[bookmark: OLE_LINK13][bookmark: _Hlk178794860][bookmark: _Hlk191670106][bookmark: OLE_LINK3]Enhanced Methane Production and Biofouling Mitigation by Fe2O3 nanoparticle-biochar composites in Anaerobic Membrane Bioreactors
[bookmark: _Hlk183161164][bookmark: _Hlk185843945][bookmark: _Hlk186804972][bookmark: _Hlk185345674][bookmark: _Hlk185345695]Qianqian Zhanga, Yu Yanga,*, Chung-Hak LEEb, Nigel J.D. Grahamc, How Yong Ngd,e

aState Key Laboratory of Water Environment Simulation, School of Environment, Beijing Normal University, Beijing 100875, China
bSchool of Chemical and Biological Engineering, Seoul National University, Seoul 08826, Republic of Korea
cDepartment of Civil and Environmental Engineering, Imperial College London, South Kensington Campus, London SW7 2AZ, UK
dCenter for Water Research, Advanced Institute of Natural Sciences, Beijing Normal University, Zhuhai 519087, China 
eEnvironmental Research Institute, National University of Singapore, 5A Engineering Drive 1, Singapore 117411, Singapore


[bookmark: _Hlk185843958]*Corresponding author: Yu Yang, Email address: yangyu@bnu.edu.cn






Abstract
[bookmark: _Hlk175666357][bookmark: _Hlk191559423]Conductive materials present an innovative approach to enhancing methane production while facilitating sludge reduction and recovering resources in anaerobic digestion systems. However, the synergistic mechanisms by which composite materials influence the performance of anaerobic membrane bioreactor (AnMBR)—particularly in improving methane production and mitigating membrane fouling, remain underexplored. To address this, Fe2O3 nanoparticle-biochar composites (Fe2O3-BC) were synthesized to enhance electrical conductivity and promote efficient electron transfer in AnMBRs system. These results demonstrated that Fe2O3-BC exhibit high electron donor and electron acceptor capacities, increasing electron transport system (ETS) activity and conductivity by 1.4-fold and 1.7-fold, respectively. This enhancement accelerated the degradation of organic matter during the hydrolysis-acidification stage and boosted the activity of key enzymes (CytC and F420) in the methanogenic phase, resulting in a 42% increase in methane production. Microbial community analysis indicated that Fe2O3-BC strengthened the methanogenic pathway by fostering efficient metabolic interactions between acidogenic bacteria (e.g., norank_f_Rikenellaceae) and methanogens (e.g., Methanosaeta). Long-term experiments with the Fe3BC25-AnMBR reactor showed a significant reduction in the accumulation of soluble microbial products (SMP) and extracellular polymeric substances (EPS) on membrane surfaces, along with a decline in fouling-related bacteria (e.g., Bacteroidota), mitigating membrane fouling by approximately 20–65%. Furthermore, Fe3BC25 inhibited biofilm-related quorum sensing (QS) signals (e.g., C6-HSL, AI-1, and AI-2), reducing microbial adhesion and biofouling. Simultaneously, it enhanced methanogenesis by upregulating QS signals associated with methane production (e.g., C10-HSL). Fe2O3-BC is expected to offer a promising strategy for advancing energy-driven AnMBR processes. 
Keywords: anaerobic membrane bioreactor, methanogenesis, Fe2O3 NPs, biochar, membrane fouling
1. Introduction
[bookmark: _Hlk176247011]The rapid growth of industrialization, urbanization, and population expansion has significantly increased sewage sludge production from wastewater treatment, creating a pressing global environmental challenge (Gherghel et al., 2019). For instance, China generated 60 million tons of sludge in 2022, with projections suggesting this will surpass 103 million tons by 2025 (Yao et al., 2018). Efficient sludge management has thus become a critical priority. Among an available technologies, anaerobic membrane bioreactors (AnMBRs) have emerged as a promising solution by combining the benefits of anaerobic digestion (AD) and membrane separation (Fu et al., 2024). The configuration independently controls hydraulic retention time (HRT) and solids retention time (SRT), retaining microorganisms effectively. As a result, AnMBRs reduce reactor volume, enhance process stability, lower sludge production, and improves energy recovery efficiency (Niu et al., 2024). 
However, practical applications of AnMBRs face two major challenges: low methane yield and membrane fouling. Methane production is often constrained by the metabolic efficiency of microbes and their electron transfer capacity, directly impacting energy recovery. Additionally, membrane fouling increases operational costs and maintenance requirements, limiting its widespread adoption. Addressing these challenges by simultaneously enhancing methane production and mitigating membrane fouling is a key focus of current research.
[bookmark: _Hlk185864941]Recent advances in molecular biology have highlighted that interspecies electron transfer (IET) is a critical rate-limiting step in methanogenesis during AD. Conductive materials, such as iron-based (Fe) and carbon-based (C) materials, accelerate IET by facilitating direct interspecies electron transfer (DIET), significantly boosting metabolic efficiency compared to conventional hydrogen-mediated pathway (Zhang et al., 2023). Fe-based materials exhibit excellent conductivity and multivalent redox properties, enabling faster electron transfer through microbial enzyme-catalyzed reactions (Martins et al., 2018). However, their nanoscale aggregation can reduce dispersion and microbial interactions (Cavalcante et al., 2021). In contrast, biochar (BC), provides a stable, biocompatible, porous structure conductive to microbial attachment and growth, although it has relatively lower conductivity (Jafarinejad et al., 2025). BC also possesses surface redox-functional groups that participate in electron transfer and modulate microbial activity (Chiappero et al., 2020; Yuan et al., 2018). The integration of Fe and BC materials could harness their complementary properties, enhancing both conductivity and dispersion, thereby accelerating electron transfer and improving energy recovery efficiency. 
Membrane biofouling caused by microbes biofilm formation remains another significant hurdle for AnMBRs (Chen et al., 2016). Materials like activated carbon or biochar not only accelerate the biodegradation of organics but also reduce substances deposition on membrane surfaces and pores (Lei et al., 2021). Additionally, the ability of BC to regulate microbial community structures may further mitigate fouling, as methanogenic archaea produce fewer extracellular polymers compared to bacteria (Yang et al., 2023). Despite this potential, the mechanisms by which Fe-BC composites influence microbial community composition, regulate metabolic pathways, and disrupt quorum sensing (QS) signals to reduce fouling remain unclear.
This study aimed to investigate the synergistic effects of Fe-BC composites in AnMBR systems, focusing on their impact effects on anaerobic metabolism and membrane fouling. High-conductivity Fe2O3-BC composites were synthesized, and the effect of varying Fe2O3 nanoparticles (Fe2O3 NPs) ratios on organic biodegradation and methane production during sludge digestion was systematically evaluated. Through electrochemical and microbial community analyses, the role of Fe2O3-BC in enhancing electron transfer and regulating microbial metabolic pathways was elucidated. Furthermore, membrane fouling was analyzed by assessing flux changes, fouling resistance, and pollutant deposition alongside microbial community characteristics The findings provide new insights into how Fe2O3-BC composites optimize methane production, alleviate membrane fouling, and regulate microbial community structure, offering valuable guidance for practical sludge treatment applications.

