PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

Synergistic Enhancement of CO, Biomethanation by
Fe/Co/Ni-Loaded Biochar from Cattle Manure

Xin Cui, Jiaye Li, and Xin Li *

Carbon dioxide biomethanation offers a promising route for energy storage
via biological conversion of renewable surplus electricity and CO, into
methane. To improve the gas production efficiency and instability,
bioaugmentation strategies are commonly employed by using biochar and
trace elements individually. However, their coupled effect remains
underexplored. In this study, the CM400 (biochar produced from cattle
manure under 400 °C) showed superior performance in cumulative
methane yield (138 mL-gVS™). Response surface optimization identified
an optimal trace element combination (Fe: 15.1 mg-L™", Co: 1.5 mg-L™",
Ni: 0.6 mg-L™"), increasing methane yield by 12.9%. Subsequently, a novel
modified biochar (CM400 pre-soaked in the optimal Fe/Co/Ni solution and
pyrolyzed) was synthesized and significantly enhanced the volumetric
methane production (VMP) by 19.8%. Experimentally, it enhanced the
removal of total solids (TS), volatile solids (VS), and total chemical oxygen
demand (TCOD) by 21.1%, 20.9%, and 3.4%, respectively, while
strengthening pH buffering and preventing volatile fatty acid (VFA)
accumulation. The modified biochar enriched electroactive bacteria (e.g.,
Synergistota, Chloroflexota) and key methanogens (Methanothrix).
Collectively, these physiological and compositional changes are
consistent with improved syntrophic metabolism and suggest the possible
involvement of direct interspecies electron transfer.
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INTRODUCTION

In a multi-energy distributed energy system, surplus electricity generated from
photovoltaic and wind power systems is widely used to produce hydrogen through water
electrolysis for efficient utilization of renewable energy. However, the high costs
associated with hydrogen storage and long-distance pipeline transportation, coupled with
the underdeveloped end-user hydrogen utilization infrastructure, limit the downstream
development of the hydrogen industry (Han et al. 2025a). Meanwhile, the growing
emphasis on achieving carbon neutrality has led to increasing demand for CO: resource
utilization technologies. Therefore, CO: biomethanation using H> produced from surplus
electricity has emerged as a promising approach. In the biological route, anaerobic
microorganisms convert COz to CHa (CO: + 4H> — CHa + 2H.0, AG° = —131 kJ'mol™)
for energy storage, a process known as “CO: biomethanation” (Xirostylidou et al. 2024).
This process enables the conversion and storage of renewable energy in chemical form,
thereby facilitating bidirectional energy exchange between the electricity grid and the
natural gas network. The biological route, a key energy storage technology in distributed
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multi-energy supply systems, offers significant environmental and economic benefits.
However, this technology has not been commercialized due to its low production efficiency
and poor system stability for large-scale industrial applications (Santamaria et al. 2025).

The low production efficiency of CO2 biomethanation is mainly attributed to abiotic
and biotic limiting factors. Studies have shown that the low gas—liquid mass transfer rate
is a key abiotic factor affecting the gas production rate of CO: biomethanation (Gongalves
et al. 2025). Several studies have focused on reactor design, gas supply methods, and
process optimization to enhance gas—liquid mass transfer efficiency (Ghofrani-Isfahani et
al. 2021; Kalbermatten et al. 2025; Ye et al. 2026). However, the improvement in gas
production efficiency has been limited. In addition to abiotic factors, biotic rate-limiting
factors must be taken into consideration. The biotic factors, including microbial community
structure, interspecies syntropy, methanogenic pathways, key enzyme activities, and
competition among multiple pathways within the microbial consortium, influence
methanogenic efficiency. Current strategies for enhancing biotic activity mainly include
electrical stimulation and the addition of promoting substances, such as biochar and trace
elements (Dong et al. 2022; Cristiani et al. 2023; Li and Kobayashi 2025).

In anaerobic fermentation, the addition of biochar enhances methanogenesis
through multiple synergistic mechanisms (Li et al. 2026). Because of its alkali metal
content, biochar introduces inherent alkalinity into the liquid phase, thereby shifting the
COs—carbonate equilibrium toward bicarbonate and carbonate. Additionally, its diverse
surface functional groups reversibly bind and release protons. This dual action strengthens
the acid-base buffering capacity of the system, stabilizes pH, and accelerates fermentation
intermediate conversion. The well-developed porous structure and high specific surface
area of biochar enable it to effectively adsorb and precipitate inhibitors, such as H.S, thus
mitigating their detrimental effects on the microbial community. The pore structure of
biochar also serves as protective microhabitats for microbial colonization, and the gradual
release of carbon, nitrogen, and trace elements from the biochar matrix supplies essential
nutrients that enrich and activate the anaerobic consortium. Moreover, during CO:
biomethanation, a high hydrogen partial pressure can thermodynamically restrict the
oxidation of key intermediates and interspecies electron transfer (Wu et al. 2025). Biochar,
an excellent exogenous conductive material, enables direct interspecies electron transfer
(DIET), thereby bypassing the thermodynamic constraint and promoting more efficient
methanogenesis (Wang et al. 2025).

In the methanogenic stage, anaerobic microbial anabolism depends on
macronutrients, including carbon, hydrogen, oxygen, nitrogen, phosphorus, and sulfur, and
a suite of essential trace metal elements. These trace elements are incorporated into the
cellular component of anaerobic microorganisms and serve as indispensable cofactors in
methanogenic biochemistry by participating in the synthesis and activation of key enzymes
(Bardi et al. 2023). Numerous laboratory studies and operational data from full-scale
biogas plants worldwide consistently reveal that a deficiency of the trace elements leads to
partial degradation of organic matter, excessive accumulation of VFAs, disruption of acid—
base equilibrium, and instability of the process (Shin 2025; Liang et al. 2026). In CO:
biomethanation systems, trace elements are routinely supplemented in the form of nutrient
solutions. The result by Moestedt et al. showed that appropriately adjusting the mixing
ratio of trace-element-rich substrates effectively improved system stability (Moestedt et al.
2016). Burkhardt et al. supplied essential nutrients, including Co and Ni, to the reactor,
achieving a CHa4 concentration of 98% and a maximum volumetric methane production
rate (VMP) of 1.49 L-Lreactor '-d”! (Burkhardt et al. 2015). Rachbauer et al. circulated a
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mineral medium containing NiCl. and other substances, resulting in a CH4 concentration
0f 96% and a VMP of 2.52 L-Lieactor *d™! (Rachbauer et al. 2016).

