highest cumulative yield (3163 ± 118 mL/L), followed by MMC-25 (2478 ± 57 mL/L)
and MMC-50 (2180 ± 47 mL/L), representing 47–60% increases relative to their respective
controls (MN). Notably, the prolonged hydrogenogenic phase observed in MMC reflected
enhanced metabolic stability and substrate adaptability. Apparently, Fe/Mn-modified
biochar effectively reinforced the conversion of glucose–xylose mixed sugars into hydrogen
under dark fermentation conditions. These results indicate that Fe/Mn-biochar-mediated
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inoculum enrichment not only mitigates CCR in glucose–xylose co-fermentation but also
provides an effective and sustainable strategy for improving biohydrogen production from
lignocellulosic hydrolysates.

Figure 2. Hydrogen production (a,b) and accumulation of soluble metabolic byproducts (c) during
fermentation of glucose–xylose mix sugars (GXMS) with pretreated inocula (S, activated sludge; M,
methanogenic digester slurry; MC, Fe/Mn-modified straw biochar addition; N, control group).

Figure 2c shows the accumulation of soluble metabolites during dark fermentation of
GXMS by the control and Fe/Mn-modified biochar-enriched inocula. It can be observed
that acetic acid (HAc) and butyric acid (HBu) were the predominant soluble fermentation
products, together accounting for over 60% of the total soluble metabolites. The forma-
tion of acetic acid and butyric acid is theoretically coupled with hydrogen production
pathways; therefore, these two acids are regarded as key intermediates in biohydrogen
generation [33,34]. In the SN, the HAc/HBu molar ratio ranged from 1.07 to 3.03, indicating
that acetic acid production dominated the metabolic flux. However, in the MMC group, this
ratio declined to 0.52–1.16, suggesting that biochar addition promoted the butyrate-type
fermentation pathway and suppressed excessive acetate accumulation. The MMC group
produced significantly higher total volatile metabolites than the corresponding controls,
particularly in the MMC-75, which also achieved the highest hydrogen yield.

According to the stoichiometric relationships, up to 4 mol H2 can be theoretically
produced in acetic-type fermentation, whereas 2 mol H2 are generated in butyric-type
fermentation. However, considering Gibbs free energy, the butyric-acid pathway is energet-
ically more favorable, and its enhancement is often associated with increased hydrogen
yields [35,36].

C6H12O6 + 2H2O → 2CH3COOH + 2CO2 + 4H2

(
∆G0 = −206 kJ

)
(2)

C6H12O6 → CH3CH2CH2COOH + 2CO2 + 2H2

(
∆G0 = −254 kJ

)
(3)

In this study, the shift toward a butyrate-dominant metabolic pattern in the modified
biochar groups indicates that Fe/Mn-biochar likely altered the metabolic flux distribution
by regulating the activity of key hydrogen-producing bacteria. Consequently, the low-
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ered HAc/HBu ratio reflected a strengthened butyrate pathway, which favored efficient
electron recovery as hydrogen, thereby improving overall hydrogen productivity during
GXMS fermentation.

Figure 3 illustrates the utilization of mixed sugars by different inocula under vari-
ous glucose/xylose ratio conditions. As shown in Figure 3a–c, all untreated systems (SN
and MN) exhibited a pronounced delay in xylose utilization across substrate composi-
tions. In the 75% xylose + 25% glucose GXMS group, xylose metabolism was inhibited
by glucose and declined only during the late fermentation stage; in particular, the xylose
utilization rate in the SN was only 0.6%. In the 50% xylose + 50% glucose GXMS and
25% xylose + 75% glucose GXMS, the CCR effect became even more evident, with glucose
being preferentially consumed while xylose remained scarcely metabolized, resulting in
limited xylose utilization and low overall substrate conversion efficiency. This behavior
is characteristic of carbon catabolite repression, where the presence of glucose suppresses
the uptake and metabolism of secondary sugars such as xylose [13]. Correspondingly,
hydrogen yields in SN remained low, ranging from 1.15–1.58 mol-H2/mol-GXMS across
all substrate ratios (Figure 3d). In comparison, the MN inoculum exhibited significantly
higher xylose utilization and hydrogen yield. This improvement may be attributed to the
origin of MN inocula in the straw-fed methanogenic digester, which is naturally enriched
with xylose-metabolizing microorganisms [37,38]. Nevertheless, xylose utilization in the
MN remained limited, and the inhibitory effect of glucose became more pronounced as its
content increased; at 25% xylose + 75% glucose GXMS, xylose utilization dropped to only
24.7%. These results are consistent with the findings of Zhao et al., who reported that higher
glucose proportions intensify the inhibitory effect of glucose on xylose metabolism [13].