2. Materials and Methods
2.1 Inoculum and Sludge Substrate
[bookmark: OLE_LINK10][bookmark: OLE_LINK42]Waste activated sludge (WAS), collected from a municipal wastewater treatment plant in Beijing, China, was used as a representative sludge substrate, and an inoculum was obtained from a laboratory-scale mesophilic anaerobic digester fed with WAS. The WAS was diluted with deionized water to a specific concentration and heated in a water bath at 90 °C for 1 h. The main characteristics of the raw sludge, pretreated sludge, and inoculum are presented in Table 1. Details concerning the chemicals and materials used in the study are provided in the Supporting Information (SI, Test S1).

Table 1. General characteristics (mean ± standard deviation) of raw sludge, pretreated sludge and inoculum used in this study.
	Parameters*
	Unit
	Raw sludge
	Pretreated sludge
	Inoculum

	pH
	-
	7.2 ± 0.05
	7.2 ± 0.02
	7.4 ± 0.1

	Conductivity
	mS/cm
	0.426 ± 0.03
	0.818 ± 0.03
	2.45 ± 0.12

	TS
	g/L
	30.61 ± 2.8
	30.09 ± 2.4
	32.16 ± 1.7

	VS
	g/ L
	17.43 ± 0.9
	17.37 ± 1.7
	19.33 ± 1.0

	SCOD
	mg/L
	80.56 ± 50.35
	3572.22 ± 27.97
	842.23 ± 27.97

	NH3-N
	mg/L
	32.18 ± 0.22
	36.25 ± 0.32
	1132.94 ± 10.86

	PN
	mg/L
	15.77 ± 0.80
	427.31 ± 7.53
	153.52 ± 5.55

	PS
	mg/L
	15.02 ± 0.94
	1673.43 ± 72.27
	289.25 ± 19.37


* (TS – total solids; VS – volatile solids; SCOD – soluble COD; PN – total protein; PS – total polysaccharide)

2.2 Biochar Fabrication and Characterization
[bookmark: _Hlk185179448][bookmark: _Hlk185862277][bookmark: OLE_LINK2][bookmark: _Hlk183944296]The corncob straw-derived biochar was synthesized by a one-step pyrolysis process at 500 °C, with the temperature maintained for a duration of 2 hours within a tubular furnace under a nitrogen atmosphere. Fe2O3 nanoparticles (Fe2O3 NPs) (>99%) were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd (China), with an average diameter of 30 nm. To synthesize the spherical Fe2O3-BC material, Fe2O3 NPs and corn stalk biochar were mixed in mass ratios (Fe2O3 NPs : BC) of 1:25, 3:25 and 5:25, designated as Fe1BC25, Fe3BC25, and Fe5BC25, respectively. These mixtures were then added into a 500-mL agate pot containing 8 mm diameter agate balls, maintaining a material-to-ball mass ratio of 1:100. The sealed pot was processed in a planetary ball mill (OM-3SP4, Nanjing) for 6 h at a speed of 300 rpm under ambient air, with the milling direction reversed every 0.5 h. Subsequently, the resulting materials were sieved through an 80-mesh screen and stored in sealed glass bottles. 
[bookmark: _Hlk185179463][bookmark: _Hlk185179474]The morphology of the BC and Fe2O3-BC materials were examined using a scanning electron microscope (SEM, Hitachi Ltd, S-4700), while the element content was analyzed using an energy-dispersive spectrometer (EDS). X-ray diffraction (XRD-7000, Shimadzu, Japan) was employed to determine the crystallinity of the materials. Surface elemental compositions and chemical states were analyzed using X-ray photoelectron spectroscopy (XPS, AXIS-ULTRADLD-600 W, Shimadzu, Japan). The electron donor capacities (EDC) and electron accepting capacities (EAC) of biochar were quantitatively determined using the mediated electrochemical oxidation (MEO)/reduction (MER) method via an electrochemical workstation (Huachen, CHI660, China).

2.3 Biochemical WAS Methane Potential (BMP) tests
A batch anaerobic system was constructed using 250 mL serum bottles, each containing 50 mL of seed sludge and 200 mL of WAS. The experiment involved five test groups, denoted as Control, biochar, Fe1BC25, Fe3BC25, and Fe5BC25, respectively, with the latter four groups having the respective material added at a concentration of 5 g/L. After feeding the reactors, the AD reactors (digesters) were flushed with high-purity nitrogen gas (> 99.99%) for 10 min to remove oxygen and then sealed tightly with rubber plugs. 
[bookmark: OLE_LINK6]The reactors were then placed in an air-bath shaker at 37 °C and 150 rpm and operated for approximately 15 d until no significant gas production was observed. All experiments were conducted in triplicate, with each reactor having two access ports connected to a gas collection bag and a sludge sampling tube, respectively. Methane yield was measured daily, while liquid phase samples from the AD reactors were taken every 3 days to measure pH, conductivity, soluble chemical oxygen demand (SCOD), ammonia nitrogen (NH3-N) and volatile fatty acids (VFAs). The experiments involving the individual steps of the anaerobic digestion are described in the Supporting Information (SI, Text S2).