However, the coupled effect of biochar and trace elements is in CO:
biomethanation—a hydrogenotrophic methanation process with distinct thermodynamic
constraints and trace element requirements—remains underexplored. In this study, the
effects of biochar and three trace elements (Fe, Co, and Ni) individually on the CO-
biomethanation process are investigated, and the dosages are optimized using response
surface methodology. On this basis, modified biochar was prepared, and its
bioenhancement effect and underlying mechanism on CO: biomethanation were explored
through long-term continuous experiments. Investigating the coupling effect of biochar and
trace elements on CO- biomethanation provides a theoretical and experimental basis for
breaking through the biotic limiting factors of efficient bio-nature gas production.

EXPERIMENTAL

Materials and Methods
Raw materials characterization and biochar preparation

The cattle manure (CM) for fermentation and biochar preparation was collected
from a dairy farm in Beijing. The properties of the corn straw (CS) and cattle manure are
shown in Table 1. The CS and CM for biochar preparation were dried in an oven at 105 °C
for 24 h to remove excess moisture after washing.

Table 1. Raw Material Characteristics

Parameter Unit Cattle Manure Corn Straw Inoculum
TS g-L’ 203.1+3.7 938.2+4.1 419+1.1
VS g-L’ 153.8 + 3.2 898.3+4.1 30.4+0.9
C % (DM) 33.96 38.26 /

H % (DM) 4.23 4.78 /
0] % (DM) 31.78 37.24 /
N % (DM) 1.74 0.97 /
CIN / 19.52 39.44 /

Biochar was derived from CS and CM via slow pyrolysis in a tubular furnace under
an oxygen-limited atmosphere, maintained by a constant N> flow of 0.2 L-min™'. The
pyrolysis process employed final temperatures of 400, 500, and 600 °C, with a heating rate
of 10 °C-min" and a 1 h holding time at each target temperature. The resulting biochars
were labeled as CS400, CS500, CS600 (from CS at 400, 500, and 600 °C, respectively)
and similarly CM400, CM500, CM600 (from cattle manure at the same temperatures).
After pyrolysis, the biochars were cooled to below 100 °C inside the reactor, then
transferred to desiccators. The sieved particles were dried at 105 °C for 48 h and stored in
airtight plastic bags for subsequent experiments.

The modified biochar

Based on the optimal addition concentrations of various metal elements and the
optimal biochar type determined, a mass of 10 g of cattle manure was soaked with 100 mL
mixed solution containing FeCl2-4H20 (15.1 mg Fe-L™"), CoCl2-H20 (1.5 mg Co-L™),
NiCl2-6H20 (0.6 mg Ni-L™") for 24 h at room temperature after vibrating for 1 h. Then, it
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was filtered and dried for 24 h. The soaking cattle manure underwent pyrolysis at 400 °C
in a tubular furnace for 1 h.

Bioaugmentation Experimental Design
Batch experiment

After measuring the Total Solid (TS) and Volatile Solid (VS) content, the cattle
manure was diluted with deionized water to a TS content of approximately 60 g-L!,
homogenized using a high-speed blender, and stored at -4 °C for later use as the organic
feedstock. Batch experiments of the CO. biomethanation system were conducted using
120-mL serum bottles. The inoculum was obtained from a stably operated CO:
biomethanation system in the laboratory. After being filtered through a sieve to remove
impurities, it was placed in a 37 °C water bath for later use. A total of 60 mL of inoculum
and 10 mL of CM fermentation substrate were added into each 120-mL serum bottle.
According to the experimental design, corresponding amounts of trace metal elements and
biochar were added to the bottles. The bottles were then purged with nitrogen for 1 min to
ensure anaerobic conditions, followed by sealing with butyl rubber and aluminum foil.
Using a gas-tight syringe, 40 mL of Hz2 and 10 mL of CO: mixed gas were injected into the
serum bottles of the experimental group, while 50 mL of N2 was injected into the blank
group. All serum bottles were placed in a constant-temperature water bath at 37 °C. The
gas production volume and gas composition were measured using a gas-tight syringe.

Biochar obtained from different feedstocks and under different pyrolysis conditions
was added at 5% of the total solid content.

In the initial single-element batch experiments, each trace element was added
individually to determine its optimal concentration. The concentrations tested were:
FeCl24H:0 (1, 5, 10, 15, and 20 mg Fe-L "), CoClz-H20 (0.1, 0.5, 1.0, 1.5, and 2.0 mg
Co-L™), and NiCl2-6H20 (0.1, 0.5, 1.0, 1.5, and 2.0 mg Ni-L™).

Based on these single-element results, the individually optimized concentrations
were identified as 15 mg Fe-L™', 1.5 mg Co-L?, and 0.5 mg Ni-L™". Subsequently, mixed-
element experiments were conducted using response surface methodology (Box-Behnken
design), in which all three trace elements were added together according to the
experimental design (Table S1). The concentration ranges for the mixed-element
experiments were: Fe (10, 15, 20 mg-L™"), Co (1.0, 1.5, 2.0 mg-L™"), and Ni (0.1, 0.5, 1.0
mg-L™).

The biochar and trace element batch experiments were conducted independently
using different batches of inoculum and cattle manure, which were collected from the same
sources but at different time points. The endpoint of each batch experiment was defined as
the day when daily methane production fell below 1% of the cumulative production for
three consecutive days. After the experiment, the cumulative methane production of each
group was calculated and analyzed, and response surface analysis was performed based on
the methane production. The Design Expert software (Stat-Ease, Inc., Version 13,
Minneapolis, MN, USA) was further used to design experiments with mixed elements. For
all batch experiments, three independent biological replicates (n = 3) were performed for
each treatment condition with a blank group.

Semi-continuous experiment

The semi-continuous CO: biomethanation experiment was conducted in a 5-L continuous
stirred-tank reactor (CSTR) with a hydraulic retention time (HRT) of 35 days. The working
volume of the reactors was 3.5 L. The ratio of substrate to inoculum was 1:2. In the semi-

Cui et al. (2026). “CO2 biomethanation via biochar,” BioResources 21(4), 10070-10097. 10073



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

continuous anaerobic fermentation, the total solids (TS) concentration of the feed was
approximately 15%, while the final TS concentration in the reactor was approximately 6%.
The organic load rate (OLR) of was 1.5 ¢ TS-L™!'-d! and the temperature was maintained
at 37 £ 1 °C using a water bath. Throughout the experiment, the reactor was fed once daily
with dairy manure and gas. The reactor followed the same daily feeding and withdrawal
pattern, namely the amount of effluent removed from the reactor was equal to the amount
of substrate added to it. A daily feed of 100 mL of cattle manure solution (TS = 15%) was

introduced into the reactor. The daily gas loading rates was the volumetric amount of H-
or CO: gas supplied to the reactor per unit reactor working volume per day
(L-Lreactor'-d™"). The final amount of H2 injection was established according to the
stoichiometry of hydrogenotrophic methanogenesis reaction: 4 mol of H2 with 1 mol of
CO2 (from biogas or sum of biogas and additional COz). All gas ratios were calculated as
normalized volume ratios under standard conditions (0 °C, 101.33 kPa) (Fig. 1).