Figure 3. Residual sugar profiles during mixed-sugar fermentation with different inocula under
three substrate compositions: (a) 75% xylose + 25% glucose; (b) 50% xylose + 50% glucose; (c) 25%
xylose + 75% glucose. (d) Hydrogen yield obtained with the different inocula (S, activated sludge; M,
methanogenic digester slurry; MC, Fe/Mn modified straw biochar addition; N, control group).

In contrast, the addition of Fe/Mn-modified biochar markedly accelerated the degra-
dation and co-metabolism of mixed sugars. In the 75% xylose + 25% glucose GXMS
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group, the SMC achieved complete consumption of all substrate within 86 h, with both
glucose and xylose fully metabolized, yielding 1.82 ± 0.09 mol-H2/mol-GXMS, 15.2%
higher than the untreated control. In the MMC group, glucose was completely consumed
and xylose utilization reached about 59.4–82.3%, corresponding to a hydrogen yield of
2.57 ± 0.10 mol-H2/mol-GXMS. In the 50% xylose + 50% glucose GXMS group, the SMC
attained 100% substrate utilization with a hydrogen yield of 1.48 ± 0.12 mol-H2/mol-sugar,
whereas MMC retained 2.03 ± 0.09 g/L residual xylose but maintained a similar yield of
2.04 ± 0.04 mol-H2/mol-GXMS. Even under the 90% xylose condition, biochar-amended
systems still utilized over 75% of total sugars, achieving a maximum hydrogen yield of
2.02 ± 0.05 mol-H2/mol-GXMS. Although SMC achieved complete substrate consumption
at all xylose ratios, its hydrogen yield remained relatively lower (1.82 ± 0.09 mol-H2/mol-
sugar) compared to the MMC system (2.57 ± 0.10 mol-H2/mol-sugar). Analysis of soluble
metabolites revealed that, in the activated sludge system, part of the reducing power
was diverted toward by-product formation, such as acetone and ethanol, whereas in the
methanogenic digester slurry system, more electrons were directed toward hydrogenogenic
pathways, resulting in higher hydrogen yields and enhanced metabolic selectivity.

Overall, the incorporation of Fe/Mn-modified biochar significantly promoted the
degradation and conversion of mixed sugars, improving both substrate utilization efficiency
and hydrogen production. The results highlight that the synergy between biochar-enhanced
electron transfer and co-metabolic regulation effectively mitigates CCR, achieving superior
hydrogen yield and substrate conversion performance.

