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Microbial electrolysis cells (MECs) are promising systems for coupling organic waste conversion with biohydrogen production, although their long-term application can be limited by the sensitivity of electroactive biofilms to inhibitory disturbances. This study investigated the resilience and recovery of a long-term operated bioanode in a three-chamber MEC following a severe inhibition event caused by the direct feeding of an untreated wastewater from the food-processing industry. After the inhibitory event, the MEC was returned to the synthetic substrate previously used for its operation, and the recovery of the same bioanode, continuously operated without replacement or reinoculation, was assessed through a rapid screening approach. Following recovery, steady-state operation resulted in average anodic and cathodic coulombic efficiencies of 83.9 ± 2.5% and 84.2 ± 3.7%, respectively, with a chemical oxygen demand (COD) removal efficiency of 24.6 ± 1.3% and an energy efficiency of 103.2 ± 5.4%. Cyclic voltammetry further confirmed the bioelectrochemical activity of the recovered bioanode. Overall, the results demonstrate the ability of an established bioanode to recover and maintain substantial electrochemical activity following a severe inhibitory perturbation, highlighting bioanode resilience as a relevant factor for the long-term operation of MEC systems.
Introduction
The transition towards low-carbon energy systems and circular resource management is driving the development of technologies capable of simultaneously treating waste streams and recovering valuable energy carriers. In this context, microbial electrolysis cells (MECs) have emerged as promising bioelectrochemical systems for the conversion of organic substrates into energy sources, while contributing to wastewater treatment and resource recovery (Pal et al., 2025). In the hydrogen production context, electroactive microorganisms growing as a biofilm on the anode, oxidizing organic matter and transferring the resulting electrons to the electrode, while the associated protons and electrons are subsequently converted into hydrogen at the cathode upon application of a small external voltage (Mohamed Ashiq et al., 2025). This configuration can reduce the electrical energy requirement compared with conventional water electrolysis, as part of the energy required for hydrogen evolution is provided by the oxidation of organic substrates (Ganguly et al., 2025). MECs have therefore been investigated using a wide range of substrates, including municipal and industrial wastewaters, agricultural residues, fermented waste streams and synthetic solutions (Alcaraz-Gonzalez et al., 2023; Marchetti, Sassetto, et al., 2026). However, despite their potential, the long-term operation of MECs remains challenging, particularly when complex real wastewaters are employed. Bioanode performance is governed by the electroactive components, the activity of microbial community and can be affected by changes in substrate composition, hydraulic conditions, presence of potentially inhibitory compounds and membrane fouling (Colantoni et al., 2025; Stoller et al., 2019). Consequently, the ability of an established bioanode to withstand and recover from adverse perturbations represents an important aspect of MEC robustness and long-term applicability but has received comparatively limited attention (Zainal et al., 2024). In this regard, the resilience of a bioanode can be assessed by monitoring its ability to recover electrochemical and substrate-conversion performance after a severe inhibitory event without replacing or re-inoculating the established biofilm. In this view here the resilience of a long-term operated bioanode was investigated following a severe inhibition event, occurred at the end of 2025 and lasted for a month, caused by the direct feeding of an untreated wastewater from the food-processing industry. Due to confidentiality requirements, the specific characteristics and origin of the industrial wastewater cannot be disclosed; however, the wastewater was characterized by a pH of 7.3, with a concentration of 0.5 gCOD/L and a high content of stabilizing compounds, including iron- and aluminium-based coagulants, which may have contributed to the observed deterioration of bioanode activity. Following this event, the MEC was returned to the synthetic substrate previously employed for its operation. A key aspect of the experimental approach is that the pre- and post-inhibition performance refers to the same long-term operated bioanode since 2024 and neither replaced nor re-inoculated, rather than to independently developed biofilms. This design enables the recovery response to be assessed while minimizing variability associated with differences in biofilm establishment and inoculation history. To assess the extent of bioanode resilience, the current generation and COD removal obtained during the recovery phase under different dilution rate (Drate) and organic loading rates (OLRs) were compared with the reference performance previously obtained with the same synthetic substrate and reported by (Marchetti, Valentino, et al., 2026). The recovery was further assessed under stable operating conditions and through cyclic voltammetries (CVs), providing complementary information on the electrochemical response of the bioanode after the inhibitory event. This approach provides insights into the capacity of a long-term operated MEC bioanode to withstand a severe substrate-related perturbation and recover its activity without bioanode replacement or reinoculation (Marsili et al., 2008).