[bookmark: OLE_LINK11]2.4 Continuous WAS Anaerobic digesters operation
[bookmark: _Hlk97649502][bookmark: OLE_LINK9][bookmark: OLE_LINK16][bookmark: OLE_LINK17][bookmark: _Hlk178795269]Two submerged AnMBR reactors (labeled as R1 and R2), each with an effective volume of 3.2 L (total volume of 4.0 L), were operated in semi-continuous mode. At the start of the experiments, 3.2 L of mixed sludge (VSfeed:VSseed=3:1) was added to both R1 and R2. R1 served as the control, while 5g/L Fe3BC25 material was added to R2. Nitrogen gas was introduced into both reactors for 30 min to remove dissolved oxygen. Stirring was maintained at a constant speed of 140 rpm using stainless-steel stirrers after sealing the reactors. A hollow fiber membrane module (OriginWater, Beijing), with a pore size of 0.1 μm and an effective surface area of 0.1 m2, was installed in each of the reactors. The module is constructed from polyvinylidene fluoride (PVDF), with a diameter of 5 cm and a height of 20 cm. Each hollow fiber membrane has an inner diameter of 1.6 mm and an outer diameter of 2.4 mm. The experiment was conducted at 37℃ for 50 d, with a SRT of 40 d and an HRT of 20 d. In each sludge feed and withdrawal operation, a fixed amount of Fe3BC25 was replenished with the incoming sludge to ensure that the concentration of the material in the AnMBR remained at 5 g/L. Details of the analytical methods (e.g., chemical and microbial analysis, electrochemical analysis, membrane fouling analysis) used for AD and AnMBRs are given in the Supporting Information (SI, Text S3 & S4). The Schematic diagram of experimental setup was shown in the Supporting Information (SI, Text S6).
2.5 Statistical analysis
The data represent the average of three measurements and presented with standard deviations. Statistical analysis was conducted using one-way ANOVA in Microsoft Excel with the XTSTAT 9 plugin, and significance was determined at a threshold set at p < 0.05. 
3. Results and Discussion
3.1 Physicochemical, Morphological, and Electrochemical Properties of Fe2O3-BC Composite Material
The preparation process of BC and Fe2O3-BC are illustrated in Fig. 1a. BC prepared via pyrolysis exhibited a cracked and layered structure (Fig. S4a). After ball milling with Fe2O3 NPs, these particles were uniformly distributed on the surface and within the pores of the Fe2O3-BC composite (Fig. S4b-d). SEM-EDS analysis confirmed the atomic dispersion of iron oxides within Fe2O3-BC, with iron and oxygen atoms evenly embedded in the carbon matrix. An increase in the Fe2O3 doping ratio led to higher mass fractions of Fe and O elements. Compared to BC, the Fe2O3-BC composite exhibits a narrower particle size distribution and better dispersibility (Fig. S5). Additionally, the introduction of Fe2O3 NPs also reduced the pore size on the Fe2O3-BC surface and decreased their overall particle size, potentially increasing the contact area with microorganisms. 
XRD analysis revealed that both BC and Fe2O3-BC exhibited similar amorphous structures with no pronounced crystalline peaks. However, characteristic peaks of Fe2O3 (PDF#33-0664) were detected in Fe2O3-BC, with the peak intensity increasing proportionally to the Fe2O3 NPs doping ratio (Fig. 1b). The XPS C1s spectrum (Fig. 1c) showed three fitted peaks corresponding to C=O (287.6 eV), C-O (286.0 eV), and C-C (284.8 eV). The Fe2O3-BC spectrum included peaks at 711.3 eV and 719.0 eV, attributed to Fe 2p3/2, and peaks at 724.5 eV and 732.6 eV, attributed to Fe 2p1/2, which are characteristic of Fe(III) (Fig. 1d). These results collectively confirmed the successful incorporation of Fe2O3 NPs onto the biochar surface, enhancing its structural properties. 
[bookmark: OLE_LINK14]Electrochemical analysis revealed clear and baseline-separated reduction and oxidation current responses for both BC and Fe2O3-BC (Fig. 1e). Fe2O3-BC exhibited 1.19–1.22-fold greater electron-donating capacity (EDC) and 1.2–1.3-fold higher electron-accepting capacity (EAC) compared to BC. This enhancement was primarily attributed to the increased Fe(III) and oxygen functional group content in the Fe2O3-BC. Fe(III) accepts electrons and is reduced to Fe(II), contributing to enhanced EDC and EAC through Fe redox conversion. Notably, Fe3BC25 achieved an EDC of 66.72 μmol e- (g char) -1 and an EAC of 223.26 μmol e- (g char)-1, surpassing Fe1BC25 (38.84 and 207.26 μmol e- (g char)-1) and Fe5BC25 (37.39 and 219.03 μmol e- (g char)-1). These findings indicated that optimal Fe2O3 NPs effectively improved electron transfer capacity, while an excessive Fe2O3 NPs loading may degrade the carbon matrix, limiting further performance gains.
[bookmark: _Hlk183610266]
[image: ]
[bookmark: _Hlk191671607][bookmark: OLE_LINK4]Fig. 1. Schematic of BC production and modification (a); XRD diffraction patterns (b); High-resolution XPS C1s spectra (c), and Fe 2p spectra (d); Reductive and oxidative current analyzed by mediated electrochemical oxidation/reduction (orange/blue curve) and electron-donating/accepting capacities (EDC/EAC, orange/blue column) (e) for BC and Fe2O3-BC samples.

