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Abstract

This study focused on a comparative analysis of oxygen and hypochlorite ions as cathodic
electron acceptors in microbial fuel cell (MFC) reactors treating wastewater containing
methylene blue dye. One of the major factors influencing MFC performance is the choice
of cathodic electron acceptor, which directly affects electrochemical efficiency and treat-
ment performance. Based on the analysis, the hypochlorite ion-assisted MFC (MFC-H)
performed better in its electrochemical properties, achieving a maximum power den-
sity of 115.2 mW m−2, which was much higher than that of the oxygen-cathode MFC
(29.44 mW m−2). The MFC-H system also exhibited higher coulombic efficiency, a more
positive cathode potential, and greater decolorization efficiency (88%) compared to the
oxygen-cathode configuration (79%). The enhanced performance of the hypochlorite-based
system indicates more effective electron transfer and faster cathodic reaction kinetics,
thereby improving energy recovery and dye removal. These results demonstrate that
hypochlorite can serve as an effective alternative cathodic electron acceptor in MFCs for
treating dye-containing wastewater.

Keywords: microbial fuel cell; cathodic electron acceptor; sodium hypochlorite; methylene
blue decolorization; synthetic dye wastewater treatment

1. Introduction
The rapid industrialization and subsequent urbanization have increased wastewater

production, especially from the textile, dyeing, paper, and chemical industries. This type
of wastewater contains high concentrations of synthetic dyes and industrial chemicals,
which are hazardous to aquatic environments and human health [1,2]. On the other hand,
the growing global demand for energy and the continued reliance on fossil fuels have
heightened concerns about energy insecurity and environmental degradation [3,4]. These
challenges emphasize the need for technologies capable of addressing wastewater treatment
while enabling energy recovery.

Conventional wastewater treatment methods, including primary settling, secondary
biological treatment, and advanced polishing stages, are effective to varying degrees
in removing suspended solids and biodegradable organic matter. However, secondary
contaminants and refractory compounds, including synthetic dyes and emerging pollutants,
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are often resistant to removal during conventional biological treatment processes [5,6].
Advanced treatment technologies such as adsorption, membrane separation, and oxidation
processes have been developed to overcome these limitations; however, these methods are
often associated with high operational costs and may lead to the generation of secondary
waste streams [7–9].

Microbial fuel cells (MFCs) have emerged as an innovative and sustainable technology
capable of converting chemical energy stored in organic matter directly into electrical
energy through microbial metabolism. In MFC systems, microorganisms oxidize organic
substrates at the anode, releasing electrons that are transferred to the cathode through
an external circuit, thereby generating electricity [10,11]. This capability enables MFCs to
simultaneously achieve wastewater treatment and energy recovery, offering a potential
alternative to energy-intensive conventional treatment technologies [12–14]. The reactions
that occur in the anode and cathode are as follows:

Anode (oxidation):

CH3COO− + 2H2O → 2CO2 + 7H+ + 8e−

Cathode (Reduction):

O2 + 4H+ + 4e− → 2H2O + 4H+ + 4e−

The performance of MFCs is influenced by several operational parameters, including
electrode materials, microbial community structure, substrate type, and the nature of the
cathodic electron acceptor. Oxygen is the most commonly used electron acceptor due to its
availability and environmental compatibility; however, its application is limited by its low
solubility in aqueous systems (typically ~7–9 mg L−1 at room temperature and atmospheric
pressure), slow oxygen reduction kinetics, and relatively high activation overpotentials [15–17].
These limitations often result in reduced power output and increased internal resistance in
oxygen-based MFCs.

To overcome these challenges, alternative cathodic electron acceptors with higher
redox potentials have been investigated, including ferricyanide, permanganate, nitrate,
and hypochlorite ions. Several studies have reported improved cathodic reaction rates
and enhanced power densities when such electron acceptors are employed, compared to
oxygen-based systems [18–20]. For instance, ref. [18] reported power densities exceeding
100 mW m−2 using permanganate as the cathodic electron acceptor, substantially higher
than those typically achieved with oxygen cathodes under comparable operating conditions.
Among these alternatives, sodium hypochlorite has attracted interest due to its strong
oxidative capability, relatively low cost, and high redox potential. Jadhav et al. (2014)
demonstrated that hypochlorite-based MFCs achieved power densities approximately
2–3 times higher than those of oxygen-cathode systems, which was attributed to reduced
activation losses and improved electron-transfer efficiency at the cathode [21,22]. The
reaction that occurred in the Hypochlorite cathode is as follows:

Hypochlorite cathode: ClO− + H2O + 2e− → Cl− + 2OH−

Synthetic dyes used in industrial applications are well known for their toxic, muta-
genic, and carcinogenic properties [23]. Approximately 10–20% of dyes used in textile
processing are released into wastewater streams, leading to persistent environmental con-
tamination. Methylene blue, a widely used dye in the textile industry, is chemically stable
and resistant to degradation in conventional biological treatment systems, often remaining
detectable even after secondary treatment processes. Methylene blue (MB), a cationic
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thiazine dye commonly used in the textile and medical industries, is a significant envi-
ronmental pollutant due to its toxicity and recalcitrant nature [20,24,25]. This anaerobic
reduction step is critical for initial dye decolorization, making MFCs particularly suitable
for treating dye-laden wastewater and enabling controlled electron transfer.

Methylene blue is a 3,7-bis(dimethylamino) phenothiazine chloride [26]. The core
structure consists of a heterocyclic phenothiazine ring. The decolorization process begins
with the reduction of this phenothiazine chromophore. Leuco-methylene blue (LMB)
Formation. The primary step in decolorization is the 2-electron, 1-proton reduction of the
blue MB cation into the colorless, non-fluorescent Leuco-methylene blue (LMB) [26,27].

Recent advances in water treatment technologies have highlighted the potential of in
situ oxidant generation and light-assisted catalytic oxidation for the effective removal of
refractory organic pollutants. Such approaches offer enhanced degradation performance
while limiting the production of harmful by-products. Therefore, combining electrochemi-
cal methods with advanced oxidation processes has become an attractive and sustainable
strategy for wastewater remediation.