Gas recirculation pump

Gas
sampling ! 4 Electric motor Peristaltic pump

bag A —

Fig. 1. Diagram of the experimental setup

Agitation speed (0 to 180 rpm) was precisely controlled by a variable-speed motor
with a reducer. Feedstock gas was recirculated using a micro gas pump and further
dispersed via an internal diffuser. Biogas was collected in gas bags. Biogas composition
was monitored daily, and biogas yield was recorded using a wet gas meter. The experiment
assessed the effect of modified biochar on system performance. Gas composition and yield
were measured 24 h after each feeding, while TS, VS, pH, VFAs, and COD were measured
every 2 to 3 days.

To further elucidate the influence of the modified biochar on the CO:
biomethanation system using a before-after control design, a 105-day experiment was
conducted comprising a 70-day control phase without biochar addition, followed by a
35-day experimental phase in which the modified biochar was introduced. Throughout both
phases, the gas loading rate was dynamically regulated in response to indicators such as
methane content and system pH. Through monitoring gas production characteristics,
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organic matter degradation, and overall system stability before and after biochar addition,
the effect of modified biochar on the CO: biomethanation process were systematically
assessed.

Analytical Methods

The produced gas yield was measured using a wet gas meter (a
positive-displacement drum-type meter sealed with water). Gas composition (CHa, COs,
H») was analyzed daily by gas chromatography (Shimadzu GC-8A, Japan) equipped with
a stainless steel column (10 m X 2 mm i.d.). A 0.5 mL gas sample was collected using a 1-
mL syringe and injected into the chromatograph. All gas volumes were corrected to
standard conditions (0°C, 101.33 kPa). The inlet, column, and thermal conductivity
detector (TCD) temperatures were 120 °C, 50 °C, and 120 °C, respectively.

The TS and VS were determined following a standard procedure (Greenberg ef al.
1985). Effluent samples were collected every 2 to 3 days to measure pH, total COD
(TCOD), soluble COD (SCOD), and volatile fatty acids (VFAs). The pH was measured
using a pH meter (Mettler-Toledo, USA). For SCOD analysis, feedstock and effluent
samples were centrifuged at 8000 rpm for 20 min using a high-speed refrigerated centrifuge
(TGL-16 M, China). The supernatant was then filtered through a 0.45-pm membrane. Both
TCOD and SCOD were measured using Lianhua LH-DES00 reagent via the fast digestion-
spectrophotometric method (Chinese standard GB/T 32208-2015) at 610 nm.

The VFAs were analyzed using a gas chromatograph (Shimadzu GC-2010 Plus,
Japan). The soluble fraction of the samples was filtered through a 0.45-pum microfiber filter,
and the filtrate was injected (1.0 puL) into a DB-wax capillary column (30 m x 530 mm X
1.0 um) with a flame ionization detector. The injector and detector temperatures were 200
and 250 °C, respectively. Nitrogen was used as the carrier gas at a flow rate of 10 mL-min".
All analytical measurements were performed in triplicate, and data are reported as means
+ SD where applicable.

The samples for microbial analysis were collected during stable periods of different
reaction stages: on days 24 and 51 of the control phase, and on days 79 and 102 after the
addition of modified biochar. These samples were designated D24, D51, D79, and D102,
respectively. Each sample was sealed in a 50-mL centrifuge tube and stored at —80 °C.

The microbial community analysis was conducted by Shanghai Majorbio Bio-
pharm Technology Co., Ltd. Operational taxonomic units (OTUs) and their relative
abundances were derived from 16S rRNA sequencing data to ensure accurate taxonomic
classification and quantification. The methods for bacterial and archaeal analysis followed
our previous study (Ye et al. 2026), and data were analyzed using the Majorbio Cloud
Platform (www.majorbio.com).

Statistical Analysis of Data

Data were collated, analyzed, and plotted and the correlation analysis plots were
generated using Origin Pro 2021. For the batch experiments, one-way analysis of variance
(ANOVA) was performed using IBM SPSS Statistics 27, followed by Dunnett's t-test
(two-tailed) for post-hoc multiple comparisons between each treatment group and the
control group. A significance threshold of a = 0.05 was applied. For the response surface
methodology, Design-Expert 13 was used to perform ANOVA on the quadratic regression
model, and the model-predicted optimum was validated against experimental results using
a two-tailed paired t-test.
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RESULTS AND DISCUSSION

Effects of Biochars on CO, Biomethanation Systems
Gas production performance

The effects of different biochars derived from two distinct feedstocks under various
pyrolysis temperatures on CO2 biomethanation systems were investigated (Fig. 2 Biochar).
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Fig. 2. Methane production performance of the system after biochar or trace elements addition in
batch experiment
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All groups exhibited a distinct peak in gas production during the early stage of the
batch experiment, and the cumulative methane yield linearly increased. On day 3, the daily
methane yield of the control group peaked at 17.6 mL-gVS™. The daily methane yields of
three CS biochar groups peaked on days 3, 3, and 4, resulting in 17.8, 17.2, and 19.8
mL-gVS™, respectively. The daily methane yields of CM biochar groups on day 4 peaked
at21.4,21.8, and 21.4 mL-gVS™!, which were 21.8%, 24%, and 21.7% higher than that of
the control, respectively. After day 18, the methanogenesis rate slowed considerably across
all groups, and the rate of increase in cumulative methane yield decreased, with the reaction
terminating on day 50. The final cumulative methane yield of the control group was
approximately 123 mL-gVS™'. The addition of CM biochars modestly enhanced
cumulative methane production. This enhancement was more pronounced in the CM400
group, which achieved a final cumulative methane yield of 138 mL-gVS~. Compared with
the control, cumulative methane yields increased 12.1%, 8.1%, and 9.8% in the CM400,
CM500, and CM600 groups, respectively. This enhancement might be attributed to the
abundance of redox-active functional groups in CM biochar produced under low-
temperature pyrolysis. The functional group facilitated electron transfer through redox
reactions and interspecies electron transfer among microorganisms, thereby enhancing
methanogenesis (Bu et al. 2022). The CS biochar groups yielded low gas, consistent with
the finding of Pan et al., who reported that biochars derived from chicken manure and
fruitwood achieved higher methane yield improvements than CS biochar (Pan et al. 2019).
Biochar slightly increased the methane content in the reactors relative to the control, and
the methane content in the CM600 group peaked at 71.9% on day 3, representing an
increase of 7.2% over the control.