3.2 Effect of Fe2O3-BC Material on the AD Process
[bookmark: _Hlk183788547][bookmark: _Hlk191372641][bookmark: _Hlk191372125][bookmark: OLE_LINK15]To investigate the effects of the Fe2O3-BC composite on the AD of sludge, several key parameters were determined, including SCOD, PS, PN, NH3-N, total VFAs (TVFAs), cumulative methane yields, and the activity of critical enzymes. As shown in Fig. 2a, the SCOD concentration in all AD processes exhibited a decreasing trend over the course of the digestion process, attributed to the continuous consumption of SCOD by microbial activity. After 15 d, the SCOD in the Fe2O3-BC reactors was degraded by microorganisms to below 500 mg/L, achieving a removal rate of over 87%, which exceeded that of the control reactor (80.49%) and the BC reactor (83.09%). Similarly, PN in the Fe2O3-BC reactor were nearly fully degraded (<140 mg/L), while PN concentrations remained above 200 mg/L in the control and BC reactors (Fig. 2b). By day 11, PS concentrations across all reactors had dropped below 100 mg/L (Fig. 2c). The Fe2O3-BC reactor achieved PN and PS degradation rates exceeding 90% and 80%, respectively, outperforming the BC and the control reactors. NH3-N levels gradually increased in all reactors over time (Fig. 2d), while TVFAs concentrations generally declined (Fig. 2e). Furthermore, BC has been reported to adsorb VFA and NH3-N through mechanisms such as surface complexation, ion exchange, and electrostatic interactions, which may contribute to the stabilization of the AD process (Ma et al., 2019). Notably, in the later stages of digestion, the Fe2O3-BC reactor exhibited lower NH3-N and TVFAs concentrations compared to the control reactor, suggesting that Fe2O3-BC mitigated the excessive accumulation of these metabolites, thereby reducing their inhibitory effects on microbial activity (Su et al., 2025). Among VFAs, acetate was predominant in all reactors, accounting for ~50% of total VFAs, followed by propionate (~15%), butyrate (~15%), and pentanoate (~20%) (Fig. 2f). The acetate content in the Fe2O3-BC reactor was lower than that in the control, with Fe3BC25 reactor displaying the lowest acetate concentration, indicating accelerated acetate conversion to methane. 
[bookmark: OLE_LINK38][bookmark: _Hlk175251520]Methane production data further corroborated these findings. As shown in Fig. 2g and 2h, both BC and Fe2O3-BC enhanced daily methane yields, peaking on the 7th day of digestion. Fe3BC25 achieved the highest daily methane yield (25.77 mL/g COD/d), outperforming the BC reactor (19.85 mL/g COD/d), and the control reactor (18.12 mL/g COD/d). Notably, Fe3BC25 increased daily methane production by 1.42 times compared to the control. Cumulative methane yields followed a similar trend, with Fe1BC25 and Fe3BC25 increasing total methane production by 1.25- and 1.33-fold, respectively, compared to the control. However, excessive Fe2O3 loading (Fe5BC25) led to diminished enhancement, likely due to adverse effects on microbial activity at higher nanoparticle concentrations (Lizama et al., 2019). Batch experiments using various model substrates (bovine serum albumin, dextran, L-glutamate, glucose, and sodium acetate) confirmed that Fe3BC25 achieved the highest rates of organic degradation and methane generation (SI, Text S11, Fig. S6). A 50-d Fe3BC25-AnMBR experiment further demonstrated that the addition of Fe3BC25 enhanced the stable operation of the sludge-AnMBR system. Consistent with the trends observed in the batch AD experiments, Fe3BC25 improved organic matter degradation (i.e., SCOD, PS, and PN), VFAs conversion, and methane production (SI, Text S14, Fig. S9). These findings indicated that Fe2O3-BC, with its high conductivity, enhanced the degradation efficiency of organic matter, accelerating the breakdown of PN and PS to provide ample substrates for methane production. It also highlights the importance of optimizing Fe2O3 loading in the Fe2O3-BC composites to maximize methane yield. In this study, WAS was pre-treated at 90 °C to disrupt cell walls and enhance solubilization, a step that improves microbial degradation efficiency in AD. While pre-treatment primarily addresses hydrolysis and disintegration, the main focus of this research was to evaluate the synergistic effects of adding Fe2O3-BC composite to enhance electron transfer and microbial activity in the subsequent digestion stages. We emphasize that the Fe2O3-BC composite offers additional benefits by promoting microbial activity and improving overall digestion efficiency. Furthermore, Fe2O3-BC may influence microbial community composition and structure through parameters such as pH, conductivity, and redox conditions, which will be further discussed in later sections.
[bookmark: _Hlk185537396]During the AD process, F420 and cytochrome C (CytC) play pivotal roles as key electron transfer molecules, driving microbial metabolic processes (Wang et al., 2023). CytC, a heme protein widely present in anaerobic microorganisms, facilitates reversible electron transfer by altering the oxidation state of the iron atom within its porphyrin ring, with a particularly significant role in transmembrane electron transfer. In anaerobic respiration, CytC primarily transfers electrons from complex III to the terminal electron acceptor and requires additional CytC molecules located in the periplasm and outer membrane to enable extracellular respiration.  As shown in Fig. 2i, the CytC concentration in the Fe2O3-BC reactors was 1.60–1.89 times higher than that in the control, indicating enhanced electron transfer capacity. Similarly, coenzyme F420, predominantly found in methanogens, exhibits a high efficiency in hydrogen-to-methane conversion due to its low redox potential (Zhen et al., 2015).  In the Fe2O3-BC reactors, the F420 concentration was 1.02–1.23 times greater than in the control reactor (Fig. 2i), underscoring its role in facilitating acetate and CO2 conversion to methane. Among the tested conditions, Fe3BC25 exhibited the best performance, achieving the highest methane production efficiency. These findings suggest that the superior electrical conductivity of the Fe2O3-BC reactors enhanced CytC and F420-mediated electron transfer, effectively reducing intermediate accumulation and markedly improving methane production efficiency and energy utilization.

[image: ]
Fig. 2. Concentrations of SCOD (a), PN (PN – protein) (b), PS (PS – polysaccharide) (c), NH3-N (d), total VFAs (e), individual VFA (f), daily methane yield (g), cumulative methane yield (h); and the activity of CytC and Coenzyme F420 (i) in the anaerobic sludge system with the addition of Fe2O3-BC material.

3.3 Effect of Fe2O3-BC Materials on the Electron Transfer of AD Processes
Maintaining an appropriate pH and efficient electron transfer is crucial for ensuring system stability and optimizing methane production during anaerobic digestion. Experimental results indicated that BC slightly improved pH stability due to its buffering capacity, while Fe2O3-BC further enhanced pH regulation through redox reactions involving hydrogen ions (Fig. 3a). At the end of the reaction, Fe2O3-BC exhibited a greater increase in electrical conductivity (EC) (10.1%–12.5%) compared to the BC reactor (3.7%) and the control reactor, highlighting the superior conductivity of Fe2O3-BC materials. Among the treatments, Fe3BC25 achieved the highest EC, demonstrating that an optimal Fe2O3 NPs doping ratio can enhance system conductivity.
The activity of the electron transport system (ETS) is a critical indicator of the bioactivity of activated sludge, reflecting metabolic efficiency through the rate of electron transfer in microbial respiratory chains (Wang et al., 2022). During AD, ETS activity typically followed a trend of initial increase and subsequent decline, indicating low electron transfer activity in the early and late stages, with a peak in the mid-phase (Fig. 3c). On day 7 of AD, the ETS activity in the Fe2O3-BC treatment reactor was 1.2–1.4 times higher than that of the control reactor (Fig. 3c). Electrochemical analysis showed that the Fe2O3-BC enhanced sludge conductivity, with the Fe3BC25 and Fe5BC25 reactors exhibiting conductivities 1.70 and 1.67 times higher than the control, respectively (Fig. 3d). A higher Faradaic capacitance indicates increased charge storage within the system (Zhang et al., 2023), while elevated peak currents reflect the abundance of redox-active substances (Ye et al., 2018), thereby enhancing electron transfer among microbial communities. Cyclic voltammetry (CV) tests further revealed the superior performance of Fe2O3-BC in increasing Faradaic capacitance (0.015414–0.016995 F) and peak current (1.21–1.30 mA), both surpassing the BC and control reactors (Fig. 3e). Redox peaks observed at 0.10–0.15 V and 0.6 V were closely associated with increased CytC activity (Ye et al., 2018), further confirming the role of Fe2O3-BC in promoting electron transfer. 
As shown in Fig. 3f, Fe2O3-BC increased the electron acceptor capacity (EAC) and electron donor capacity (EDC) by 12% and 15%, respectively, compared to the control and BC reactors. Notably, the EAC and EDC values in the BC reactor were slightly lower than those of the control, likely due to its limited intrinsic conductivity. Previous studies reported that the conductivity of lignocellulosic biochar is only 9.6 μS/cm, resulting in minimal enhancement of AD, with cumulative methane production increasing only marginally from 230.6 to 247.9 mL/g COD (Wang et al., 2023). Biochar’s abundant redox-active functional reactors, such as quinones, phenolic hydroxyls, and carboxyls, are generally considered critical for bridging electron donors and acceptors (Song et al., 2024). While the redox activity of BC contributed to an improvement in methane yield compared to the control, this effect remains constrained by its inherent conductivity. The low conductivity of unmodified BC limited its contribution to methane production during AD. While the redox activity of BC leads to higher methane yields compared to the control, its impact remains restricted by poor conductivity. the incorporation of Fe2O3 NPs improves the conductivity of the material, providing efficient pathways for microbial electron transfer. This interaction not only improved electron transfer efficiency and redox activity but also underscored the intrinsic role of BC in supporting AD processes, collectively contributing to enhanced methane production.