Earlier studies have reported that hypochlorite functions as an efficient cathodic elec-
tron acceptor, enhancing the electrochemical performance of microbial fuel cells relative to
conventional oxygen cathodes [22]. Nevertheless, there remains a lack of a comprehensive
understanding of how cathodic electron acceptor selection affects dye removal efficiency,
effluent detoxification, microbial activity, and electron recovery during the treatment of
methylene blue-contaminated wastewater.

Although previous studies have demonstrated improved power generation with
hypochlorite as a cathodic electron acceptor, most investigations have focused primarily on
electrochemical performance, with limited attention to comprehensive treatment efficiency,
coulombic recovery, microbial activity, and toxicity reduction under comparable operat-
ing conditions. Therefore, a systematic comparison of oxygen- and hypochlorite-based
cathodic systems remains necessary, particularly for synthetic dye-containing wastewater.
Accordingly, the objective of this study is to compare oxygen and sodium hypochlorite as
cathodic electron acceptors in microbial fuel cells treating methylene blue-containing syn-
thetic wastewater, with emphasis on electricity generation, coulombic efficiency, electrode
potential behavior, dye decolorization, toxicity reduction, microbial growth, and overall
treatment efficiency, thereby providing a more holistic assessment of both environmental
remediation and bioelectrochemical performance.

2. Materials and Methods
2.1. Microbial Fuel Cell Setup

A two-chamber microbial fuel cell was assembled using two acrylic compartments,
each with a total effective volume of 200 mL. The compartments were separated by a
proton-exchange membrane (PEM), with clayware used as the PEM, which was pre-soaked
in deionized water prior to assembly to ensure ionic conductivity. Graphite felt electrodes
with a surface area of 140 cm2 were used as the anode and 250 cm2 as the cathode materials,
which had a spacing distance of 1 cm. About 1000 mL of catholyte was placed in the
cathode region. Before use, the electrodes were rinsed with deionized water to remove
surface impurities. The general schematic representation of a MFC is depicted in Figure 1.

The current collectors were made of titanium wires, which were securely attached
to the graphite felt electrodes to minimize contact resistance. The anode and cathode
chambers were connected through an external circuit using a fixed external resistance,
allowing continuous current flow during operation. All joints and connections were sealed
to prevent leakage and oxygen intrusion into the anode chamber.
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Figure 1. Schematic representation of microbial fuel cell.

2.2. Composition of Inoculum Culture Medium and MFC Operation

The inoculum used was anaerobic sludge obtained from the municipal wastewater
treatment plant. The sludge was acclimated under anaerobic conditions prior to inoculation
and then added at a concentration of 20% (v/v) to the anode chamber. Synthetic wastewater
with a COD of 3200 mg L−1, containing acetate (spectrum reagents and chemicals Pvt. Ltd.
Edayar, Cochin, India) was prepared as the anolyte. A phosphate-buffered medium was
used to provide buffering capacity and stable ionic strength, following commonly used MFC
synthetic media reported in the literature [28]. Specifically, a 50 mM phosphate-buffered
solution (PBS) was prepared (per 1 L) using 4.58 g Na2HPO4, 2.45 g NaH2PO4·H2O, 0.31 g
NH4Cl, and 0.13 g KCl (pH ~7.0), and then amended with acetate as the carbon source.
The medium was also supplemented with a trace mineral solution (e.g., 12.5 mL L−1)
and a vitamin solution (e.g., 5 mL L−1) (all the chemicals were purchased from Spectrum
reagents and chemicals Pvt. Ltd Edayar, Cochin) as is commonly practiced in MFC studies
to support stable microbial activity [29,30]. Acetate concentration was selected to achieve
the target COD (3200 mg L−1), and the anolyte pH was adjusted to near neutral before use.
Methylene blue dye was also added to the anolyte at an initial concentration of 25 mg L−1

for the experiment.
The MFCs were operated in batch mode at room temperature (28 ± 2 ◦C). Anaerobic

conditions in the anode chamber were maintained throughout the experimental period
by limiting headspace exposure and avoiding agitation that could introduce oxygen. The
cathode chamber was open to air for oxygen-based MFCs or filled with a hypochlorite-
containing catholyte for hypochlorite-assisted MFCs. All experiments were performed
in triplicate (n = 3), and the results are presented as mean ± standard deviation (SD).
Statistical comparisons between MFC-O and MFC-H treatments were conducted using a
two-tailed Student’s t-test in Microsoft Excel (Version 2024)/OriginPro (Version 2026)/SPSS
(Version 30). Differences were considered statistically significant at p < 0.05. Statistical
significance is indicated in the figures as * p < 0.05 and ** p < 0.01.

An external resistance of 100 Ω was applied during normal operation. Voltage output
was recorded using a digital multimeter at regular time intervals (typically every 30–60 min)
until a stable voltage profile was achieved. A stable operating condition was defined as
a voltage variation of less than 5% across three consecutive measurements, and these
steady-state values were used for subsequent electrochemical analysis. Each batch cycle
was run until a noticeable voltage decline was observed, indicating substrate depletion.
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ORP measurements were conducted in the anode chamber at least once per batch cycle
throughout the experimental period.

2.3. Catholyte Preparation and Hypochlorite Use

Sodium hypochlorite (NaOCl) solution was used as the cathodic electron acceptor in
the hypochlorite-assisted microbial fuel cell (MFC-H). Commercial-grade sodium hypochlo-
rite solution was diluted with deionized water to prepare catholyte solutions of varying
concentrations. Hypochlorite concentrations ranging from 50 to 300 mg L−1 (expressed as
free chlorine) were prepared fresh prior to each experimental run to minimize degradation
and loss of oxidative strength.

The catholyte was added to the cathode chamber at the beginning of each batch
cycle, and the cathode chamber was gently mixed manually before operation to ensure
uniform concentration. No additional buffering agents were added to the catholyte, and
pH changes were monitored during operation. The influence of hypochlorite concentration
on power generation, electrochemical performance, and wastewater treatment efficiency
was evaluated by operating all MFCs under identical conditions, with only the catholyte
composition varied between experiments.

2.4. Performance Analysis

Current and power densities were calculated from the measured voltage values and
external resistance, using Ohm’s law (I = V/R), and normalized to the anode surface area.
Polarization and power density curves were obtained by varying the external resistance
from 10 Ω to 10 kω, allowing sufficient time at each resistance to stabilize the voltage after
the MFCs reached stable operation. Voltage stabilization was confirmed when variation
remained below 5% over consecutive readings.