Metabolic performance

Figure 3 (a) shows the effects of different CS biochars on the removal efficiencies
of TS, VS, and TCOD in the CO: biomethanation system. No significant differences (p >
0.05) in the removal efficiencies of TS, VS, and TCOD were observed between the CS400,
CS500, and the control groups. This slight difference may be attributed to the relatively
low pyrolysis temperature used for the straw-based feedstock. This low pyrolysis
temperature may result in incomplete carbonization, underdeveloped pore structures, and
unstable physicochemical properties, thereby limiting the ability to effectively promote
organic matter degradation. In contrast, the CS600 group exhibited higher removal
efficiencies of TS, VS, and TCOD than the control, reaching 35.7, 38.7, and 41.3%,
respectively, increasing 9.8, 12.5, and 7.0% relative to the control.

Figure 3 (b) illustrates the organic matter removal efficiencies in the groups
supplemented with different CM biochars. Compared with the control group, the TS, VS,
and TCOD removal efficiencies of all CM biochar groups significantly increased (p <
0.05). Among the groups, the CM400 group achieved the highest organic matter removal
efficiencies, with TS, VS, and TCOD removal rates of 41.0, 46.3, and 49.0%, respectively,
which were 26.2, 34.6, and 26.9% higher than those of the control. In the CM500 and
CM600 groups, the TCOD removal efficiencies were 48.2% and 45.6%, respectively,
corresponding to increases of 24.4% and 18.1%.

The addition of biochar led to varying degrees of improvement in H> consumption
rate, cumulative methane yield, and organic matter removal efficiency compared with the
control group. These results showed that the favorable physicochemical properties of
biochar effectively stimulated microbial enrichment and activity, thereby enhancing
digestion performance and the metabolic activity of methanogenic archaea (Yuan et al.
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2018). Furthermore, the electrical conductivity of biochar may also play a role in
facilitating interspecies electron transfer among microorganisms.
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Fig. 3. Removal efficiencies (%) of organic matter after biochar or trace elements addition in batch
experiment: (a) CS biochar addition individual; (b) CM biochar addition individual; (c) Fe addition
individual; (d) Co addition individual; (e) Ni addition individual

Effects of Trace Elements on the CO, Biomethanation System
Gas production performance

Fe is the most abundant metal element in methanogenic cells and plays essential
roles in the synthesis of various enzymes during methanogenesis (Gong et al. 2026). The
effects of different concentrations of Fe on the gas production of the CO. biomethanation
system are shown in Fig. 2 (Fe). On day 6, the daily methane yield of the control group
peaked at 8.91 mL-gVS™'. The cumulative methane yield of the control group was 120
mL-gVS™ after 52 days. In the Fe-supplemented groups, the highest cumulative methane
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yields were 138.4 mL-gVS™', which was 15.3% higher than those of the control group at
15 mg-L!. The observed increases in methane content and cumulative methane yield may
be attributed to the positive effects of Fe on various bacteria and enzymes involved in the
CO: biomethanation process. The average methane contents in the control group and Fe-
supplemented groups were 51.7% and 53.5 to 55.2%, respectively. This represented a slight
increase compared with that in the control group.

As an essential component of acetogenic and methanogenic microorganisms, Co
addition significantly enhanced gas production (Méndez-Contreras et al. 2024). Figure 2
(Co) shows the effects of different concentrations of Co on the gas production performance.
Compared with the control, Co addition also increased both daily methane yield and
cumulative methane yield. The enhancements were more pronounced at Co concentrations
of 0.1 mg-L™" and 1.5 mg-L™". The highest daily methane yield of 13.6 mL-gVS™ was
observed at a Co concentration of 0.1 mg-L™, representing a 52.4% increase over the
control. The peak cumulative methane yield of 143.3 mL-gVS™ was achieved at a Co
concentration of 1.5 mg-L™, corresponding to a 19.38% increase over the control. However,
at a Co concentration of 2.0 mg-L™", the cumulative methane yield was lower than that of
the control, possibly due to the toxic effects of excessive Co on methanogenic
microorganisms, which consequently reduced methane production (Safari¢ ez al. 2020).

Ni serves as an essential cofactor for key methanogenic enzymes, including
hydrogenases and carbon monoxide dehydrogenase/acetyl-CoA synthase, thereby
promoting the CO: biomethanation process (Ramirez-Amador et al. 2025). Figure 2 (Ni)
shows the effects of different concentrations of Ni on the gas production performance.
Similar to the effects observed with Fe and Co, the presence of Ni significantly enhanced
methanogenic performance. Ni also improved both daily methane yield and cumulative
methane yield. The optimal daily methane yield of 12.1 mL-gVS™ was observed at a Ni
concentration of 0.5 mg-L™, and the cumulative methane yield peaked at 143.1 mL-gVS™
at the same concentration, which was 19.2% higher than that of the control.

Metabolic performance

The effects of Fe, Co, and Ni on the organic matter removal efficiency are shown
in Fig. 3 (c, d, and e). Compared with the control group, all supplemented groups exhibited
significant differences in removal efficiencies (p < 0.05). The TCOD removal efficiency
in the control group was 50.4%. The Fe-supplemented group exhibited optimal TCOD
removal efficiency of 69.1% at a Fe concentration of 15 mg-L™!, which was 37.1% higher
than that of the control. Co significantly enhanced organic matter removal efficiency. The
maximum TCOD removal efficiencies of 67.7% and 64.5% were achieved at Co and Ni
concentrations of 1.0 mg-L™! and 0.5 mg-L", respectively, which were 34.3% higher than
those in the control group. The COD removal efficiencies obtained in the three trace
element experiments were higher than those of the control group in the CO2 biomethanation
experiment. This disparity indicates that trace elements can alleviate the inhibition of
organic matter degradation during CO: biomethanation.

The batch experiments on CO: biomethanation revealed that the addition of
individual trace elements indeed facilitated the methanogenesis process to a certain extent.
Among the trace elements, Fe, as one of the most critical elements in the synthesis and
physiological metabolism of methanogenic cells, facilitated the production of VFAs and
enhanced the utilization efficiency of methanogens for intermediates such as acetate
(Suanon et al. 2016). Co, as an essential component of methyltransferases and carbon
monoxide dehydrogenases, effectively increased the biological activity of methanogens
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and microorganisms such as Methanosarcina barkeri. Ni played an important role in the
process of H. reduction of CO: to CHa. Recent research has demonstrated that co-
supplementation of multiple trace elements is more effective than mono-supplementation.
a study using response surface methodology found that co-supplemented Fe, Co, and Ni
achieved a 27.4% increase in methane yield under optimal conditions (Fe: 113.1, Co: 0.51,
Ni: 2.44 mg/L) (Zhu et al. 2024). Another study reported that Ni** (1 mg/L) + Co**
supplementation increased methane yield by 14% and 12%, respectively (Salazar-Batres
and Moreno-Andrade 2025). However, during CO: biomethanation, trace elements did not
act independently in physiological metabolism, but multiple trace elements synergistically
interacted and collectively functioned to ensure the smooth progression of the overall
methanogenesis process.