[image: ]
[bookmark: OLE_LINK1]Fig. 3. Variation of pH (a), conductivity of sludge slurry (b), INT-ETS activity(c), conductivity of sludge (d), cyclic voltammetry curves (e), and electron capacity (f) in the reactor measured at the end of the complete AD experiment.

3.4 Effect of Fe2O3-BC Material on Anaerobic Microbes 
3.4.1 Microbial Activity with Fe2O3-BC Addition in the AD Process
Nanomaterials are widely recognized for their potential cytotoxic effects on microorganisms. To investigate the impact of Fe2O3-BC on sludge degradation and microbial viability, flow cytometry was used to analyze the physiological states of cells (Fig. 4). The quadrants Q1 to Q4 correspond to distinct cellular states: Q1 represents mechanically damaged cells, Q2 represents necrotic (or late apoptotic) cells, Q3 represents viable apoptotic cells, and Q4 represents live cells. In the control reactor, live cells accounted for the highest proportion at 86.9%. With increasing Fe2O3 NPs loading, the percentage of live cells decreased to 77.4% (Fe5BC25), while the proportion of necrotic and late apoptotic cells (Q2+Q3) increased from 11.14% to 20.0%. Sludge degradation is often associated with cellular damage (Long et al., 2024), and the observed rise in apoptotic cells with Fe2O3-BC treatment may result from the material's iron redox cycling between multiple valence states, which accelerates organic matter degradation. These findings highlight that while Fe2O3-BC’s redox properties enhanced organic degradation, they also imposed stress on microbial communities.
[image: ]
Fig. 4. Flow cytometric analysis of microbial cell physiological statue. Control (a), BC (b), Fe1BC25 (c), Fe3BC25 (d), Fe5BC25 (e), and mean fluorescence intensity of all reactors (f).

3.4.2 Microbial Composition and Correlation Analysis with Fe2O3-BC Addition in the AD Process
During AD, conductive materials modulate microbial community structure, thereby influencing the hydrolysis, acidogenesis, and methane production processes. In this study, genus-level analysis revealed the effects of Fe2O3-BC on hydrolytic and acidogenic microbial communities (Fig. 5a). At the bacterial genus level, analysis shows that Fe2O3-BC affected the composition of hydrolytic and acidogenic bacterial communities. Genera such as norank_f__Rikenellaceae, Proteiniclasticum, Hydrogenophaga, and Corynebacterium exhibited higher relative abundances across all five reactors. These genera are closely associated with the degradation of complex organic matter and the production of VFAs (Pan et al., 2021), and they represent the primary hydrolytic and acidogenic bacteria. The relative abundance of these genera was consistently higher in the Fe2O3-BC reactors than in the control reactor. Notably, norank_f__Rikenellaceae (Bacteroidota) had a relative abundance of 20.64% in the Fe3BC25 reactor, 1.4 times greater than the control (14.88%). Additionally, Hydrogenophaga (Proteobacteria), a bacterium capable of utilizing hydrogen through chemolithoautotrophic metabolism (Ehsani et al., 2019), showed relative abundances of 6.21% and 5.18% in the Fe3BC25 and Fe5BC25 reactors, respectively, which were higher than in the control reactor (3.77%). 
At the archaeal genus level, Methanosaeta exhibited the highest relative abundance in all reactors (Fig. 5b). As a strict acetate-utilizing methanogen, its filamentous structure enhances extracellular contact area, facilitating efficient acetate conversion to methane through DIET in collaboration with bacteria such as Geobacter (Rotaru et al., 2014). The relative abundance of Methanosaeta in the Fe2O3-BC reactors ranged from 54.84% to 58.81%, with the Fe3BC25 reactor showing 1.35 times the abundance of the control reactor (43.66%). The second most abundant genus in all reactors was Methanobacterium, a hydrogenotrophic methanogen that primarily relies on CO2 and H2 for methane production. However, the relative abundance of Methanobacterium was lower in the BC and Fe2O3-BC reactors than in the control reactor, likely due to the dominance of acetate as the primary substrate for methane production in the anaerobic system, making acetate-utilizing methanogens more prevalent in the Fe2O3-BC systems. Additionally, Methanosarcina, the third most abundant genus, produces methane via both acetate and H2 pathways. Its abundance (7.58%–11.03%) in the Fe2O3-BC reactors was lower than in the control reactor (13.93%), possibly due to competition with Methanosaeta for acetate. 
To explore the correlations between organic matter changes and microbial communities during hydrolysis-acidification, as well as the key factors influencing methane production and archaeal communities during methanogenesis, Pearson correlation analysis was conducted; this also enables the relationships between microbial communities and environmental factors to be assessed (Fig. 5c & d). During the hydrolysis-acidification stage, bacterial genera exhibited varying correlations with intermediates. Pertrimonas, Proteocatella, and Lutispora showed significant positive correlations with SCOD (p < 0.05), while Proteocatella was also positively correlated with reactors (p < 0.05), indicating their involvement in the degradation and metabolism of organic matter within the reactor. Additionally, Hydrogenispora and norank_f_norank_o_Aminicenantales were significantly positively correlated with acetate (p < 0.05), highlighting their critical roles in acetate metabolism. During the methanogenesis stage, archaeal genera demonstrated strong correlations with methane yield, conductivity, and metabolic activity indices (Fig. 5f). For example, methanogens such as Methanosaeta, Methanobacterium, Methanospirillum, and Methanomethylovorans were positively correlated with methane production and conductivity (p < 0.05), underscoring their essential roles in methane generation. Furthermore, genera such as norank_f_norank_o_norank_c_Bathyarchaeia, Methanocorpusculum, and Candidatus Methanofastidiosum exhibited positive correlations with INT-ETS activity (p < 0.05). Notably, Methanospirillum and Methanomethylovorans were correlated with F420 activity (p < 0.05), reflecting their importance in electron transfer and energy metabolism. Methanosaeta, Methanobacterium, and Methanomethylovorans also displayed positive correlations with CytC (p < 0.05). 
In this study, Fe2O3-BC demonstrated high electron transfer capabilities, enhancing the conductivity and electrochemical performance of the anaerobic system. This improvement promoted the activity of electroactive microorganisms, such as norank_f_Rikenellaceae and Methanosaeta. Electroactive microorganisms, which can exchange electrons bidirectionally with their external environment, play an increasingly significant role in the reductive transformation of organic matter (Peng et al., 2024). This enrichment of electroactive microorganisms by the addition of Fe2O3-BC strengthened key metabolic processes during AD, providing a robust mechanism to enhance hydrolysis-acidification efficiency and methane production.
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[bookmark: _Hlk183789136][bookmark: _Hlk191822398]Fig. 5. Heatmap of the genus-level composition of the top 50 species (a), and circus plot of the genus-level composition of the top 10 species (b) produced through 16S rRNA gene sequencing analysis; heatmap analysis for the correlation between the top 50 bacteria and acidizing product (c), and archaea and methane-related index (d). Note: *P < 0.05, **P < 0.01, ***P < 0.001.