The internal resistance of the system was determined from the slope of the linear
(ohmic) region of the polarization curve. Electrochemical characterization using cyclic
voltammetry (CV) and linear sweep voltammetry (LSV) was conducted to assess redox
behavior and electron-transfer characteristics, with measurements performed after the
MFCs reached steady-state conditions. CV was carried out over a potential window of
−0.95 V to +0.95 V (vs. Ag/AgCl) at a scan rate of 10 mV s−1, a range commonly employed
in bioelectrochemical systems to resolve redox-active species without inducing non-faradaic
artifacts. LSV was conducted from the open-circuit potential to 0.95 V (vs. Ag/AgCl) at
the same scan rate (10 mV s−1) to evaluate cathodic and anodic current responses under
controlled polarization. The CV and LSV were performed by taking the anode as the
working electrode, the cathode as the counter electrode, and Ag/AgCl as the reference
electrode. All CV and LSV measurements were performed under identical conditions for
both oxygen- and hypochlorite-based MFCs to ensure direct comparability.

Coulombic efficiency (CE) was calculated to evaluate the fraction of electrons recovered
as electrical current relative to the theoretical electrons released from substrate oxidation.
CE was determined using the following expression:

CE (%) = M (
∫

I dt)/(F × b × ∆COD × V) × 100

where M is the molar mass,
∫

I dt is the total coulombs measured over the batch cycle, F is
Faraday’s constant (96,485 C mol−1 e−), b is the number of electrons exchanged per mole
of oxygen (b = 4), ∆COD is the change in COD (g L−1), and V is the anode chamber volume
(L). Considering an initial COD concentration of 3200 mg L−1 and a COD removal efficiency
of 86%, the corresponding COD removal was 2752 mg L−1. Coulombic efficiency was
calculated using the total electrical charge recovered during the operational cycle together
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with the measured COD removal according to the equation. This approach was applied
consistently for all experimental conditions to determine the fraction of electrons recovered
as electrical current, relative to the theoretical electrons released from substrate oxidation.

Chemical oxygen demand (COD) was measured using the standard dichromate closed
reflux method, following established protocols [31]. Samples were filtered where necessary
to remove suspended biomass prior to analysis, and COD removal efficiency was calculated
based on the difference between initial and final COD concentrations.

Dye decolorization efficiency was determined spectrophotometrically by measuring
absorbance at 668 nm, corresponding to the maximum absorption wavelength of methy-
lene blue. Prior to analysis, samples were centrifuged to remove suspended solids and
microbial cells, ensuring accurate absorbance measurements. Centrifuged samples were
measured promptly after collection to minimize air re-oxidation of LMB. A calibration
curve was prepared using standard methylene blue solutions, and dye removal efficiency
was calculated using the ratio of initial and final absorbance values as follows,

(Di − Df/Di) × 100, whereas Di and Df are initial and final values.
COD and dye removal efficiencies were calculated as percentages using initial and

final concentrations. All experiments were conducted in triplicate, and mean values with
standard deviations were reported to ensure data reliability and reproducibility.

To find the amount of total chloride present in the anolyte of the test MFC’s, the
Mohr Method was employed to check that any crossed-over hypochlorite would be rapidly
reduced to chloride within the complex, reductive environment of the active anolyte. For
this, 50 mL of anolyte from each duplicate test MFC was transferred into 2 Falcon tubes,
and 500 µL of sodium hypochlorite was added to each. Also, MB dye-containing SWW
(synthetic wastewater) was taken in another Falcon tube and added with the same amount
of sodium hypochlorite. The tubes were then incubated for 48 h. For the Mohr Method,
50 mL of 0.02 M silver nitrate was prepared. Potassium chromate acts as an indicator, and
the samples were then titrated with silver nitrate until the color changed from teal blue
to cyan.

The DREAM assay coefficient indicates the extent of microbial electron transfer present
in the sample. A total of 2 mL of methylene blue-containing wastewater sample was taken
in a cuvette. The reduction in MB was measured at a wavelength of 660 nm for a period of
15 min at 10 s intervals using a UV–Vis Spectrophotometer (manufactured by Shimadzu
corporation, Kyoto, Japan, Model-UV1800) from. The control consisted of autoclaved
wastewater samples. The extent of reduction was quantified by the DREAM ASSAY
coefficient calculated as follows:

A0 − AI/A0, where A0 and AI are the initial and final absorbances.

3. Results and Discussion
3.1. The Generation of Electricity Using Microbial Fuel Cells

The performance of microbial fuel cells (MFCs) operated with oxygen (MFC-O) and
sodium hypochlorite (MFC-H) as cathodic electron acceptors was evaluated by monitoring
voltage generation over time. The variation in cell voltage during the operational cycle
is shown in Figure 2. MFC configurations exhibited a gradual increase in voltage during
the initial operating period, indicating successful acclimation of electroactive microbial
communities at the anode.

The MFC-H system generally produced a higher voltage output than the control
MFC-O throughout the experimental cycle, with the exception of Days 3–4, when values
were comparable or transiently reversed. From the voltage profile shown in Figure 2, the
hypochlorite-assisted MFC reached a maximum steady-state voltage of approximately
290 mV, whereas the oxygen-cathode MFC stabilized at a lower voltage of approximately
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165 mV. The maximum open-circuit voltage (OCV) generated by the respective cells is
0.62–0.65 V for MFC-H and 0.29–0.32 V for MFC-O. In addition, the time required to reach
a stable voltage was shorter for MFC-H, suggesting a faster establishment of effective
electron-transfer pathways. The higher and more stable voltage output observed in MFC-H
can be attributed to more efficient cathodic consumption of electrons, which minimizes
electron accumulation at the anode and supports continuous microbial oxidation of the
substrate. In contrast, the oxygen-based MFC exhibited lower and more fluctuating volt-
age output, which is consistent with the limited solubility of oxygen in aqueous systems
(~7–9 mg L−1 at ambient conditions) and the intrinsically slow kinetics of the oxygen reduc-
tion reaction (ORR). Such voltage fluctuations and lower steady-state values are commonly
reported for oxygen-cathode MFCs operating without catalysts or forced aeration [15].

