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Abstract

The environment and human health are seriously threatened by hazardous heavy metals, including 

hexavalent chromium [Cr(VI)], due to its toxicity and mobility. Single-chamber microbial fuel 

cells (MFCs) offer a simple, cost-effective configuration and an emerging technology for 

converting low-value waste streams into renewable energy, which has been extensively used for 

bioremediation of Cr(VI)-containing tannery wastewater. This study proposes a straightforward 

strategy to enhance Cr(VI) bioremediation and electricity generation in MFCs treating real tannery 

wastewater. This approach involves optimizing the anodic biofilm to sustain organic degradation 

under high Cr(VI) concentrations and developing low-cost, highly active oxygen reduction 

reaction (ORR) cathodes to replace precious metal catalysts such as Pt/C. In the optimized 
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configuration, the MFCs achieved a Cr(VI) removal efficiency of 93.05±2.35, 90.14±5.8, 85.83± 

4.8, and 73.61±5.53% with a coulombic efficiency of 37.09± 4.85, 31.04± 3.08, 26.74± 3.16, and 

21.1±23.29 % for Pt/C, Ag2O-MnO2/rGO-NiPc, PdO-MnO₂/rGO, and control MFC, 

demonstrating the system's strong environmental performance. Additionally, tannery MFCs 

(TMFCs) equipped with Pt/C and Ag2O-MnO2/rGO-NiPc cathodes exhibited relatively higher 

power output (i.e., 24.76 and 21.14 mW/m3, respectively) compared with PdO-MnO2/rGO-TMFC 

(19.94 mW/m3) and the control TMFC (13.21 mW/m3). These findings offer a promising strategy 

for effective chromium remediation in treating tannery wastewater streams. 

Keywords: Cr(VI) bioremediation; Microbial fuel cell; Optimized cathodes; Renewable energy; 

Tannery wastewater treatment

 

 

1. Introduction

The pollution with heavy metals (e.g., cadmium (Cd), mercury (Hg), lead (Pb), arsenic (As), and 

chromium (Cr)) remains one of the major environmental challenges facing our society, owing to 

their non-biodegradable nature and toxicity, resulting in a significant adverse impact on human 

health and ecological well-being 1. In this context, chromium pollution, particularly hexavalent 

chromium (Cr(VI)), has been recognized as one of the most carcinogenic toxins, causing 

devastating risks to human health due to its high solubility, toxicity, and mobility in the 

environment 2. Hexavalent chromium is widely utilized in various industrial applications, 

including leather tanning, whose waste streams are characterized by a high level of Cr(VI) 3,4. Due 
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to the significant health risks posed by Cr(VI) exposure, the United States Environmental 

Protection Agency (US EPA) has set permissible limits for this contaminant in drinking water 

(0.05 ppm) and wastewater discharge (0.1–0.5 ppm) 5. The ideal remediation approach for 

addressing Cr(VI)-contaminated effluents involves reducing the hazardous Cr(VI) to the less 

harmful Cr(III). Various traditional technologies have been used for the reduction of Cr(VI) to 

Cr(III), including adsorption, ion exchange, and membrane filtration; however, these technologies 

tend to be energy-consuming, and the handling of the resultant sludge incurs high costs  6,7.

Among potential Cr(VI) remediation technologies, bioremediation, which relies on the metabolic 

capabilities of microbes to convert a wide range of (in)organic contaminants into non-harmful 

byproducts, can address certain limitations of physical-chemical technologies while also being an 

energy-efficient and cost-effective solution 8,9. Microbes inherently employ various strategies to 

endure in chromium-contaminated environments through the integration of different mechanisms, 

including biosorption, bioaccumulation, and biotransformation, which facilitate the biological 

reduction of toxic Cr(VI) into Cr(III) 10. However, the performance of these technologies is often 

constrained by several operational challenges, such as high energy demand, significant chemical 

consumption, and substantial capital investment. Additionally, many of these processes generate 

large volumes of concentrated sludge, further complicating disposal and environmental 

compliance. Given these limitations, the development of cost-effective and sustainable alternatives 

for treating Cr(VI)-contaminated tannery wastewater is urgently needed11. In this context, 

microbial electrochemical systems, including microbial fuel cells (MFCs), have been employed as 

a sustainable approach for the remediation of various contaminants while simultaneously 

generating renewable energy 12–15. In a typical MFC, a diverse microbial consortium facilitates the 

oxidation or reduction of a specific contaminant by using external solid electrodes as limitless 
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electron acceptors or donors 16–19. Recent studies have shown that microbial fuel cells (MFCs) 

exhibit high efficiency in the cathodic reduction of Cr(VI) coupled with low-grade organic matter 

in the anode chamber, producing renewable electricity 20,21. For example, Khater et al. 22 

demonstrated effective Cr(VI) reduction in the cathode of dual-chamber MFCs fed with a wide 

range of initial Cr(VI) concentrations (5–60 ppm), with high power density production (195.1 

mW/m3). Microbial community analysis revealed that this high Cr(VI) reduction efficiency is 

likely due to the development of a robust, diverse biocathode that catalyzes the bioreduction of 

Cr(VI) to less harmful Cr(III), as evidenced by X-ray photoelectron spectroscopy (XPS) analysis. 