3.4.3 Metabolic Pathways with Fe2O3-BC Addition
Microbial activity fundamentally depends on the expression and regulation of functional genes, making it essential to elucidate changes in these genes to understand metabolic mechanisms. This study employed metagenomic analysis and comparison with the KEGG database to reveal the relative abundance of key enzyme-coding functional genes involved in organic degradation and methanogenesis in five reactors (Fig. 6). The results highlight the mechanisms underlying microbial community shifts toward acetate production and methanogenesis. During acidogenesis, glycolysis, amino acid metabolism, and pyruvate metabolism were identified as the primary pathways (Fig. 6a). Complex macromolecules such as proteins and polysaccharides were hydrolyzed by acidogenic bacteria into amino acids and glucose, which were subsequently converted into ethanol, acetate, propionate, and butyrate. In the Fe2O3-BC reactor, genes associated with glycolytic pathways (e.g., ppgk, gpi, pfk B, eno, and pyk) exhibited increased expression levels (Fig. 6b). Similarly, key protease-encoding genes (e.g., clp and ctp) were upregulated, indicating that Fe2O3-BC enhanced enzyme activity during hydrolysis and acidogenesis. In addition, organic matter, butyrate, ethanol, and propionate were further metabolized into acetate and hydrogen by hydrogen-producing bacteria, providing essential substrates for methanogens (Fig. 6a). Notably, genes involved in amino acid transport to the cytoplasm (e.g., livF/G/H/K/M) showed   higher expression in the Fe2O3-BC reactors compared to control.  Furthermore, genes related to the conversion of intermediates such as pyruvate and butyrate into acetate (e.g., aceE, pdh, por) were more highly expressed in the Fe3BC25 reactor than in the control (Fig. 6b). Overall, Fe2O3-BC stimulated the expression of key-encoding genes in glycolytic and amino acid metabolic pathways, accelerating hydrolysis and fermentation processes. 
This study also investigated the mechanisms by which Fe2O3-BC enhanced methane production by analyzing the functional gene abundances of key methanogenesis pathways, including CO2 reduction (M00567), acetate cleavage (M00357), methanol utilization (M00356), and dimethylamine/trimethylamine metabolism (M00563) (Fig. 6c). In the CO₂ reduction (hydrogenotrophic) pathway, genes associated with critical steps (e.g., fwd C/D/E, mch, mtd, and mer) exhibited higher abundances in the Fe2O3-BC reactor compared to the control, indicating enhanced enzymatic activity. Similarly, in the acetoclastic pathway, the expression levels of acs and cdhC genes were notably elevated, further supporting the role of Fe2O3-BC in facilitating acetate-to-methane conversion. By contrast, genes involved in methanol and methylamine metabolism (e.g., mtaA/B/C, mtbA/B/C, mttB/C, and mtmB/C) showed reduced expression in both BC and Fe2O3-BC reactors, suggesting limited effects on these pathways. Overall, Fe2O3-BC significantly enhanced the abundances of key enzyme-encoding genes in CO2 reduction and acetate cleavage  pathways while exhibiting minimal impact on methanol and methylamine  pathways. Moreover, Fe2O3-BC supplementation substantially stimulated the expression of ATP synthesis-related genes in both bacteria (e.g., F-type ATPase: atpA/B/C/D/E/F/H/G) and archaea (e.g., V/A-type ATPase: ahaH, ntpA/B/C/D/E/F/I/K) (Fig. 6d). This enhancement provided increased energy for microbial metabolic activities and optimized intracellular and extracellular electrochemical gradients by upregulating Na/H transporter expression. These findings demonstrate that Fe2O3-BC effectively restructures the metabolic networks during acidogenesis and methanogenesis, providing a more efficient microbial foundation for acetate and hydrogen production and utilize, ultimately accelerating methane generation.

[image: 图形用户界面

中度可信度描述已自动生成]
Fig. 6. Acidification and methanogenesis-related functions in Fe2O3-BC anaerobic digesters. Pathway enhanced by Fe2O3-BC (a), heatmap of the abundances of functional genus by bacteria (b), and archaea (c), and bubble diagram of functional genus by bacteria and archaea (d).