Figure 2. Line graph representing the daily voltage readings throughout the MFC operation.

The enhanced voltage generation in MFC-H is further supported by the higher redox
potential of the hypochlorite/chloride couple (E◦ = +0.89 V) relative to oxygen at neutral
pH. The observed voltage enhancement of approximately 1.7–1.8 times that of the oxygen-
cathode system aligns well with previously reported hypochlorite-assisted MFC studies.
For instance, ref. [22] reported approximately 2–3-fold higher voltage and power outputs
when hypochlorite was used as the cathodic electron acceptor rather than oxygen under
comparable operational conditions. The voltage values obtained in the present study,
therefore, fall within the lower-to-mid range of values reported in the literature, reflecting
realistic performance under laboratory-scale conditions.

Moreover, the improved voltage stability in MFC-H indicates better coupling between
anodic microbial metabolism and cathodic electron acceptance, which is essential for
sustained electricity generation. Efficient cathodic kinetics reduce anodic overpotential and
alleviate electron backpressure on the biofilm, thereby supporting stable microbial activity
and continuous substrate oxidation. Similar relationships between enhanced cathodic
performance and stabilized anodic bioelectrochemical activity have been reported in earlier
microbial fuel cell studies [32]. The magnitude of the improvement observed in this study is
consistent with reported trends and is primarily attributable to enhanced cathodic reaction
kinetics rather than to changes in reactor configuration or operating conditions. The
ORP values remained consistently below −200 mV, confirming the maintenance of strictly
anaerobic conditions in the anode chamber during all operational cycles.
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3.2. Polarization Behavior and Power Density Output

To further evaluate the electrochemical performance of the microbial fuel cells, po-
larization and power density analyses were conducted for both the oxygen-cathode MFC
(MFC-O) and the hypochlorite-assisted MFC (MFC-H). The corresponding polarization
and power density curves are presented in Figure 3. Distinct differences in both voltage
decay profiles and power output were observed between the two systems, indicating the
strong influence of the cathodic electron acceptor on overall cell performance.
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Figure 3. Polarization curve for MFC’s with hypochlorite (MFCH) and oxygen (MFCC) as the cathodic
electron acceptors with sludge as the inoculum.

The MFC-H system achieved a maximum power density of 115.2 mW m−2, which
was 3.9 times higher than that obtained for the oxygen-based system (29.44 mW m−2). This
substantial increase in power output reflects improved electron-transfer efficiency at the
cathode and is consistent with the higher steady-state voltage observed for MFC-H. The
power density curve of MFC-H also exhibited a broader peak, suggesting that the system
could sustain higher current densities over a wider operating range than MFC-O.

Polarization curve analysis further revealed that the voltage losses in MFC-H were
significantly lower across the activation and ohmic regions. In particular, the initial steep
voltage drop at low current densities, commonly associated with the polarization curve
profile, is consistent with lower activation overpotential in MFC-H than for MFC-O, though
electrochemical impedance spectroscopy (EIS) would be required to quantify this compo-
nent independently, indicating reduced activation energy barriers for the cathodic reduction
reaction in the presence of hypochlorite. The voltage of 901 mV shown in Figure 3 is indeed
from the MFC-H system, measured at a maximum resistance of 10,000 Ω at the start of
the polarization experiment. In contrast, the oxygen-cathode MFC exhibited a steeper
voltage decline in the low-current region, suggesting higher activation overpotentials due
to sluggish oxygen-reduction kinetics under passive aeration conditions. At intermediate
current densities, the slope of the polarization curve for MFC-H was less steep than that of
MFC-O, indicating lower ohmic overpotential. The reduced ohmic losses are consistent
with the lower internal resistance estimated for MFC-H (130 Ω) from the linear region of
the polarization curve, compared with MFC-O (160 Ω), with R2 values of 0.98 and 0.97,
respectively. At higher current densities, both systems exhibited voltage losses indicative
of mass transport limitations; however, the onset of mass-transfer overpotential occurred
at higher current densities in MFC-H than in MFC-O. This suggests that hypochlorite
reduction sustained higher electron fluxes before becoming diffusion-limited, whereas
oxygen reduction in the control system was constrained earlier due to oxygen solubility
and transport limitations.
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The improved polarization behavior and reduced overpotentials observed in MFC-H
can be attributed to the higher redox potential and faster hypochlorite reduction kinet-
ics, which reduce cathodic activation losses and facilitate rapid electron consumption.
Similar reductions in cathodic overpotential and corresponding improvements in power
density have been reported in hypochlorite-based MFCs by [22], who observed 2–3-fold
increases in power output relative to oxygen-cathode systems. The power density achieved
in the present study, therefore, falls well within the range reported for laboratory-scale
hypochlorite-assisted MFCs.

The enhanced performance of MFC-H can be attributed to the higher standard reduc-
tion potential of the hypochlorite/chloride redox couple and the faster cathodic reaction
kinetics compared with oxygen reduction. The improved cathodic electron acceptance
reduced activation overpotentials, facilitated continuous electron withdrawal from the
anodic biofilm, and enhanced overall electrochemical efficiency, leading to significantly
higher power generation.

3.3. Application in Electrochemical Characterization

Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) were employed to fur-
ther investigate the redox behavior and electron transfer characteristics of the microbial fuel
cell systems. The CV profiles of the oxygen-cathode MFC (MFC-O) and the hypochlorite-
assisted MFC (MFC-H) are shown in Figure 4a, while the corresponding LSV curves are
presented in Figure 4b.

 
(a) (b) 

Figure 4. Graph indicates the cyclic voltammetry analysis: (a) CV and (b) LSV.

As shown in Figure 4a, both MFC systems exhibited broad, quasi-rectangular CV
profiles with no sharply defined redox peaks, characteristic of mixed-culture electroactive
biofilms in which multiple redox-active components contribute to extracellular electron
transfer rather than a single dominant redox mediator. Similar CV shapes have been widely
reported for acetate-fed mixed-community MFC anodes and are often attributed to the
collective contribution of outer-membrane cytochromes, redox proteins, and capacitive
biofilm behavior rather than discrete soluble mediators [33]. The background (capacitive)
current, estimated from the mid-potential region where no distinct peak is observed, was
consistently higher for MFC-H than for MFC-O. From the graphical extraction, the back-
ground current at approximately 0.0 V was ±8–9 mA for MFC-H, compared to ±5–6 mA
for MFC-O. The higher background current in MFC-H suggests an increased electroactive
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surface area and/or enhanced biofilm capacitance, which are commonly associated with
improved electron storage and release capabilities at the biofilm–electrode interface.