Material and methods
Microbial electrolysis cell configuration 
A laboratory-scale three-chamber MEC was used, consisting of three identical Plexiglas chambers (0.86 L each; 17 × 17 × 3 cm). A CMI International cation exchange membrane (CEM; Membrane International, USA) separated the bioanode from the two cathodic chambers. Each cathode consisted of a 316 stainless-steel sheet (176.46 cm²), while the bioanode was filled with granular graphite (<4 mm; Faima Srl, Milan), which served both as the electrode material and as a support for biofilm development. The bioanode was inoculated with activated sludge containing a mixed microbial culture (MMC) collected from a full-scale wastewater treatment plant and previously washed with the mineral medium described by (Dell’Armi et al., 2025). The solution was stored in a Tedlar bag and continuously supplied to the anodic chamber using a peristaltic pump, while the anodic effluent was collected in a second Tedlar bag. The cathodic chambers were operated in batch mode using 0.5 M NaCl, with daily catholyte replacement to compensate for electro-osmotic water transfer through the CEM. A 0.30-L glass chamber equipped with sampling ports was connected to each MEC chamber for liquid and gas sampling. The MEC was maintained at 25 ± 1 °C throughout the experiments. The potential of the individual electrodes was monitored using Ag/AgCl reference electrodes immersed in saturated KCl (E = +0.199 V vs. SHE). The graphite bioanode was electrically connected through three graphite rods and titanium wires to a potentiostat (Amel S.r.l., Italy) and maintained at +0.2 V vs. SHE.
Experimental approach 
Following the inhibitory event, the MEC was returned to the synthetic feeding conditions previously adopted. The synthetic feeding solution contained 1.25 g COD/L, consisting of glucose (0.68 g/L), sodium acetate (0.20 g/L), peptone (0.22 g/L) and yeast extract (0.15 g/L), supplemented with the same mineral medium used for inoculum preparation and characterized by a total conductivity of 6.0 mS/cm and physiological pH. The recovery of the same bioanode was monitored by applying the rapid screening approach described by (Marchetti, Valentino, et al., 2026), by progressively varying the hydraulic conditions and evaluating current generation and COD removal. Following, the bioanode performance under stable operating conditions was monitored by working with a Drate of 1.7 d-1, corresponding to an OLR of 2 gCOD/(L·d). Importantly, the same bioanode, continuously operated since 2024, was maintained throughout the study without replacement or reinoculation. The recovered bioanode was finally characterized by cyclic voltammetry to assess its electrochemical response.
Analytical procedures and bioelectrochemical characterization 
The volumetric flow rate of the outlet gas was measured using a Ritter® milligas counter. Gas composition (O₂, H₂, CO₂, and CH₄) was analyzed by extracting a 50 μL sample with a gas-tight syringe and injecting it into a Dani Master GC gas chromatograph (Milan, Italy) equipped with a thermal conductivity detector (TCD). The total and soluble COD were assessed by digesting unfiltered and filtered (0.2 µm) samples, respectively, at 150°C for 2 hours using commercial Spectroquant test kits (Macherey-Nagel, Duren, Germany) and measuring absorbance at 605 nm with a Nanocolor Vario4 UV–Vis spectrophotometer (Macherey-Nagel, Duren, Germany) (APHA, 1995). Conductivity and pH were determined using an SI Analytics HandyLab680 meter (Fisher Scientific,Wien, Austria). Finally, the electrochemical response of the recovered anodic biofilm was characterized by cyclic voltammetry under potentiodynamic control. CVs were recorded at four scan rates (5, 20, 40 and 60 mV/min) over a potential range from +0.40 to −0.40 V vs SHE. Three consecutive cycles were performed for each scan rate, but only the third cycle is reported. All these tests were carried out under turnover conditions, i.e., in the presence of the synthetic substrate in the anodic compartment of the MEC, under the same operative conditions as those used during the steady-state period.
Calculation
To calculate the removed COD (mg/Ld), the following equation was employed, where CODin and CODout (mg/L) represent the influent and effluent COD concentrations, Qin and Qout (L/d) denote the influent and the effluent flow rates, respectively. The result was then normalized by the bioanodic chamber volume V:
 