3.5 Impacts of Fe3BC25 on Membrane Fouling in AnMBRs
[bookmark: OLE_LINK5]Membrane biofouling is a major limitation on the operational efficiency of AnMBRs, primarily driven by the accumulation and adsorption of soluble microbial products (SMP) and extracellular polymeric substances (EPS). Studies have shown that deposits of SMP and EPS on membrane surfaces not only provide mechanical stability to the "biofilm layer" but also enhance microbial interactions, resulting in a denser structure that significantly exacerbates membrane fouling (Cheng et al., 2018). To investigate the impact of different reactors on membrane fouling characteristics, this study analyzed SMP and EPS extracted from the surface of membrane modules (R1 - control and R2 - Fe3BC25) after 50 d of operation using fluorescence spectroscopy. The analysis revealed the composition and distribution of key foulants (Fig. 7a-h). Notably, Fe3BC25 addition reduced the fluorescence intensities of SMP and EPS compared to the control reactor (Fig. 7a-g). Further analysis revealed that, in the SMP layer, PS and PN concentrations in the Fe3BC25-treated reactor decreased by 68.51% and 33.28%, respectively, relative to the control (Fig. 7h). specifically, in the SMP layer, both reactors exhibited characteristic peaks in Region I (aromatic proteins), Region II (biodegradable BOD₅ substances), and Region IV (soluble metabolic products).  The fluorescence intensities of these three substances in the Fe3BC25 - treated reactor accounted for 31.17 %, 35.67% and 17.14% of the total, respectively, with lower contributions in Regions I, II and IV compared to the control reactor (30.51%, 36.08% and 18.91%) (Fig. 7g). In the EPS layer, the fluorescence intensities in Regions I and II were high for both reactors (exceeding 30%), but the total fluorescence intensity of the Fe3BC25 - treated reactor was significantly lower than that of the control. Overall, SMP exhibited higher fluorescence intensity than the tightly bound EPS (TB-EPS) and loosely bound EPS (LB-EPS). In the TB-EPS layer, the reductions in reactor and PN concentrations were 35.33% and 26.25%, respectively (Fig. 7h). Elevated levels of SMP and TB-EPS are known to cause pore blockages and biofilm layer formation, which significantly increase membrane resistance (Nabi et al., 2023; Zhang et al., 2024). This study demonstrates that the addition of Fe3BC25 enhanced the biodegradability of microbial metabolic products, effectively reducing the accumulation of SMP and TB-EPS on membrane surfaces and lowering the concentrations of key foulants. 
[bookmark: OLE_LINK32][bookmark: OLE_LINK8]To characterize membrane fouling each resistance was determined experimentally (Fig. 7i) using Resistance in Series Model (SI, Text S5). The total filtration resistance (Rt) of the Fe3BC25-enhanced reactor (R2) was significantly lower than that of the control reactor (R1), decreasing 52.8% compared to the control. Among the resistance components, cake layer resistance (Rc) was the primary contributor, with values of 0.89×1011 m⁻¹ for the Fe3BC25 reactor and 3.38×1011 m⁻¹ for the control reactor, representing 67.05% and 37.62% of the total resistance, respectively. In contrast, the difference in gel layer resistance (Rg) between the two reactors was less pronounced, with Rg values of 7.51×1010 m⁻¹ and 5.74×1010 m⁻¹ for the Fe3BC25 and control reactors, respectively. In summary, the addition of Fe3BC25 significantly reduced total filtration resistance by 52.79% and cake layer resistance by 73.52%, effectively mitigating membrane fouling. This improvement can be attributed to enhanced organic degradation efficiency and reduced biomass accumulation on the membrane surface.
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[bookmark: _Hlk191825709]Fig. 7. 3D-EEM spectra of SMP and EPS (LB and TB) in membrane modules (a-f); the corresponding fluorescence region integral ratio of the 3D-EEM spectrum (g); SMP and EPS concentration (PN – protein; PS – polysaccharide) (h); and distribution of membrane fouling resistance at the end of the operation (i).

3.6 Mechanisms of Fe3BC25 in Mitigating Membrane Fouling in AnMBRs
3.6. 1 Effects of Fe3BC25 on the Microbiological Community related to biofilms
In the AnMBR systems, membrane fouling largely depends on bacterial and archaeal communities as they play critical roles in biofouling formation. As shown in Table S2 (SI), the Fe3BC25 reactor exhibited lower bacterial richness and higher archaeal diversity on the membrane surface compared to the control reactor. This suggests that Fe3BC25 suppressed excessive bacterial and archaeal proliferation in the anaerobic process. Community structure analysis revealed that Firmicutes, Acidobacteriota, and Bac-teroidota were dominant bacteria in the membrane cake layers (Fig. 8). The relative abundance of Firmicutes and Acidobacteriota, which are capable of degrading large organic molecules and aromatic proteins (Dong et al., 2024), was higher in the Fe3BC25 reactor than in the control reactor, contributing to a significant reduction in membrane fouling. In contrast, Bacteroidota, which is closely associated with EPS production (Ibrahim et al., 2020), was less abundant in the Fe3BC25 reactor, indicating that its contribution to membrane fouling was suppressed by the introduction of Fe3BC25. At the genus level, the control reactor had higher abundances of membrane fouling-associated bacterial genera, including norank_f_Bacteroidetes_vadinHA1 (10.9%), Peptoclostridium (5.0%), unclassified_c_Parcubacteria (5.0%), RBG-16-49-21 (2.6%), and norank_f_Anaerolineaceae (2.0%). These genera, which are capable of EPS synthesis, are major contributors to membrane fouling. However, the addition of Fe3BC25₅ reduced the abundance of these genera (7.5%, 3.7%, 2.5%, 1.6% and 1.9%). genera associated with organic matter degradation, such as Norank_f_Norank_o_Norank_c_Norank_p_Firmicutes, Norank__Norank_o__Aminicenantales, Candidatus_Cloacimonas, and Christensenellaceae_R-7_group, exhibited higher abundance in Fe3BC25 reactor, suggesting their role in degrading organic matter and reducing organic deposition on the membrane surface, effectively alleviating the extent of membrane fouling. 
In the archaeal community, the abundance of Methanosaetacea and Methanobacterium was higher in the control reactor than in the Fe3BC25 reactor. Previous studies have shown that Methanosaetacea is closely linked to biofilm formation, and both Methanosaetacea and Methanobacterium have been identified as potential promoters of PVDF ultrafiltration membrane fouling in UASB reactors (Aslam et al., 2018; Calderón et al., 2011). By introducing Fe3BC25, the abundance of these fouling-associated archaea was reduced, further mitigating biofouling on the membrane surface. In summary, the addition of Fe3BC25 reduced the abundance of high-metabolism bacteria and EPS production, which are associated with membrane fouling, while enriching methane-producing archaea. This regulatory mechanism not only optimized the microbial community structure but also significantly reduced membrane fouling. 
[image: ]
[bookmark: _Hlk181130430]Fig. 8. Relative abundance of bacterial communities at the phylum level (a); heatmap of genus-level composition of the top 15 bacteria species (b); bubble diagram of genus level composition of archaea species (c).