Although no sharp anodic or cathodic peaks were evident, the maximum anodic cur-
rent at the positive vertex potential (~+0.95 V) reached approximately 19–21 mA (21,000 µA)
for MFC-H, compared to 17–18 mA for MFC-O. Similarly, the maximum cathodic current at
the negative vertex potential (~−0.95 V) was approximately −6 to −7 mA for MFC-H and
−4 to −5 mA for MFC-O. These higher absolute current values across the entire potential
window indicate enhanced faradaic response and lower overall polarization losses in the
hypochlorite-assisted system.

The absence of well-defined peak separation (∆Ep) suggests that electron transfer in
both systems is likely dominated by surface-confined or distributed redox processes, rather
than diffusion-controlled reversible redox couples. Such behavior has been frequently
reported in MFC anodes colonized by Geobacter-dominated or mixed anaerobic communi-
ties, where CV responses are often broad and peak-less due to overlapping redox centers
operating over a wide potential range [34]. The higher current envelope observed for
MFC-H indicates that improved cathodic electron acceptance indirectly enhances anodic
redox turnover, reducing electron accumulation within the biofilm.

The LSV curves shown in Figure 4b further support the enhanced electrochemical
performance of the hypochlorite-assisted MFC. The MFC-H system exhibited a steeper
current–potential slope and higher current density across most of the scanned potential
range compared to the oxygen-cathode system. From the LSV data, the onset potential
for the significant current increase in MFC-H occurred at approximately −0.75 to −0.70 V,
whereas MFC-O showed a slightly delayed onset at approximately −0.65 V, indicating a
lower activation overpotential for the hypochlorite-assisted system. At an intermediate
potential of approximately 0.0 V, the current generated by MFC-H was approximately
8–9 mA, compared to 6–7 mA for MFC-O, demonstrating enhanced charge transfer kinetics
under hypochlorite-assisted operation.

At higher applied potentials (~+0.95 V), MFC-H reached a current of approximately
23–24 mA (24,000 µA), while MFC-O plateaued at around 16–17 mA, suggesting a higher
limiting current and delayed mass transport limitation in the hypochlorite-based system.
This behavior is consistent with the polarization analysis, in which MFC-H exhibited
reduced activation and mass-transport overpotentials relative to the oxygen-cathode MFC.

The CV and LSV results collectively indicate that the hypochlorite-assisted MFC
exhibits enhanced electrochemical activity characterized by higher background currents,
larger current envelopes, and reduced activation losses, though electrochemical impedance
spectroscopy (EIS) would be required to quantify this component independently Rather
than producing sharp redox peaks, the observed CV profiles reflect capacitive-dominated
and surface-confined electron transfer, which is typical for well-developed electroactive
biofilms in microbial fuel cells.

Comparable CV characteristics have been reported for acetate-fed MFCs inoculated
with anaerobic sludge or Geobacter-enriched communities, where broad CV responses and
elevated background currents were correlated with improved power output and lower
internal resistance [35]. The current magnitudes observed in the present study fall within
the range reported for laboratory-scale MFC anodes operating under similar scan rates and
potential windows, supporting the validity of the observed trends.

3.4. Decolorization of Methylene Blue Dye

The dye removal performance of the microbial fuel cell systems was evaluated through
both visual observation and quantitative analysis of methylene blue decolorization. The
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visual changes in dye intensity during treatment are shown in Figure 5, while the corre-
sponding quantitative decolorization efficiencies are presented in Figure 6.

Figure 5. Samples of anolyte taken to check the methylene blue dye decolorization within the MFC.

Figure 6. Line graph representing the dye decolorization efficiency in control and test MFCs.

A noticeable reduction in color intensity was observed in both MFC configurations
over the operational period; however, the hypochlorite-assisted MFC (MFC-H) exhibited
faster and more pronounced decolorization compared to the oxygen-cathode system (MFC-
O). Quantitative analysis revealed that MFC-H achieved a significantly higher methylene
blue decolorization efficiency (88 ± 2.1%) than MFC-O (79 ± 2.8%) (p < 0.05), demonstrating
the positive effect of hypochlorite-assisted cathodic reactions on dye removal performance.

The enhanced decolorization observed in MFC-H can be attributed to improved elec-
tron availability and transfer efficiency at the anode, which is critical for the reductive
transformation of dye molecules. In microbial fuel cells, methylene blue decolorization
primarily occurs through reductive cleavage of Phenothiazine and transformation reactions
mediated by anaerobic microbial metabolism, rather than direct oxidation at the cathode.
The hypochlorite-assisted system facilitates more efficient electron withdrawal at the cath-
ode, thereby reducing electron accumulation within the anode biofilm and sustaining
continuous reductive activity.

Although hypochlorite is a strong oxidant, its role in the present system is confined to
the cathodic compartment, and the anode chamber remained strictly anaerobic, ensuring
that dye decolorization was dominated by biological reductive processes rather than
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chemical oxidation. This is supported by the observation that decolorization occurred
progressively over time rather than instantaneously, which is characteristic of microbial-
mediated dye transformation. Similar behavior has been reported in previous MFC studies
treating phenothiazine dyes, in which enhanced electron-transfer efficiency led to higher
decolorization rates without direct chemical oxidation of the dye [20]. Some studies
conducted in MFC with different cathode acceptors and their efficiencies are depicted
in Table 1.

Table 1. Comparison table of some studies conducted in MFC with different cathode acceptors and
their efficiencies.

Cathode Acceptor Waste Water/
Substrate

Power Density
(mW/m2)

Dye Removal
(%)

[18] Permanganate Synthetic Waste Water ~100 *NR

[22] Hypochlorite Acetate Medium 90-100 *NR

[20] Oxygen Dye Waste Water 20-60 60–90

Present Study Oxygen *MB Waste water 29.44 79

Present Study Hypochlorite *MB Waste water 115.2 88
Notes: *NR: Not reported. *MB Wastewater: methylene blue wastewater.