From this value it is possible to quantify the efficiency of COD converted as follows: 


The bioanode coulombic efficiency, in which meqi represents the cumulative charge that has passed in the circuit and meqCOD represents the cumulative charge generated by the oxidation of the removed COD, was determined according to the equation:
 

The cathodic coulombic efficiency, was determined as the ratio of the cumulative H2 produced, expressed in meq, and the meqi: 
 

The overall energy efficiency was evaluated using the equation:
 

In which ΔG0H2 is the Gibbs free energy for the combustion of hydrogen (kJ/mol), 2 are the mole of electrons necessary to produce a mole of hydrogen (eq/ molH2), ΔV (V) is the average potential difference between cathode (-) and anode (+), and F is Faraday’s constant (96,485 C/eq).
Results and discussion
Assessment of bioanode resilience through pre- and post-inhibition performance
Following the inhibitory event, the resilience of the bioanode was initially assessed by comparing the MEC performance obtained during the recovery operation in 2026 with the corresponding results previously achieved under the same synthetic feeding conditions in 2025 (Marchetti, Valentino, et al., 2026). Figure 1 reports the ηCOD (Figure 1.A) and produced current (Figure 1.B) obtained at increasing Drate. The corresponding operating conditions and performance indicators are summarized in Table 1. The largest difference in current generation was observed at the lowest Drate (Case A), with 50 mA obtained in 2025 compared with 27 mA in 2026, corresponding to a decrement of 46%. As the Drate increased, this difference progressively decreased, reaching a decrement of 14.7% at the highest tested condition (Case F). A similar convergence was observed for ηCOD, although the trend was not strictly monotonic, with the largest decrement of 34.4% observed for Case B. The difference progressively decreased up to Case F, obtaining 11.7% and 9%, respectively, corresponding to a decrement of 23 %. Overall, the bioanode recovered a substantial fraction of its previous performance, although the post-inhibition values remained consistently lower than those measured in 2025. 

Table 1: Operating conditions and MEC performance before and after bioanode inhibition. 2025 data adapted from (Marchetti, Valentino, et al., 2026); values are rounded to the nearest whole number.
	Case
	Q 
(L/d)
	Drate
(d-1)
	OLR
(gCOD/Ld)
	ηCOD 2025 vs 2026 
(%)
	Current 2025 vs 2026 
(mA)

	A
	0.72
	0.8
	1
	64 vs 50
	50 vs 27

	B
	1.45
	1.7
	2
	38 vs 25
	77 vs 45

	C
	2.9
	3.4
	4
	32 vs 23
	114 vs 75

	D
	5.8
	6.9
	8
	28 vs 21
	142 vs 100

	E
	11.6
	13.7
	16
	13 vs 10
	162 vs 120

	F
	23.2
	27.4
	33
	12 vs 9
	170 vs 145


The progressive reduction in the difference between pre- and post-inhibition current generation with increasing D is consistent with the hydraulic behavior previously observed for this MEC. As reported by Marchetti et al. (2026), at low dilution rates, substrate transport towards the biofilm can represent a limiting factor, whereas increasing the flow rate enhances convective transport and progressively reduces mass-transfer limitations. At higher Drate, the system approaches a regime in which further increases in substrate transport provide progressively smaller improvements in current generation, suggesting a greater contribution of the intrinsic biological and electrochemical characteristics of the bioanode. The closer agreement between the 2025 and 2026 current values at the highest dilution rates therefore indicates that, despite the severe inhibitory event, the recovered bioanode retained a substantially similar electrochemical response under conditions where hydraulic limitations were reduced. The ηCOD followed the expected decrease with increasing Drate, reflecting the shorter substrate–biofilm contact time at higher flow rates, while the non-monotonic difference between the two campaigns suggests that COD conversion was probably affected differently from current generation during bioanode recovery. Overall, the comparison demonstrates that the bioanode was able to regain a considerable level of its previous activity after the inhibitory event, without replacement or reinoculation. The progressive convergence of current generation between the two campaigns, particularly at high dilution rates, provides evidence of the resilience of the established bioelectroactive community and supports its capacity to recover following a severe operational perturbation.
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Figure 1: Trends of the ηCOD (A) and of produced current (B) obtained in MEC reactor as a function of Drate for all operating conditions before (2025) and after (2026) bioanode inhibition. 2025 data are reproduced from (Marchetti, Valentino, et al., 2026).