3.6.2 Change of AHLs with Fe3BC25 Addition in AnMBRs
[bookmark: _Hlk191563704]To investigate the mechanisms of intra- and interspecies communication within the sludge mixture, this study analyzed the concentrations of several key acyl-homoserine lactones (AHLs), including C4-HSL, C6-HSL, C8-HSL, and C10-HSL, in the two continuous AnMBR reactors (Fig. 9a-d). The results revealed generally low AHL concentrations, with C8-HSL being the most abundant, followed by C6-HSL. These two AHLs are widely recognized as the primary signaling molecules in MBR systems. (Yeon et al., 2009). During the AD phase, the concentrations of C8-HSL and C10-HSL in the Fe3BC25 reactor were higher than in the control, whereas C4-HSL and C6-HSL levels were lower. Previous studies have reported a positive correlation between long-chain AHLs (e.g., C8-HSL and C10-HSL) and methane production (Shah et al., 2022). The increased levels of C8-HSL and C10-HSL in the Fe3BC25 reactor may enhance methane yields. Furthermore, consistent with the phenomenon described in the SI (Test S16, Fig. S10), where Fe2O3-BC was shown to enhance QS functionality in AD systems, the addition of Fe3BC25 induced a redistribution of AHLs, thereby strengthening QS functions and optimizing methane metabolism. Additionally, C6-HSL has been identified as a key signal for membrane biofouling in MBR systems (Sun et al., 2018). The substantial reduction in C6-HSL concentration in the Fe3BC25 reactor supports the conclusion in Section 3.4, that Fe3BC25 reduced membrane fouling by modulating electron transfer pathways and influencing microbial QS mechanisms, leading to enhanced system stability and operational performance. 
[bookmark: OLE_LINK12][bookmark: OLE_LINK18]To elucidate the mechanisms by which Fe3BC25 enhances methane production and mitigates biofouling in AnMBR systems, this study analyzed not only the AHL-mediated QS pathways but also the effects of Fe3BC25 on QS-related genes (Fig. 9e & f). The results showed that in the control reactor, the abundance of QS-related genes in bacteria and archaea was 0.61% and 0.18%, respectively. In contrast, in the Fe3BC25 reactor, the abundance of bacterial QS-related genes decreased to 0.59%, while the abundance of archaea-related genes increased to 0.20%. Bacteria are the primary contributors to membrane fouling, as they regulate biofilm formation and collective behavior through the secretion of signaling molecules like AHLs. Consequently, inhibiting bacterial QS signaling is crucial for mitigating membrane fouling. In contrast, archaea play a minor role in membrane fouling due to their slower metabolism and lower attachment to membrane surface. The addition of Fe3BC25 reduced the expression of QS-related genes in bacteria, but increased the expression of archaeal QS genes, thereby mitigating biofouling on the membrane surface. In bacteria, Fe3BC25 addition suppressed the expression of QS - related genes associated with AI-1 (e.g., aroF/G/H, TC.BAT2, gadB/A, ribA), AI-2 (phzF), AI-3 (kdpE, qseB/C/E/F, flhC/D), DSF (fadD, zur, crp, gmuG), AIP (agrB), and PQS (trpE). These genes are closely associated with virulence factor secretion, biofilm formation, and bacterial adaptability. For example, AI-1 genes (aroF/G/H, etc.) primarily encode short-chain AHLs involved in virulence factor expression, while phzF in the AI-2 pathway regulates surface adhesion and biofilm development. AI-3 genes (qseB/C/E/F) are involved in controlling bacterial motility and virulence, and agrB in the AIP pathway intensifies biofilm formation, exacerbating membrane fouling. Fe3BC25 mitigated fouling by downregulating these genes, thereby inhibiting bacterial biofilm formation and virulence factor secretion. In archaea, QS signaling typically does not only rely on AHLs but also instead uses other pathways for communication (Zhang et al., 2012). The addition of Fe3BC25 enhanced the expression of QS-related genes associated with methane production (e.g., fadD, pel, aroF/G/H, expR, ribD), promoting metabolic activity in the archaeal community. This indicates that the conductivity of Fe3BC25 not only provided a more favorable growth environment for archaea but also modulated microbial community structure and QS pathway functionality. Furthermore, Fe3BC25 suppressed the abundance of bacteria involved in biofilm formation, along with the expression of related QS-associated genes.
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Fig. 9. The concentrations of endogenous AHLs, including C4-HSL (a), C6-HSL (b), C8-HSL (c), and C10-HSL (d), during anaerobic sludge membrane digestion; the relative abundance of QS-related genes in bacteria (e & g), and archaea (f & h).

4. Conclusion
[bookmark: OLE_LINK7][bookmark: _Hlk192503277]This study highlights the beneficial role of Fe2O3-BC composite materials in the AnMBR process by optimizing electron transfer, reshaping microbial community structures, and modulating QS pathways, thereby enhancing methane production and effectively mitigating membrane fouling. Leveraging its excellent conductivity, the present of Fe2O3-BC created a favorable metabolic environment for AD microorganisms, increasing ETS activity by 1.2-fold and conductivity by 1.7-fold. This enhancement accelerated the degradation of SCOD and VFAs, resulting in a 42% increase in methane production. In sludge-AnMBR systems, the Fe3BC25 improved treatment efficiency while reducing the attachment of SMP and TB-EPS on membrane surfaces. Microbial sequencing revealed that Fe2O3-BC incorporation optimized microbial community structures and metabolic pathways, enhancing the activity of key enzymes (CytC and F420) and the abundance of related genes in the methanogenic pathway. Furthermore, Fe3BC25 promoted methane production by amplifying QS signals associated with methanogenesis (e.g., C10-HSL) and reduced microbial attachment and biofouling by suppressing bacterial QS signals related to biofilm formation (e.g., C6-HSL, AHLs, and AI-2). Overall, Fe2O3-BC facilitated efficient electron transfer, microbial community reorganization, and precise QS modulation, offering a robust solution to enhance methane yield and mitigate membrane fouling in energy-driven anaerobic sludge treatment systems.
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