The decolorization efficiency achieved in the present study (88 ± 2.1% for MFC-H)
is within the upper range reported for laboratory-scale MFC systems treating methylene
blue and related dyes, which typically report decolorization efficiencies between 60 and
90% depending on reactor configuration, dye concentration, and operational conditions.
Oxygen-cathode systems often exhibit lower decolorization efficiencies due to electron
competition between dye reduction and oxygen reduction, which can divert electrons
away from reductive dye-transformation pathways. During the analysis, the MFC’s decol-
orization efficiency for methylene blue was initially high. It may be that, initially, the dye
concentration was more enhanced due to electron shuttling by the exogenous activity of
methylene blue, which can efficiently transfer electrons from bacteria to the anode, resulting
in the reduction in the dye. At the same time, some part of the dyes may be physically
absorbed by the carbon felt. However, at mid-cycle, a reduction in dye decolorization from
80% to 40% has been observed in both MFCs. The reason for such a reduction may be the
intermediate accumulation of decolorization products that may affect the uniform growth
of microorganisms. Regarding the mid-cycle increase in methylene blue (MB) concentra-
tion, accumulation is observed during the mid-phase of the cycle. As the concentration
of dyes increases, the pressure offered may be high [36]. During the final cycles, the dye
decolorization ability increases. A possible reason is that bacteria resistant to MB toxicity
or capable of using MB as a terminal electron acceptor proliferate, leading to a more robust
“decolorizing” biofilm. The bacteria acclimatized to the present environment also begin to
adapt to the byproducts. Some studies have shown that the intermediate products formed
can function as electron shuttles, facilitating faster electron transfer between the bacteria
and the remaining dye molecules [37].

Furthermore, the improved dye removal performance in MFC-H aligns with the higher
coulombic efficiency and power density observed in earlier sections, indicating a strong
coupling between electron recovery and contaminant transformation. This relationship
suggests that enhanced cathodic kinetics indirectly promote more efficient anodic dye re-
duction, reinforcing the role of optimizing cathodic electron acceptors in improving overall
MFC treatment performance. The progressive and time-dependent nature of decolorization
is consistent with biological reductive transformation; however, abiotic contributions from
hypochlorite cannot be fully excluded in the absence of a sterile chemical control.
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3.5. COD Removal and Coulombic Efficiency

The organic matter removal performance of the microbial fuel cell systems was eval-
uated by monitoring the reduction in chemical oxygen demand (COD), and the results
are presented in Figure 7. Both MFC configurations demonstrated effective COD removal
over the operational period, indicating successful microbial oxidation of organic substrates.
However, the hypochlorite-assisted MFC (MFC-H) exhibited higher COD removal effi-
ciency compared to the oxygen-cathode system (MFC-O).

 

0

10

20

30

40

50

60

70

80

90

100

4 8 10

P
e

rc
e

n
ta

ge
 %

Cycle

CONTROL COD CONTROL CE

HYPOCHLORITE COD HYPOCHLORITE CE

Figure 7. COD removal efficiency achieved by MFC-O and MFC-H. Error bars represent standard
deviation of triplicate experiments (n = 3). Statistical significance between treatments was determined
using Student’s t-test (p < 0.05).

MFC-H achieved a COD removal efficiency of 86%, whereas the oxygen-based MFC-O
achieved a comparatively lower COD removal of 85%. The COD removal observed in
MFC-H and MFC-O was comparable, suggesting more efficient substrate utilization and
indicating that the addition of hypochlorite did not significantly alter the overall organic
matter degradation capacity of the system. Improved cathodic electron acceptance reduces
electron accumulation at the anode, thereby facilitating sustained microbial metabolism
and continuous oxidation of organic matter.

Coulombic efficiency (CE), which represents the fraction of electrons recovered as
electrical current relative to the theoretical electrons released from substrate oxidation, was
also higher in the hypochlorite-assisted system. The CE of MFC-H (>80%) was consistently
higher than that of MFC-O (20–40%), indicating reduced electron losses to competing
pathways, such as methanogenesis, biomass synthesis, or alternative anaerobic respiration.
This observation highlights the importance of cathodic reaction kinetics in controlling
electron flow within MFC systems. The improved CE observed in MFC-H can be attributed
to enhanced cathodic electron consumption, which maintains a favorable potential gra-
dient across the anode biofilm and minimizes electron diversion into non-electrogenic
pathways. In contrast, oxygen-cathode systems often exhibit lower CE due to limited
oxygen-reduction kinetics, which can restrict electron withdrawal and promote competing
microbial processes [38].

The COD removal efficiencies observed in this study fall within the range commonly
reported for laboratory-scale MFCs treating synthetic wastewater, which typically achieve
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50–80% COD reduction, depending on operating conditions and substrate concentration [39,40].
The simultaneous increase in COD removal and CE observed in MFC-H indicates improved
coupling between organic matter oxidation and electricity generation, which is a key
performance indicator for bioelectrochemical systems.

Importantly, the enhanced COD removal observed in MFC-H also supports the im-
proved dye decolorization results discussed in Section 3.4. Efficient oxidation of the primary
carbon source ensures a steady supply of electrons, which can be used for both electric-
ity generation and the reductive transformation of dyes. This integrated performance
demonstrates that optimization of cathodic electron acceptors can significantly enhance
both treatment efficiency and energy recovery in microbial fuel cell systems. COD removal
efficiencies of 85 ± 1.2% and 86 ± 1.4% were observed for MFC-O and MFC-H, respectively.
Statistical analysis indicated that the difference was not significant (p > 0.05), suggesting
that cathodic electron acceptor selection had limited influence on COD removal under the
conditions tested.

3.6. Variation in pH and Conductivity

Changes in pH and conductivity of the anolyte and catholyte during MFC operation
are summarized in Table 2. The pH variations observed in both systems were relatively
minor and remained within a range suitable for microbial activity throughout the experi-
mental cycles. The anolyte pH showed only slight fluctuations, indicating stable microbial
metabolic activity and buffering capacity of the system.

Table 2. Table showing the changes in pH and conductivity of the anolyte and catholyte during
MFC operation.