3.3. Extracellular Polymeric Substance Dynamics in Metabolic Regulation

To gain mechanistic insight into why inocula enriched by Fe/Mn-modified biochar
exhibited higher hydrogen yields and improved stability in Sections 3.1 and 3.2, the dy-
namics of EPS were analyzed as a key physicochemical interface between the enriched
consortia and their environment. EPS are pivotal in maintaining the structural stability
and metabolic activity of activated sludge or methanogenic digester slurry inocula. Their
porous architecture facilitates substrate diffusion and extracellular electron transfer (EET),
both of which are critical for dark fermentative hydrogen production. The EPS matrix
can be fractionated into three layers: soluble EPS (S-EPS), loosely bound EPS (LB-EPS),
and tightly bound EPS (TB-EPS). The S-EPS layer mainly consists of secreted metabolites
and cell lysis products, LB-EPS forms the physicochemical interface between microbial
cells and substrates, while TB-EPS represents the metabolically active and protective layer
surrounding the cells [39]. As shown in Figure 4, the addition of Fe/Mn-modified biochar
markedly altered the composition and distribution of EPS components in both activated
sludge and methanogenic digester slurry inocula. Compared with the control, the protein
(PN) content in both LB-EPS and TB-EPS significantly increased, whereas the polysac-
charide (PS) content decreased, particularly in LB-EPS. This compositional shift suggests
that the presence of conductive biochar redirected microbial resources toward produc-
ing functional proteinaceous components, mainly extracellular enzymes and redox-active
electron-transfer proteins, instead of polysaccharides with primarily structural or defensive
roles. The enhanced PN fraction therefore reflects a potential improvement in EPS conduc-
tivity and electron-transfer efficiency. The 3D-EEM spectra (Figure 5) further confirmed
these compositional changes. Three major fluorescence peaks were identified under Ex/Em
regions of 200–250/330–380 nm (I), 200–250/380–550 nm (II), and 250–450/380–550 nm
(III), corresponding to tyrosine-like, fulvic-like, and humic-like substances, respectively.
The fluorescence intensity of peaks I and II, representing protein-like fluorophores, was
significantly enhanced in biochar-treated inoculum. Figure 6 shows that the area proportion
of region I in TB-EPS of SMC and MMC increased by 3.4% and 6.0%, respectively, while
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that in LB-EPS increased by 3.8% and 0.9%, respectively, indicating the accumulation of
redox-active proteins related to the microbial electron transport chain. Meanwhile, the
content of humic substances decreased slightly, especially the area of region III in LB-EPS
of SMC and MMC, which increased by 3.8% and 9.8% compared to the control group,
respectively, indicating that Fe/Mn-modified biochar promoted the generation or stabi-
lization of electron-shuttling organic components within the EPS matrix. These humic-like
compounds are rich in carbonyl and quinone functional groups, both known to facilitate
rapid electron transfer between microbial cells and conductive materials [40,41].

Figure 4. Contents of proteins (PN) and polysaccharides (PS) in the bound EPS (LB-EPS and TB-EPS)
plus Cumulative total organic carbon (TOC) in all three type of EPS at the end of hydrogen fermenta-
tion using xylose as the substrate with pretreated inoculum (S, activated sludge; M, methanogenic
digester slurry; MC, Fe/Mn-modified straw biochar addition; N, control group).

Figure 5. 3D-EEM spectra of S-EPS, LB-EPS, and TB-EPS at the end of hydrogen fermentation
using xylose as the substrate with pretreated inocula. Three major fluorescence peaks were ob-
served under Ex/Em conditions: 200–250 nm/330–380 nm (I), 200–250 nm/380–550 nm (II), and
250–450 nm/380–550 nm (III), identified as tryptophan-like substances, fulvic acid-like substances,
and humic acid-like substances, respectively (S, activated sludge; M, methanogenic digester slurry;
MC, Fe/Mn-modified straw biochar addition; N, control group).
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Figure 6. Fluorescence spectral regions of EPS from activated sludge and methanogenic digester slurry
inoculum before and after Fe/Mn-modified biochar treatment, after xylose biohydrogen production
(SMC, activated sludge with Fe/Mn modified straw biochar addition; MMC, methanogenic digester
slurry with Fe/Mn-modified straw biochar addition; SN & MN, control group; -S, soluble EPS; -LB,
loosely bound EPS; -TB, tightly bound EPS).

In addition, the TOC content of S-EPS slightly decreased after Fe/Mn-biochar enrich-
ment, suggesting that the overall EPS became more compact and metabolically stable [42].
This stabilization can be attributed to the multiple functions of biochar, including pH
buffering, adsorption of inhibitory metabolites, and provision of microbial attachment
sites [43,44]. These effects alleviate cellular stress, allowing microorganisms to allocate
more metabolic resources to the synthesis of catalytically active proteins rather than stress-
protective polysaccharides.