Effects of mixed trace elements on biomethanation systems

The single-factor experimental results of the effect of individual addition of trace
elements described in the previous section revealed that the highest cumulative methane
yields were achieved at concentrations of 15 mg-L™* for Fe, 1.5 mg-L™' for Co, and 0.5
mg-L™" for Ni. As a result, Fe, Co, and Ni were selected as independent variables, and
cumulative methane yield was selected as the response variable. Concentration gradients
were set as follows: Fe (10, 15, and 20 mg-L™"), Co (1.0, 1.5, and 2.0 mg-L"), and Ni (0.1,
0.5, and 1.0 mg-L™"). A three-factor, three-level response surface methodology was
designed using Design Expert software, comprising a total of 17 experimental points. The
experimental factor levels and coding are shown in Table S1.

The specific experimental procedures for the mixed-element experiments were the
same as those for the single-element experiments. The experimental results are presented
in Table S2. Using Design Expert software, a quadratic polynomial regression equation
was developed based on the aforementioned experimental levels and independent variables,
with the cumulative methane yield Y as the response variable and concentration of Fe, Co,
and Ni as the independent variables.

Y =132.61+0.4030x A+0.8688x B+0.8315xC+0.0175x AB
—0.3000x AC +0.0420x BC —7.33x A* —=10.74x B> —4.58x C* (1)

In Eq. 1, Y is the cumulative methane yield (mL-gVS™), 4 means Fe concentration
(mg-L™"), B means Co concentration (mg-L™"), C means Ni concentration (mg-L™), 4%, B,
and C? mean quadratic terms representing the curvature (non-linear effects) of each trace
element, and AB, AC, and BC mean interaction terms representing the synergistic or
antagonistic effects between pairs of trace elements.

The RSM regression model was statistically significant (p < 0.0001, R?=0.9761),
indicating that the model adequately described the response data. However, ANOVA of
the individual model terms (Table S3) revealed that only the quadratic terms (42, B?, C?)
were statistically significant (p < 0.01), while all linear terms (4, B, C) and interaction
terms (4B, AC, BC) were not significant (p > 0.05). This indicates that the influence of Fe,
Co, and Ni on cumulative methane yield was predominantly curvilinear—i.e., each element
exhibited an optimal concentration range—rather than simply linear or interactive. The
model predicted an optimal trace element combination (Fe: 15.1 mg-L™*, Co: 1.5 mg-L",
Ni: 0.6 mg-L™") that was experimentally validated, confirming that the quadratic model
provides a useful predictive framework despite the non-significant linear and interaction
terms.
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Fig. 4. Effect of different trace element interactions on cumulative methane production
Note: (a, c, e) are the 3D response surface analyses, and (b, d, f) are the top views
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The steepness of the response surface curves visually reflected the magnitude of
factor interactions, exhibiting a positive correlation. Notably, a steeper surface slope
reflects in a stronger corresponding interaction effect; conversely, a flatter surface indicates
a weaker interaction. Figure 4 shows the effects of each factor and their interactions on
cumulative methane yield. The response surface curve for the interaction between B and C
was the steepest, indicating that Co and Ni had the most significant influence on cumulative
methane yield. The interaction between A and C was moderately strong, while the
interaction between A and B was relatively weak. This trend was confirmed by the contour
plots: the B—C contour exhibited a distinct elliptical shape, indicating a strong interaction.
In contrast, the A—B contour was almost circular, reflecting a weaker interaction. Based on
the experimental data and graphical analysis, the order of interaction strength was BC >
AC > AB.

In summary, the response surface analysis identified a combination of trace
elements that maximized cumulative methane yield. Using Design Expert software and
considering practical conditions, the optimal fermentation conditions were identified as Fe
at 15.1 mg-L™", Co at 1.5 mg-L™", and Ni at 0.6 mg-L™'. Under these conditions, the
predicted cumulative methane yield was predicted to be 132.7 mL-gVS™'. Based on the
response surface analysis results and optimized concentrations identified in the single-
factor experiments, validation experiments were conducted using Fe at 15.1 mg-L™', Co at
1.5 mg-L, and N1 at 0.6 mg-L'. The cumulative methane yield achieved in the validation
experiments was 135.5 mL-gVS™'. No significant difference was observed between the
validation experiments and the predicted value, confirming the reliability of the
experimental results.

Effects of Trace Element-loaded Biochar on the CO, Biomethanation
Gas production performance

The gas production performance of the system before and after the addition of
modified biochar is shown in Fig. 5. Throughout the experiment, the feed concentration
was maintained at a TS of 6%. During days 0 to 70 (corresponding to the control phase,
without modified biochar), the initial H2 and CO- loading rates were 1.71 Liu2-Lreactor -d™!
and 0.19 Lco2Lreactor '*d ™!, respectively. The CHa content in the reactor was approximately
86%, and the VMP was 0.71 LcH. Lrcactor!-d”!. Subsequently, the CHa content fluctuated
between 73 % and 91 % during the control phase (days 0 to 70), depending on the gas
loading rate and operational disturbances, with the peak value of 91 % recorded on day 51
before H> accumulation occurred. During operation, the H> and CO: loading rates were
adjusted according to daily gas consumption. On day 25, the CHa4 content in the reactor
decreased to 73% due to a malfunction in the gas circulation device. As a result, the H> and
CO: loading rates were reduced, and the system returned to normal after 5 days. On day
51, the Hz loading rate of the reactor increased to 2 L2 Lreactor '*d”!, thus decreasing the
CHa4 content from 91% to 62%, with the proportion of unconsumed H: reaching 23%. This
phenomenon indicated that the reactor had reached its H> consumption limit, and the VMP
was 0.69 Lo, Lreactor ' *d ™!, After H2 accumulation, the daily gas loading rates were reduced,
and the CHa content gradually recovered to approximately 80%, with the VMP maintained
at approximately 0.73 Lc. Lreactor | *d™!. During the control phase (days 0 to 70), the highest
H: and CO: loading rates were 2 L2 Lreactor '*d”™ and 0.29 Lcoz Lreactor'*d™!, respectively,
and the maximum VMP was 0.81 Lct. Lreactor -d ™.
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Fig. 5. The gas production performance of Semi-continuous experiment: (a) VMP; (b) gas
content; (c) VFA concentration; (d) COD distribution