Parameter No: of Cycle Sample Control
(MFC-O)

Hypochlorite
(MFC-H)

pH

5
Anolyte 6.79 6.675

Catholyte 6.29 11.165

8
Anolyte 6.26 5.87

Catholyte 9.31 10.685

Conductivity (µS/cm) Anolyte 11 11.6

The conductivity of the electrolytes showed noticeable differences between the two sys-
tems. Higher conductivity values were consistently observed in the hypochlorite-assisted
MFC compared to the oxygen-cathode system. This increased conductivity may have con-
tributed to improved ionic transport between the electrodes, thereby supporting enhanced
electrochemical performance. Higher electrolyte conductivity is known to reduce ohmic
resistance in MFC systems, which aligns with the lower internal resistance and improved
power output observed for the hypochlorite-assisted configuration. The enhanced power
output in MFC-H may reflect a combined effect of higher redox potential and elevated
ionic strength.

The total chloride present in the anolytes was measured using the Mohr method, where
the samples of anolytes incubated with hypochlorite for 48 h were titrated, and the chloride
ion concentration was calculated and compared with that of the Dye SWW containing
hypochlorite. Based on the observation, the chloride ion concentration of 201.356 mg/L
was observed in Dye SWW, which was reduced to 119.112 mg/L and 127.62 mg/L in the
anolyte samples incubated with hypochlorite. There is about a 36–40% reduction in the
free chlorine present in the anolyte after treatment with hypochlorite.
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3.7. Phytotoxicity Reduction and Assessment of Seed Germination

The phytotoxicity of methylene blue-containing wastewater before and after treatment
in the microbial fuel cell systems was evaluated using Pisum sativum seed germination
assays. Visual observations of seed germination over the experimental period are shown
in Figure 8.

Figure 8. Petri plates with dye before and after treatment: (a) Day 1, (b) Day 2, (c) Day 3, (d) Day 4,
and (e) Day 5. The number 1 indicates samples from MFC-H and 2 from MFC-O.

Seeds exposed to untreated dye-containing wastewater exhibited severely inhibited
germination and growth, which is quantitatively supported by the data presented in Table 2.
During the first cycle, no root or shoot growth was observed (0 cm), and even after four
cycles, root growth remained limited to only 0.6 ± 0.01 cm, with no measurable shoot
development. These results confirm the strong phytotoxic effect of untreated methylene
blue-containing wastewater. In contrast, seeds exposed to MFC-treated wastewater demon-
strated substantially improved germination and growth performance. As shown in Table 3,
root growth increased from 0.78 ± 0.2 cm in Cycle 2 to 2.61 ± 0.5 cm by Cycle 4, while
shoot growth, which was completely absent in untreated samples, reached 0.09 ± 0.05 cm
by Cycle 4. This represents more than a fourfold increase in root length compared to un-
treated wastewater at the same cycle, indicating a clear reduction in phytotoxicity following
MFC treatment.

The progressive improvement in root and shoot development across successive cycles
suggests that bioelectrochemical treatment reduced the concentration and/or toxicity of
inhibitory compounds, rather than merely diluting their effects. While shoot growth
remained relatively limited compared to root elongation, the initiation of shoot emergence
itself indicates a significant improvement in effluent quality, as shoot development is
generally more sensitive to residual toxicity.

These phytotoxicity results align well with the observed dye decolorization and
COD removal efficiencies discussed in earlier sections. Improved root elongation and
shoot emergence are consistent with partial detoxification of the treated effluent, rather
than complete mineralization of all dye-derived intermediates. Similar trends have been
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reported in previous studies evaluating phytotoxicity reduction following microbial or
bioelectrochemical treatment of dye-containing wastewater, where root growth recovery
was observed prior to full shoot development. Thus, quantitative phytotoxicity assessment
confirmed that MFC treatment substantially reduced the inhibitory effects of methylene
blue-containing wastewater on Pisum sativum germination and growth, demonstrating
the detoxification potential of bioelectrochemical treatment.

Table 3. Data showing root growth rate and shoot growth rate in 4 cycles (n = 3).

No of Cycles Root Growth Rate
(cm)

Shoot Growth Rate
(cm)

Dye Before Treatment

1 0 0

2 0.375 ± 0.07 0

3 0.425 ± 0.1 0

4 0.6 ± 0.01 0

Dye after Treatment

1 0 0

2 0.78 ± 0.2 0

3 1.615 ± 0.5 0.01 ± 0.01

4 2.61 ± 0.5 0.09 ± 0.05

3.8. Microbial Growth and Activity Assessment

Microbial growth dynamics and metabolic activity in the microbial fuel cell systems
were assessed using optical density measurements and the DREAM assay, as shown
in Figures 9 and 10, respectively. These analyses were used to evaluate the influence
of the selection of cathodic electron acceptors on microbial proliferation and electron-
transfer activity.

As shown in Figure 9, microbial growth increased over time in both MFC configura-
tions, indicating successful acclimation of the inoculated anaerobic sludge. However, the
hypochlorite-assisted MFC (MFC-H) exhibited consistently higher biomass accumulation
compared to the oxygen-cathode system (MFC-O). From the growth curve, the optical
density in MFC-H increased to approximately 0.85–0.90 by the final measurement, whereas
MFC-O reached a lower value of approximately 0.65–0.70. This represents an increase of
roughly 25–35% in biomass concentration in the hypochlorite-assisted system relative to
the control.

The enhanced microbial growth observed in MFC-H suggests that more efficient elec-
tron withdrawal at the cathode supported sustained anodic metabolism, thereby promoting
microbial proliferation. In contrast, the comparatively lower growth observed in MFC-O
may be associated with electron accumulation and higher anodic overpotentials, which
can impose metabolic stress on electroactive microorganisms. Such relationships between
cathodic efficiency and microbial growth have been reported in microbial fuel cell studies,
in which improved cathodic kinetics led to enhanced biomass development at the anode.

Microbial metabolic activity was further assessed using the DREAM assay, which
provides an indirect measure of electron transfer activity. As shown in Figure 10, the
DREAM assay coefficient for MFC-H increased progressively to approximately 1.9 units
while the oxygen-based system reached a lower coefficient of approximately 1.6 units.
This represents an increase of approximately 40–50% in electron transfer activity in the
hypochlorite-assisted MFC relative to the control.