Collectively, Fe/Mn-modified biochar enrichment induced a spatial and compositional
reorganization of EPS, characterized by (i) an elevated PN/PS ratio in bound EPS, (ii) the
enrichment of redox-active protein-like and humic-like components, and (iii) a reduction
in soluble EPS accumulation. Such restructuring is expected to enhance the conductivity
and electron-transfer capability of EPS networks and to stabilize the microenvironment
surrounding HPB. In turn, these EPS properties provide a mechanistic explanation for the
higher hydrogen yields, faster system stabilization and improved robustness observed in
the SMC and MMC groups, thereby linking the inoculum enrichment step to the subsequent
hydrogenogenic fermentation performance.

3.4. Microbial Community Shifts and Functional Gene Prediction During Xylose Fermentation

The microbial community composition of different inocula changed significantly be-
fore and after modified biochar treatment, and the distribution of the microbial community
clearly differed between treated groups and control groups. As shown in Table S1, the
Fe/Mn-biochar-enriched inocula exhibited distinct biodiversity patterns. In SMC, richness
indices (OTUs, Chao, ACE) increased substantially compared with SN (OTUs 372 vs. 23),
indicating the proliferation of previously minor taxa. However, the Shannon and evenness
indices decreased (1.43 vs. 1.29), and the Simpson index rose, suggesting that several
functional populations became dominant after enrichment. In contrast, MMC displayed a
slight decline in richness (OTUs 355 vs. 389) but a pronounced rise in the Simpson index,
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implying that Fe/Mn-modified biochar strongly selected for specific hydrogen-producing
species while suppressing non-hydrogenogenic competitors. These results were supported
by rarefaction and Venn analyses (Figure S1), confirming that biochar enrichment reshaped
both diversity and the core taxonomic composition of the inocula. The Venn diagram
(Figure S1b) also confirmed significant differences in the community distribution at the
genus level among the four samples; SMC, MMC, SN, and MN each possess unique genera.

The taxonomic composition at the phylum level (Figure 7a) demonstrated that Firmi-
cutes dominated all samples (82.6–97.5%), while Actinobacteria and Proteobacteria were
present in minor proportions. Notably, in the untreated activated sludge, Actinobacte-
ria accounted for up to 16.6%, but this proportion dropped below 1% in the SMC after
biochar enrichment, accompanied by a slight increase in Proteobacteria. In contrast, the
methanogenic digester slurry inoculum maintained similar phylum-level profiles before
and after treatment, indicating that biochar exerted a stronger selective pressure in the
sludge-based system.

Figure 7. Microbial relative abundance at the phylum (a) and genus (b) level after fermentation with
pure xylose as the substrate using different pretreated inocula (S, activated sludge; M, methanogenic
digester slurry; MC, Fe/Mn-modified straw biochar addition; N, control group).