On day 71, modified biochar was introduced to the reactor at an amount equivalent
to 5% of the TS content in the reactor and was subsequently replenished every 3 to 5 days
to maintain a stable effective concentration of the modified biochar in the reactor. The gas
loading rates were gradually increased while maintaining complete daily consumption of
H: and CO., and stable VFA concentrations and pH. During this phase, both the CH4
content and the VMP significantly increased. This improvement may be attributed to the
excellent electrical conductivity of biochar, which can facilitate electron transfer during
the reaction and accelerate the reaction rate. Additionally, trace elements, such as Fe, Co,
and Ni, enhanced the activity of anaerobic microorganisms, further accelerating the
methanogenesis rate. On day 103, the CHa content was 86%, and the VMP peaked at
approximately 0.97 LcH. Lreactor!-d”!, which was 19.8% higher than the phase without
modified biochar. Meanwhile, the H. and CO: loading rates in the reactor were 3
L2 Lreactor '*d™ and 0.51 Lcoz- Lreactor ' -d !, respectively, which were 50% and 75.9% higher
than those in the control phase without modified biochar.

Metabolic performance

During CO- biomethanation, the pH of the system was regulated by buffering
components, including CO., HCOs~, and phosphates. When CO: and other compounds
were consumed, the buffering capacity of the system was affected, thereby influencing the
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metabolic activity of the relevant microorganisms. The pH and VFA concentrations in the
reactor during the process are shown in Fig. 5 (c).

During the experimental phase with modified biochar, VFA concentration slightly
increased to 849 mg-L™' in the initial stage, accompanied by a moderate increase in pH.
This phenomenon can be attributed to the accelerated hydrolysis and acidification rates
after the addition of modified biochar and the reaction of metal cations, such as Fe, present
on the biochar in the digestate, imparting weak alkalinity. After 9 days of continued
reaction, a portion of the organic acids was degraded, reducing the VFA concentration in
the reactor to 516 mg-L~'. A transient increase in VFAs occurred on day 103, coinciding
with the increase in H: loading rate to 3.0 L-L™'-d™". This observation is mechanistically
consistent with the known thermodynamic inhibition of syntrophic VFA oxidation under
elevated H: partial pressure. However, the increase was modest (849 mg-L™') and was
followed by a rapid decline to 516 mg-L™', indicating that the conductive biochar, by
facilitating DIET, effectively provided an alternative electron transfer route that
circumvented the thermodynamic constraint. Thus, while high H. partial pressure
transiently perturbed the system, the DIET-enabled syntrophic pathway, together with the
chemical buffering capacity of the modified biochar, prevented sustained VFA
accumulation and ensured stable methanogenesis (Zhao et al. 2025).

Figure 5(d) shows the effect of modified biochar addition on organic matter
removal efficiency in the reaction system. During system operation, the feed TS
concentration was 6%, and the TCOD was 98.6 gCOD-L. In the phase without biochar,
the removal efficiencies of TS, VS, and TCOD were approximately 37.9, 36.9, and 52.7%,
respectively. After the modified biochar was introduced into the system with increasing H
and CO: loading rates, microbial community analysis revealed enrichment of electroactive
bacteria (Synergistota, Chloroflexota, DMER64, Thermovirga) and DIET-capable
methanogens (Methanothrix), which is consistent with the hypothesis that the conductive
biochar matrix may facilitate interspecies electron transfer among microorganisms (Han et
al. 2025b). Consequently, organic matter removal efficiencies improved markedly, with
TS, VS, and TCOD removal efficiencies reaching 44.7, 44.6, and 54.5%, respectively.
Although the organic matter removal efficiency remained lower than that of conventional
anaerobic digestion after adding biochar, TS, VS, and TCOD increased 21.1, 20.9, and
3.4%, respectively, compared with the phase without biochar addition. These results show
that modified biochar can alleviate the inhibitory effect of H> on organic matter metabolism.
In addition, the increased reduction of TS, VS, and COD may result from improved
substrate utilization and enhanced anaerobic digestion performance due to the
supplementation of essential elements.

Effect of Trace Element-loaded Biochar on Microbial Communities
Alpha diversity analysis of microbial communities

Alpha diversity analysis refers to the quantitative description of microbial diversity
within a single sample using a series of indices (such as Ace, Chao, Shannon, Simpson,
and Sobs), reflecting the species composition of the community from multiple dimensions,
including richness, evenness, and diversity. Table 2 shows the alpha diversity of bacteria
at different stages. Coverage represents the library coverage of the experimental samples.
All groups exhibited coverage values exceeding 99%, indicating a high probability of
sequence detection and that the analytical results adequately reflect the microbial
community.
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Table 2. Alpha Diversity of Bacterial and Archaeal Communities at Different
Stages

Sa(rg)ple Ace Chao | Shannon | Simpson | Coverage | Sobs
27 800.56 | 790.68 | 4.4583 | 0.0326 | 0.99747 | 720
Control
phase
51 801.29 | 782.62 | 4.2693 | 0.0381 0.9972 702
Bacterial
Vommunities
Modifi 79 853.71 | 831.12 | 4.4114 | 0.0333 | 0.9972 765
odified
biochar
addition | 165 | 84313 | 820.34 | 4.6383 | 0.0239 | 0.9979 | 790
27 57.73 57.5 1.3212 | 0.4874 | 0.9998 56
Control
phase
51 48.23 48 1.3198 | 0.4814 | 0.9999 48
Archaeal
Communities
Modifi 79 5415 | 53.05 | 1.3168 | 0.5100 | 0.9999 53
odified
biochar
addition | 465 | 5723 | 5511 | 1.6082 | 0.3687 | 0.9998 | 54

The Ace and Chao indices are indicators of species richness, which reflect the total
number or estimated total number of species in a sample without considering species
abundance distribution. Shannon and Simpson indices are used to assess microbial
community diversity. The alpha diversity analysis results indicate that the addition of
modified biochar was associated with increased community evenness and the emergence
of new phylotypes. These structural changes are considered functionally favorable in the
context of this system because they coincided with—and are mechanistically consistent
with—the observed improvements in VMP (+19.8%), H: loading capacity (+50%), organic
matter removal (TS: +21.1%, VS: +20.9%), and system stability (maintained pH and low
VFA concentrations). The Ace and Chao indices slightly increased after the addition of
modified biochar, and the Shannon index increased from 4.27 to 4.64 while the Simpson
index decreased from 0.038 to 0.024. These changes suggest a shift in community structure
toward greater evenness and the emergence of new phylotypes, which is consistent with
the selective enrichment of functional guilds under the modified biochar regime.