Steady-state performance evaluation 
Following the recovery phase, the MEC was operated under steady-state conditions to assess whether the restored bioanode activity could be maintained over time. As shown in Figure 2.A, the current remained relatively stable throughout the investigated period, fluctuating between approximately 35 and 50 mA, with no progressive decrease in performance. Hydrogen production also remained sustained, ranging from approximately 10 to 21 mmol/d, although some fluctuations were observed between individual measurements, with a maximum of 27 mmol/d. The simultaneous maintenance of current generation and hydrogen production indicates that the recovered bioanode was able to sustain stable electron transfer to the cathode and support continuous biohydrogen production under steady-state operation.The main performance parameters calculated over the steady-state period are summarized in Figure 2.B. The MEC achieved an average CE of 83.9 ± 2.5%, while the CCE reached 84.2 ± 3.7%. The average ηE of 103.2 ± 5.4% was obtained, reflecting the contribution of the chemical energy contained in the organic substrate to hydrogen production. The high ηE was also favoured by the good conductivity of the synthetic feed, which resulted in a relatively low average potential difference between the anodic and cathodic compartments (ΔV = −1.22 ± 0.10 V), thereby limiting ohmic losses. In addition, an effective conversion of the electrons generated through substrate oxidation at the bioanode into hydrogen at the cathode occurred. However, the value slightly exceeding 100% should be interpreted considering the experimental variability associated with the analytical and operational parameters used in the calculation. Overall, the stable current generation, sustained hydrogen production and relatively low variability of the calculated performance parameters confirm the establishment of stable operating conditions after the inhibitory event, indicating that the recovered bioanode could maintain its electrochemical activity under steady-state operation.
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Figure 2: Trends of the produced current and of hydrogen (A) and average value (± standard error calculated from n= 8) of the main characterizing parameters of the MEC system (B) obtained during the steady state period. 
Electrochemical characterization through CVs method
Cyclic voltammetry was finally performed to characterize the electrochemical response of the recovered bioanode at different scan rates (Figure 3). The voltammograms showed a clear dependence of the recorded current on the scan rate, with progressively higher current responses observed when increasing the scan rate from 5 to 60 mV/min. Under turnover conditions (Figure 3.A), the current response increased with increasing scan rate, from 5 to 60 mV/min, with the highest scan rate reaching approximately 230 mA at +0.2 V vs SHE. At 5 mV/min, the current response was substantially lower, reaching approximately 100 mA at +0.15 V vs SHE. This behavior is consistent with an increasing contribution of capacitive current at higher scan rates, while also reflecting the bioelectrocatalytic activity of the anodic biofilm. 
For comparison, CVs were also recorded under non-turnover conditions, in the absence of organic substrate (Figure 3.B). The non-turnover profiles showed markedly lower and flatter current, with no plateau-like response, indicating that the pronounced output observed under turnover conditions was mainly associated with substrate-dependent bioelectrocatalytic activity rather than solely with capacitive and background currents. Overall, the CV results provide complementary evidence of the electrochemical activity of the recovered bioanode following the inhibitory event.
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Figure 3:  Cyclic voltammetries of the electroactive bioanode, under turnover (A) and non-turnover conditions (B) at different scan rates.
Conclusions
The present study assessed the resilience of a long-term operated bioanode in a three-chamber MEC following a severe inhibitory event caused by the direct feeding of an untreated food-processing wastewater. After returning to the previously adopted synthetic substrate, the same bioanode, continuously operated and without replacement or reinoculation, progressively recovered its electrochemical activity. Comparison with the pre-inhibition performance showed that the difference in current generation decreased with increasing dilution rate, reaching only 14.7% at the highest tested condition, while COD removal efficiency showed a lower but still substantial recovery. The subsequent steady-state operation confirmed the stability of the recovered bioanode, with average CE and CCE values of 83.9 ± 2.5% and 84.2 ± 3.7%, respectively, and sustained hydrogen production. The electrochemical characterization by cyclic voltammetry further confirmed the electrocatalytic activity of the recovered bioanode. Overall, the study provides experimental evidence that the resilience of an established bioanode can be assessed by combining pre- and post-perturbation performance under comparable operating conditions with subsequent steady-state and electrochemical characterization. This approach contributes to understanding bioanode robustness, an aspect that is particularly relevant for the long-term implementation of MECs treating variable or potentially inhibitory waste-derived substrates. Nevertheless, these findings also highlight the importance of implementing suitable pretreatment strategies to improve the quality of real waste-derived substrates, thus minimizing the introduction of potentially inhibitory compounds before their feeding to MEC systems.
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