At the genus level (Figure 7b), dramatic successions were observed. In SN, five
genera exceeded 0.1% in relative abundance: Clostridium sensu stricto_12 (50.9%), Entero-
coccus (23.5%), Bifidobacterium (16.6%), Clostridium sensu stricto_11 (6.7%), and Lactobacillus
(0.11%), showing a highly uneven distribution dominated by non-hydrogenogenic taxa.
After enrichment, the SMC community shifted sharply; the genus of Enterococcus and
Bifidobacterium declined to <0.1%, while Clostridium sensu stricto_1 rose from <0.1% to 70.7%,
replacing Clostridium sensu stricto_12 (now 1.6%). In the untreated methanogenic digester
slurry, Clostridium sensu stricto_1 (32.9%) and Clostridium sensu stricto_11 (47.1%) were
co-dominant, with Paenibacillus at 7.0%. After Fe/Mn-biochar enrichment, MMC became
overwhelmingly dominated by Clostridium sensu stricto_11 (86.1%), while Clostridium sensu
stricto_1 and Paenibacillus fell to 3.3% and <0.01%, respectively. Clostridium sensu stricto_11
is known to possess conserved enzymes such as DNA gyrase, ATP synthase β-subunit, and
ribosomal protein S2 and is frequently detected in anaerobic systems, indicating its role
in butyrate-type hydrogenogenic metabolism [45]. Clostridium sensu stricto_1 is a versatile
anaerobe capable of fermenting carbohydrates, amino acids, and ethanol to produce bu-
tyrate [46,47], whereas Clostridium sensu stricto_12 is associated with caproic-acid formation
and usually occurs in trace amounts in rumen fluid [48].
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Non-Clostridium taxa diminished after biochar enrichment. Enterococcus, a stress-
tolerant gut commensal, and Bifidobacterium, an anaerobe depending on complex carbo-
hydrates, were almost eliminated. Summing the three Clostridium sensu stricto lineages
yields the order SN < MN < SMC < MMC, paralleling the observed increase in hydrogen
yield. The hydrogen-producing capacities among these Clostridium types follow 12 < 1 < 11,
supporting that Fe/Mn-biochar enrichment promoted butyrate-type fermentation and
enhanced electron recovery through hydrogen formation. These trends were consistent in
mixed-sugar fermentations (Figure S2). In MMC-75, which achieved the highest hydrogen
yield, Clostridium sensu stricto_11 reached 91.5%. In MMC-50 and MMC-25, where CCR
effects were stronger, small fractions of types 1 and 12 re-emerged, though total Clostridium
abundance remained comparable, confirming that Clostridium sensu stricto_11 played a key
role in alleviating glucose-mediated repression and improving xylose utilization.

Functional prediction using the KEGG database (Figure 8) further demonstrated the
regulatory influence of Fe/Mn-biochar enrichment on metabolic pathways. Compared
with the controls, SMC and MMC showed strong upregulation of pflA, which encodes
pyruvate formate-lyase linking glycolysis to the hydrogen-producing conversion of pyru-
vate to acetyl-CoA [49]. Genes associated with the butyrate branch (adhE, buk, pfkA, pyk,
and por) were likewise upregulated, confirming that carbon flux was redirected toward
acetyl-CoA and butyrate formation [50]. Conversely, ldhA, encoding lactate dehydrogenase,
was markedly downregulated in MMC, indicating suppression of the lactate pathway
and reduced NADH competition. In SMC, pct (propionate-CoA transferase) was also
downregulated, minimizing electron diversion to propionate synthesis. Collectively, these
transcriptional changes reinforced the butyrate-type hydrogenogenic route while attenu-
ating competing pathways [51,52]. Taken together, Fe/Mn-modified biochar functioned
simultaneously as a selective microbial regulator and an intracellular redox modulator. By
enriching Clostridium sensu stricto_11 and upregulating genes in the pyruvate-acetyl-CoA-
butyrate axis, biochar enrichment strengthened the coupling between microbial community
structure and hydrogenogenic metabolism. This integrated regulatory mechanism explains
the enhanced hydrogen productivity, improved xylose utilization, and superior metabolic
stability observed in the Fe/Mn-biochar-enriched systems.

Figure 8. Heatmap of predicted microbial functional gene abundance in pure xylose fermentation
based on the KEGG database using PICRUSt (S, activated sludge; M, methanogenic digester slurry;
MC, Fe/Mn-modified straw biochar addition; N, control group).
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4. Conclusions
This study establishes Fe/Mn-modified biochar-augmented methanogenic digester