During the control phase, the Ace and Chao indices of the archaeal community
decreased slightly (from 57.73 to 48.23 and from 57.50 to 48.00, respectively), while the
Shannon index remained relatively stable. These changes suggest a modest reduction in
archaeal species richness over time under continuous H>/CO: feeding conditions, which
may reflect the adaptation of the community to the selective pressure of sustained
hydrogenotrophic methanogenesis.
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Following the addition of modified biochar (days 71-105), the Ace and Chao
indices increased to 57.23 and 55.11, respectively, and the Shannon index rose from 1.32
to 1.6, while the Simpson index decreased from 0.48 to 0.37. This pattern—higher Shannon
and lower Simpson values—indicates an association between modified biochar addition
and increased archaeal community evenness and diversity.

Venn diagrams of the reaction system at different stages are shown in Fig. 6. The
Venn diagram analysis revealed 461 OTUs shared between the control phase and the
modified biochar addition phase, out of which 135 OTUs were unique to the control phase
and 211 OTUs were unique to the modified biochar addition phase. The number of archaeal
OTUs was lower than that of bacterial OTUs, with only 43 OTUs shared between the two
phases. After the addition of modified biochar, the CO: biomethanation system exhibited
a greater number of unique OTUs and higher microbial diversity, consistent with the alpha
diversity analysis results using various indices.

a b
Fig. 6. Venn plot under different reaction stages (bacteria, a; Archaea, b)

Bacterial community analysis

During CO: biomethanation, different bacterial communities decomposed organic
matter and produced metabolites such as CHa. The relative abundances of bacterial
communities at the phylum level across different stages are shown in Fig. 7 (a). Before and
after the addition of modified biochar, abundances of Bacillota and Bacteroidota remained
relatively high. Relevant studies have shown that both phyla influence the hydrolysis and
acidification of organic matter (Zhou et al. 2024). Notably, Bacillota secrete cellulases,
hemicellulases, proteases, and other enzymes that degrade macromolecular organic matter
into soluble small molecules and subsequently promote the production of VFAs during the
acidification stage (Zheng et al. 2025). Bacteroidota participate in the decomposition of
plant-derived polysaccharides (such as cellulose, hemicellulose, and pectin) by secreting
large amounts of extracellular enzymes, including cellulases (Wang et al. 2026). Some
species within the phylum also degrade nitrogen-containing organic compounds. After the
addition of modified biochar, the relative abundances of Bacillota and Bacteroidota
slightly decreased from 43.2% and 31.0% to 35.5% and 25.7%, respectively, thereby
affecting the hydrolysis of organic matter.
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Synergistota are anaerobic bacteria that cooperate with other microorganisms (such
as methanogens and sulfate-reducing bacteria) to degrade complex organic compounds
during the reaction. Through organic matter fermentation, Synergistota produce formate
and H:, which can be utilized by methanogens to generate CHa, thereby facilitating
interspecies hydrogen transfer and electron transfer among microorganisms (Qiu et al.
2024). After the addition of modified biochar, the abundance of Synergistota significantly
increased from 2.9% to 9.1%, indicating that the excellent electrochemical activity of
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biochar enhanced interspecies electron transfer, thereby improving methanogenic
efficiency. Chloroflexota mainly participate in cellulose and hemicellulose hydrolysis and
the acidogenesis process (Nie et al. 2025). Additionally, they form syntrophic relationships
with methanogens and are more active under high-temperature or low H: partial pressure
conditions. Compared with the control phase, the relative abundance of Chloroflexota
increased from 2.2% to 7.6% after the addition of modified biochar, indicating that the
system maintained a favorable H> consumption rate and methanogenic performance.

It is important to interpret phylum-level community changes with caution, as phyla
such as Bacillota encompass microorganisms with diverse and even contrasting metabolic
capabilities. For instance, while some Bacillota members (e.g., Clostridium spp.) are key
fermentative bacteria involved in hydrogen and volatile fatty acid production, others may
participate in syntrophic acetate oxidation or even methanogenesis-related processes. In
our CO: biomethanation system, which is continuously supplied with H>/CO- rather than
complex organic polymers, the functional relevance of phylum-level shifts must be
corroborated by genus- or species-level analysis.

Figure 7 (b) shows the relative abundances of bacterial communities at the genus
level across different stages. Compared with the control phase, the addition of modified
biochar slightly altered the relative abundances of microbial groups, such as
norank o Bacteroidales and norank o MBA(O3, but remained highly abundant.
DMERG64, a genus known to participate in syntrophic interactions with methanogens
through the exchange of H: or formate (i.e., interspecies hydrogen transfer, IHT), increased
in relative abundance from 4.3% to 6.1% (Hu ef al. 2023). The relative abundance of
Thermovirga, a key functional microorganism in microbial electrolysis cells for enhancing
anaerobic digestion, increased from 1.8% to 6.0% (Nie et al. 2025). The observed
enrichment of electroactive taxa and the sustained VFA degradation under high H- partial
pressure are consistent with the hypothesis that the modified biochar may have facilitated
DIET. Nevertheless, we acknowledge that direct evidence (e.g., biochar conductivity
measurements, electrochemical characterization, or metatranscriptomic analysis of DIET-
related genes) is needed to confirm this mechanism. Therefore, DIET should be considered
a plausible contributing pathway rather than a definitively proven mechanism in the present
study.

Microbial samples were collected at two time points per phase, which helps
distinguish temporal drift from treatment effects. Samples were taken on days 24 and 51
(control phase) and days 79 and 102 (biochar phase). If the observed community shifts
were purely due to temporal drift, one would expect a gradual, unidirectional change across
all four time points. Instead, the communities within each phase showed greater similarity
to each other than to communities in the other phase—the enrichment of Synergistota,
Chloroflexota, and Methanothrix was consistent at both biochar-phase time points (D79
and D102) and differed from both control-phase time points (D24 and D51). This pattern
suggests that the biochar addition was the primary driver of the shift, rather than a random
temporal trend.

Archaeal community analysis

Figure 7 (a) shows the relative abundances of archaeal communities at the phylum
level across different stages. The main phyla identified included Methanobacteriota,
Halobacteriota, Thermoproteota, Aenigmarchaeota, and Thermoplasmatota. Methano-
bacteriota, a dominant archaeal phylum in both anaerobic digestion and CO:
biomethanation systems, can convert acetate, H., CO2, and methylated small molecules
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into CHa (Huang et al. 2024). It remained the dominant archaeal phylum both before and
after the addition of modified biochar, and its relative abundances in the four samples were
84.2, 76.6, 81.2, and 75.7%. Some strains within Halobacteriota, including
Halanaerobium, are involved in the metabolism of proteins and carbohydrates, facilitating
the production of acetate, H2, and CO: (Ji ef al. 2024). Due to the relatively low organic
matter concentration in the CO2 biomethanation system, the abundance of Halobacteriota
remained low and slightly changed. Thermoproteota includes several extremely
thermophilic groups, such as Pyrobaculum, that decompose peptides and sugars. Kohtz et
al. used stable isotope tracing, genomic, and transcriptomic analyses to demonstrate that
Methanomethylicia grows through methyl-reducing hydrogenotrophic methanogenesis and
plays an important role in the carbon cycle (Kohtz ef al. 2024).