The higher DREAM coefficient observed in MFC-H indicates enhanced electron-
transfer efficiency and metabolic activity within the microbial community, consistent with
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the higher current densities, power output, and coulombic efficiency reported earlier. The
close alignment between microbial growth (Figure 9) and DREAM activity (Figure 10)
suggests that the hypochlorite-assisted system not only supported greater biomass for-
mation but also enriched electroactive microbial populations, rather than promoting non-
electrogenic growth.

Importantly, the improved microbial activity observed in MFC-H does not appear to
be inhibited by the presence of hypochlorite, as the oxidant was confined to the cathodic
chamber. The absence of growth suppression in MFC-H confirms that hypochlorite did not
adversely affect the anodic microbial community and instead indirectly enhanced microbial
performance by improving electrochemical conditions.
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Figure 9. Microbial growth dynamics in the microbial fuel cell systems were assessed using optical
density at 660 nm.

Figure 10. DREAM assay coefficient of microbial growth curve.

3.9. Microbial Dye Decolorization Outside the MFC System

To evaluate the intrinsic dye-degrading capability of the microbial community in-
dependent of bioelectrochemical operation, a bacterial plate assay was conducted using
sludge-derived microorganisms outside the MFC configuration. The visual progression of
methylene blue decolorization on agar plates is shown in Figure 11.
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Figure 11. Dye decolorization outside MFC plating method: (a) plates before inoculation, (b) plates
24 h after incubation, and (c) plates 48 h after incubation.

Prior to inoculation (Figure 11a), the plates exhibited uniform and intense blue col-
oration, indicating the presence of intact methylene blue at the initial concentration. After
24 h of incubation (Figure 11b), a visible reduction in color intensity was observed, par-
ticularly around microbial growth zones, suggesting the onset of biologically mediated
dye transformation. After 48 h of incubation (Figure 11c), the blue coloration was further
diminished, with large regions of the plate showing substantial decolorization. The pro-
gressive reduction in blue coloration observed around microbial growth zones is consistent
with biological dye transformation, though abiotic color changes cannot be entirely ruled
out in the absence of a time-matched uninoculated control plate.

Although the plate assay was qualitative, the time-resolved visual changes (0 h →
24 h → 48 h) clearly demonstrate progressive dye removal under non-electrochemical
conditions. Complete decolorization was not observed within 48 h, indicating that dye
transformation occurred gradually and was limited by biological kinetics alone. In contrast,
the MFC systems achieved up to 88% decolorization under bioelectrochemical operation
within comparable or shorter operational periods, highlighting the advantage of controlled
electron transfer in enhancing dye degradation efficiency. The observed dye decolorization
outside the MFC system is consistent with microbial enzymatic mechanisms reported for
methylene blue. Decolorization occurs via the reduction of the phenothiazine chromophore
to its colorless leuco-form (LMB), a process typically catalyzed by NADH-dependent
dehydrogenases or diaphorases.

However, unlike the MFC system, the non-MFC plate assay does not provide control
over electron flow, redox potential, or energy recovery, and therefore relies solely on micro-
bial metabolic activity for dye transformation. The slower and incomplete decolorization
observed in the plate assay underscores the role of bioelectrochemical coupling in acceler-
ating dye degradation, as electron withdrawal at the anode in MFCs promotes sustained
reductive metabolism and prevents electron accumulation within microbial cells.

The plate assay results confirm that the sludge microbiome has an inherent capacity to
decolorize methylene blue; however, integrating microbial activity with electrochemical
electron harvesting in the MFC system significantly enhances the rate and extent of dye
decolorization. This comparison reinforces the advantage of microbial fuel cells as a
treatment platform that not only exploits microbial enzymatic potential but also improves
process efficiency through controlled bioelectrochemical processes. Eluting dye from a
defined agar area using methanol and measuring absorbance at 668 nm at each time point
would provide useful quantitative data for the plate assay and can also be applied.

4. Future Perspectives
While the present study demonstrates the technical advantages of hypochlorite-

assisted MFCs, several considerations must be addressed to advance their practical applica-
bility. Future research should focus on optimizing hypochlorite dosage and replenishment
strategies to balance improved cathodic performance with chemical consumption and
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operational sustainability. Long-term operation studies are required to evaluate catholyte
stability, potential by-product formation, and system durability under repeated batch or
continuous-flow conditions.

Further investigation into alternative, high-potential but less chemically intensive
cathodic electron acceptors, as well as hybrid cathode configurations that combine chemical
and biological oxygen reduction, could provide pathways to achieve comparable per-
formance gains with reduced chemical input. Integration of electrochemical impedance
spectroscopy (EIS) and advanced microbial community analysis would also enable more
precise quantification of resistance components and clarify the relationship between ca-
thodic conditions and anodic microbial ecology.

From an application perspective, future studies should evaluate hypochlorite-assisted
MFCs using real industrial dye wastewater, where complex matrices and competing elec-
tron acceptors may influence performance. Coupling MFC treatment with downstream
polishing or resource recovery processes could further enhance the technology’s environ-
mental and economic viability.

5. Conclusions
This study demonstrated that the selection of cathodic electron acceptors significantly

influences the performance of microbial fuel cells treating methylene blue-containing
wastewater. Compared to oxygen, sodium hypochlorite enhanced electricity generation,
achieving a maximum power density of 115.2 mW m−2, which is much higher than that of
the oxygen-cathode system. Improved electrochemical behavior resulted in higher coulom-
bic efficiency and superior dye decolorization (88%). Biological assessments confirmed
reduced phytotoxicity and improved microbial activity following treatment. Overall, the
results highlight the potential of hypochlorite-assisted MFCs to improve both energy re-
covery and their general use for wastewater detoxification under controlled laboratory
conditions. MFC treatment, in general, significantly reduces the phytotoxicity of methy-
lene blue-containing wastewater. This study generally focused on the effect of cathodes;
the work related to the characterization of the sludge was omitted, and the limitations
of this study will be considered for future work. To transition MFC technology from
laboratory experimentation to large-scale commercial application, future research should
prioritize the development of cost-effective, scalable materials that can withstand long-term
environmental stress.
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