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ABSTRACT

This study investigates the performance of electro-flocked electrodes (AE) in enhancing biomethane
production within Anaerobic Digestion-Microbial Electrolysis Cell (AD-MEC) systems. The performance of AE
was compared to bare graphite electrodes (NE) using both simple (acetate) and complex (synthetic wastewater)
substrates. In acetate-fed tests, AE demonstrated superior operational resilience at low applied potential (0.5 V),
maintaining robust methane production while NE performance declined. Electrochemical Impedance
Spectroscopy (EIS) indicated that the flocking reduced charge transfer resistance by approximately 50%. With
complex wastewater however, both configurations achieved cumulative methane yields of ~105 mL, significantly
outperforming the conventional AD control. The study shows that flocking electrodes has potential to enhance
electron transfer and operational stability of AD-MECs, yet optimization of their use for complex waste is needed.

Introduction

Anaerobic digestion (AD) is an environmentally friendly technology that transforms organic wastes into
renewable energy and mitigates greenhouse gas emissions. This technology is widely considered a sustainable
option for waste treatment and methane recovery. Recent studies indicate that integrating microbial electrolysis
cells (MECs) with AD can enhance substrate degradation and biogas production by enriching electroactive
microorganisms. AD-MEC efficiency is significantly affected by electrode materials, which directly influence
microbial—electrochemical interactions and system losses (Welter & Oyanedel-Craver, 2025).
Electrostatic flocking offers a novel electrode design solution; this technique employs electric fields to align fibers
onto surfaces, producing porous architectures with enlarged surface areas and improved functional performance
(Shen et al., 2025). Since the choice of substrate also plays a critical role in determining system efficiency, this
study evaluates a carbon fiber flocked graphite electrode design in AD-MEC systems to enhance electrochemical
performance. The investigation utilizes a two-stage approach, testing first with a simple substrate to assess
performance, followed by a complex substrate to assess performance under realistic conditions.

Materials & Methods

Graphite plates were modified through electrostatic flocking, where carbon fibers were deposited onto a
conductive adhesive-coated surface under an induced electric field. Two experiments assessed electrode
performance. In the first experiment, duplicate 65 mL reactors equipped with either bare (NE) or flocked (AE)
electrodes were fed with acetate (1.3 g/L. COD) and inoculated with anaerobic digester seed. These reactors
operated in fed-batch mode with varying applied voltages (0.5 V, 0.7 V, 0.9 V). Performance was evaluated using
current density, methane production, electrochemical impedance spectroscopy (EIS), and cyclic voltammetry
(CV). In the second experiment, 100 mL reactors were operated for 21 days to assess the effect of complex
synthetic wastewater (5 g/L. COD) at a constant 0.7 V. AD-MEC reactors with NE and AE configurations were
compared against AD controls. Biogas was monitored alongside continuous current density measurements and CV
analysis.

Results and Discussion

During the initial tests with acetate (1.3 g/ COD), AE electrodes demonstrated superior operational
stability at low potentials compared to bare graphite (NE). While both configurations achieved comparable
cumulative methane yields at 0.7 V (AE: 31.5 + 1.4 mL; NE: 32.2 + 2.8 mL), reducing the voltage to 0.5 V exposed
a critical difference. The AE reactors maintained robust production at 27.2 + 0.1 mL, whereas NE output dropped
significantly to 21.3 mL. EIS analysis confirmed that the AE electrode reduced charge transfer resistance (R«) by
approximately 50%, optimizing the bio-electrode interface. We observed lower Coulombic Efficiency for flocked
electrodes (88.4%) compared to bare graphite (93.2%) at 0.7 V. This suggests the increased surface area favours
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biomass retention and microbial growth over immediate current recovery, a trade-off that ultimately bolsters
system stability.
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Figure 1. (A) Cumulative methane productions of synthetic wastewater fed AD-MECs and (B) current densities
and charge accumulations of AD-MECs.

Upon transitioning to complex synthetic wastewater (5 g/L. COD), hydrolysis limitations became the
governing factor. Both AE and NE configurations converged at a cuamulative methane production of ~105 mL,
vastly outperforming the AD control (79.9 + 0.6 mL) (Figure 1A). This indicates that macromolecule hydrolysis,
rather than anodic electron transfer, limited the overall performance. However, electrochemical analysis provided
nuanced kinetic insights. CV scans revealed comparable anodic oxidation peaks at -0.30 V vs. Ag/AgCl for both
reactors. Conversely, the NE cathode exhibited a distinct reduction peak at -0.49 V vs. Ag/AgCl, which AE lacked.
This activity exceeds the Hydrogen Evolution Reaction threshold (-0.414 V vs. SHE), effectively enabling the
electrode to act as a surrogate electron donor via Direct Interspecies Electron Transfer (DIET) (Cheng et al., 2009).
Consequently, the NE system accumulated slightly more charge (~2600 C) than AE (~2300 C) (Figure 1B), as the
dense AE fiber matrix likely introduced diffusion limitations.

Conclusion

Electro-flocking offers a significant potential to increase the operational resilience of AD-MEC systems,
particularly under energy-limited conditions. By reducing charge transfer resistance by 50%, AE electrodes sustain
robust methane production at low potentials (0.5 V). Although hydrolysis limits the overall reaction rate in
complex waste conditions, the AD-MEC configuration consistently outperforms non-electrochemical controls.
While bare electrodes exhibited superior cathodic reduction kinetics, the electro-flocked electrode favours biomass
retention, establishing a potential interface for stabilizing bio-electrochemical reactors.
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