It 1s important to note that while phylum-level classification, such as the detection
of Halobacteriota and Thermoproteota, may suggest the presence of organisms with
atypical metabolisms (e.g., halophilic or thermophilic), their low relative abundance and
the limitations of 16S rRNA gene-based taxonomy imply that these sequences likely
represent either 'passenger'’ DNA from the feedstock, uncultured lineages with yet-
unresolved ecophysiologies, or annotation artifacts.

Figure 7 (b) presents the relative abundances of archaeal communities at the genus
level across stages, with Methanobacterium, Methanothrix, norank c__Bathyarchaeia,
Candidatus Methanofastidiosum, and Methanobrevibacter showing relatively high
abundances. Methanobacterium, Candidatus Methanofastidiosum, and Methanospirillum
are hydrogenotrophic methanogens. Methanobacterium converts H. and CO: into CHa,
whereas Candidatus Methanofastidiosum requires additional methyl compounds for
methanogenesis. Some studies have shown that Methanobacterium can produce CHa by
accepting electrons through DIET (Lin et al. 2018). After the addition of modified biochar,
the relative abundance of Methanobacterium in the four samples was 80.3, 75.4, 78.1, and
70.0%, remaining the dominant genus in the system. However, the effect of biochar on
DIET and related microorganisms requires further investigation. Methanothrix is an
acetoclastic methanogen that produces CHa through the acetate cleavage pathway. Some
studies have also shown that Methanothrix can produce CHa through DIET interactions
with iron-reducing bacteria (Jin et al. 2024). Compared with the control phase, the relative
abundance of Methanothrix increased from 7.9% to 12.6% after the addition of modified
biochar, possibly due to the enhanced conductivity of the modified biochar. The
enrichment of acetoclastic methanogens by modified biochar may be a key biological
factor contributing to the improved organic matter degradation rate.

Methanosarcina and Methanomassiliicoccus are both mixotrophic methanogens
(Chen et al. 2024). Methanosarcina can utilize Hz, CO, acetate, methanol, and other
substrates for methanogenesis and can adapt to high organic loading conditions. In contrast,
Methanomassiliicoccus is the predominant methanogen group in the rumen of ruminants.
After the addition of modified biochar, the relative abundance of Methanomassiliicoccus
increased from 0.15% to 0.53%, whereas that of Methanosarcina decreased from 0.34% to
0.05%. In addition, norank ¢ __Bathyarchaeia is a non-methanogenic archaeal group
involved in the degradation of proteins and fatty acids and maintains syntrophic
relationships with methanogens. Compared with the control phase, the relative abundance
of norank ¢ Bathyarchaeia increased from 9.5% to 14.2%, indicating that the addition
of modified biochar may promote the degradation of organic matter and VFAs in the
system.
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CONCLUSIONS

1. This study systematically investigated the synergistic effects of trace element-loaded
biochar on CO: biomethanation, providing both mechanistic insights and process
optimization strategies.

2. Among the biochars tested, cattle manure biochar pyrolyzed at 400 °C (CM400,
without trace element loading) exhibited the highest methanogenic enhancement,
increasing cumulative methane yield 12.1% compared to the control.

3. Response surface methodology identified an optimal trace element mixture (Fe: 15.1
mg-L™', Co: 1.5 mg-L™', Ni: 0.6 mg-L™"). The regression model predicted a predicted
maximum cumulative methane yield of 132.7 mL-gVS™, representing a 12.9%
improvement over the control.

4. The novel modified biochar, prepared by loading the optimal trace elements onto
CM400, increased the volumetric methane production (VMP) 19.8% and raised the
hydrogen loading capacity 50% (from 2.0 to 3.0 L2/ Lreactor 'd™") over the control
phase, while concurrently improving organic matter removal and system stability.
Overall, this additive showed potential to overcome key abiotic limitations—including
poor gas-liquid mass transfer, insufficient pH buffering, volatile fatty acid (VFA)
accumulation, and trace element deficiency—as well as biotic limitations such as
thermodynamic constraints on interspecies electron transfer, suboptimal enzyme
activity, and low microbial community diversity.

5. This strategy offers a practical pathway for integrating biological methanation into
multi-energy distributed systems. By coupling surplus renewable electricity (via Ha
production) with CO: utilization, the process enables Power-to-Gas energy storage in
the form of pipeline-compatible CHa.
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APPENDIX
Supplementary Material

Table S1. Experimental Coding Table

Code
Trace element
-1 0 1
Fe (mg-L1) 10 15 20
Co (mg-L7) 1.0 15 2.0
Ni {(mg-L") 0.1 0.55 1.0

Table S2. Experimental Design and Results of Gas Production

Trace Element (mg-L") Cumulative
No. ) Methane Yield
Fe Co Ni
(mL-gV5")
0 0 0 0 120.336
1 20 15 10 121 859
2 10 1.5 0.1 116.935
3 15 1.5 0.55 134.873
4 15 1.0 01 116 515
5 20 15 01 120 296
6 15 20 0.1 116.897
7 10 20 055 115597
8 15 15 055 131.074
9 20 20 0.55 116.483
10 15 1.0 1.0 117.594
" 10 1.0 0.55 112.623
12 10 1.5 1.0 121.698
13 20 1.0 055 113439
14 15 1.5 0.55 131.098
15 15 20 1.0 116.144
16 15 15 055 130292
17 15 1.5 0.55 134.624
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Table S3. Experimental Full-mode ANOVA

Degrees
Source of Sum of o
o of Mean Square F value P value Significance
Variation Squares
Freedom
Model 89478 9 99 42 31.83 = 0.0001 **
A-Fe 1.30 1 1.30 04159 05395
B-Co 6.04 1 6.04 193 0.2071
C-Ni 553 1 553 177 02250
AB 0.0012 1 0.0012 0.0004 0.9848
AC 0.3600 1 0.3600 0.1152 0.7442
BC 0.0071 1 0.0071 0.0023 0.9634
Az 22645 1 226 45 72.49 = 0.001
B2 485.95 1 48595 155.56 = 0.004
C? 88.38 1 88.38 28.29 0.0011
Residual 21.87 7 3.12
Lack of fit 3.74 3 1.25 0.2749 0.8415 Not
significant
Pure error 18.13 4 453
Total error 916.65 16
Rz= R2agi = CV=145
09761 0.9455

Note: *: significant difference (P = 0.03)
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