slurry (MMC) as the optimal inoculum for biohydrogen production, achieving a yield
of 2.57 ± 0.10 mol-H2/mol-mixed sugar and a 14.9–35.8% enhancement over untreated
controls. When applied to the inoculum, biochar supplementation synergistically alle-
viated glucose-mediated catabolite repression in mixed sugar systems, enabling com-
plete substrate utilization in all three types of mixed-sugar (75% xylose + 25% glucose,
50% xylose + 50% glucose, 25% xylose + 75% glucose). As an electron conduit, modified
biochar promoted the formation of conductive EPS networks, facilitating direct electron
transfer from enriched HBP. Under modified biochar enhancement, the xylose-metabolizing
enzymes and xylulokine genes of Clostridium sensu stricto_11, which are dominant, are
fully expressed, and butyrate fermentation is mainly carried out, reducing the transfer of
electrons to the lactate/propionic acid pathway. Future work should translate this serum-
bottle screening strategy to lab- and pilot-scale reactors to validate performance and assess
techno-economic feasibility.
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//www.mdpi.com/article/10.3390/fermentation11120703/s1. Table S1: Biodiversity indices of
different pretreated inocula when xylose fermentation ended; Figure S1: Effects of different treatments
on microbial community structure: (a) Rarefaction curves with coverage indices; (b) Venn diagram at
the genus level; Figure S2: Microbial relative abundance at the phylum (a) and genus (b) level after
fermentation with mixed-sugar as the substrate using MMC inoculum.
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Abbreviations
The following abbreviations are used in this manuscript:

HPB Hydrogen-producing bacteria
CCR Carbon catabolite repression
EPS Extracellular polymeric substances
BES 2-bromoethanesulfonate
GXMS Glucose and xylose mix sugars
TCD Thermal conductivity detector
HPLC High-performance liquid chromatography
3D-EEM Three-dimensional excitation-emission
TOC Total organic carbon
OTU Operational taxonomic unit
KEGG Kyoto Encyclopedia of Genes and Genomes
S Activated sludge
SAC Acid-treated activated sludge
SAK Alkali-treated activated sludge
ST3 30 min heat-shock-treated activated sludge
ST6 60 min heat-shock-treated activated sludge
SU3 3.5 min per day ultrasonic-treated activated sludge
SU7 7 min per day ultrasonic-treated activated sludge
SB 2-bromoethanesulfonate-treated activated sludge
SCL Chloroform treated activated sludge
SC Activated sludge with straw-derived biochar addition
SMC Activated sludge with Fe/Mn-modified straw biochar addition
SN Untreated activated sludge
MAC Acid-treated methanogenic digester slurry
MAK Alkali-treated methanogenic digester slurry
MT3 30 min heat-shock treated methanogenic digester slurry
MT6 60 min heat-shock treated methanogenic digester slurry
MU3 3.5 min per day ultrasonic=treated methanogenic digester slurry
MU7 7 min per day ultrasonic-treated methanogenic digester slurry
MB 2-bromoethanesulfonate-treated methanogenic digester slurry
MCL Chloroform-treated methanogenic digester slurry
MC Methanogenic digester slurry with straw-derived biochar addition
MMC Methanogenic digester slurry with Fe/Mn-modified straw biochar addition
MN Untreated methanogenic digester slurry

SMC-75
Activated sludge with Fe/Mn-modified straw biochar as inoculum, substrate
is a xylose-glucose mixture with 75% xylose and 25% glucose

SMC-50
Activated sludge with Fe/Mn-modified straw biochar as inoculum, substrate
is a xylose-glucose mixture with 50% xylose and 50% glucose

SMC-25
Activated sludge with Fe/Mn-modified straw biochar as inoculum, substrate
is a xylose-glucose mixture with 25% xylose and 75% glucose

MMC-75
Methanogenic digester slurry with Fe/Mn-modified straw biochar as inoculum,
substrate is a xylose-glucose mixture with 75% xylose and 25% glucose

MMC-50
Methanogenic digester slurry with Fe/Mn-modified straw biochar as inoculum,
substrate is a xylose-glucose mixture with 50% xylose and 50% glucose

MMC-25
Methanogenic digester slurry with Fe/Mn-modified straw biochar as inoculum,
substrate is a xylose-glucose mixture with 25% xylose and 75% glucose
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HAc Acetic acid
HBu Butyric acid
EET Extracellular electron transfer
S-EPS Soluble extracellular polymeric substances
LB-EPS Loosely bound extracellular polymeric substances
TB-EPS Tightly bound extracellular polymeric substances
PN Protein
PS Polysaccharide
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