In another study, Li et al. 23 showed almost complete abiotic reduction of Cr(VI) in a double-

chamber MFC fed with real electroplating wastewater, even with a high Cr(VI) concentration of 

204 ppm. This high efficiency of MFC in reducing Cr(VI) was accompanied by a maximum power 

density of 1.6 W/m2 at a columbic efficiency (CE) of 12%. However, using MFCs for remediating 

Cr(VI)-contaminated water bodies remains challenging owing to limited cathodic mass transfer, 

necessitating improvements in cathode characteristics to expedite Cr(VI) reduction 24.

To tackle this technical challenge, there has been a growing interest in developing cost-effective, 

advanced materials to improve the cathode's electrochemical catalytic activity and electrical 

conductivity, thereby enhancing the overall performance of MFCs, in terms of boosting electricity 

generation and pollutants biodegradation 25–28. Recent studies have demonstrated that decorating 

the cathode surface with highly efficient oxygen reduction reaction (ORR) catalysts significantly 

enhances Cr(VI) reduction efficiency in microbial fuel cells (MFCs) compared to control MFCs 

equipped with pristine carbon-based cathodes, likely due to a decrease in cathode activation 

overpotential and an increase in exposed surface area 29, 30. For instance, Fei et al. 31 employed an 
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MFC equipped with a reticulated vitreous carbon (RVC) cathode modified with carbon nanotubes 

(CNT) for Cr(VI) removal and electricity generation. The MFC equipped with the RVC-CNT 

cathode exhibited a much higher power density of 132.1 mW/m2 and Cr(VI) removal of 80.9%, 

compared to 55.0 mW/m2 and 44.5% for a control MFC with an unmodified RVC cathode. In a 

more recent study, Ali et al. 32 observed a complete Cr(VI) removal in a dual-chamber MFC-

equipped FeS@rGO cathode, which was nearly 4.6-fold higher than a control MFC. This high 

efficiency for Cr(VI) removal was accompanied by generating a much higher maximum power 

density of 154 mW/m2 compared to only 36 mW/m2 for the control MFC.

Building on our previous findings, we hypothesized that PdO and MnO2 nanoparticles embedded 

within a reduced graphene oxide (rGO) framework (PdO‒MOx/rGO) and Ag2O and MnO2 

nanoparticles supported on reduced graphene oxide (rGO) and nickel phthalocyanine (NiPc) 

framework (Ag2O-MnO2/rGO-NiPc) cathodic electrocatalysts can alter the cathodic surface in 

single-chamber MFCs for enhancing Cr(VI) reduction and electricity generation. 

The specific objectives of this study were to:

• Evaluate the performance of MFCs operated with a wide range of influent Cr(VI) 

concentrations (5–60 mg/L), focusing on electricity generation, Cr(VI) reduction efficiency, 

and determination of the maximum tolerable concentration (MTC).

• Enhance cathodic performance by modifying the cathode surface with thin layers of PdO–

MnO₂/rGO and Ag₂O–MnO₂/rGO–NiPc electrocatalysts, and compare the long-term 

efficiency of these modified cathodes against a control MFC equipped with plain carbon cloth.

• Investigate the role and mechanisms of the modified cathodes in promoting Cr(VI) 

bioreduction during treatment of real tannery wastewater, including analysis of 

electrochemical behavior and bioremediation pathways.
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Collectively, these objectives aim to demonstrate the potential of microbial fuel cells as an 

effective, sustainable technology for removing toxic Cr(VI) from tannery wastewater while 

generating renewable energy.

2. Materials and Methods

2.1. Preparation of electrocatalysts and cathode electrodes 

We synthesized PdO-MnO2/rGO and Ag2O-MnO2/rGO-NiPc electrocatalysts using the surfactant-

mediated templating technique as described in our previous studies 33,34, respectively. rGO was 

prepared using a modified Hummers' method. Briefly, graphite was oxidized in a H₂SO₄/H₃PO₄ 

mixture with KMnO₄ under controlled temperature, followed by dilution, peroxide treatment, and 

acid washing to remove metal residues. The resulting GO was repeatedly rinsed to pH= 5.5 and 

dried at 80 °C. Both PdO–MnO₂/rGO and Ag₂O–MnO₂/rGO–NiPc electrocatalysts were produced 

via a surfactant-mediated templating method using cetyltrimethylammonium bromide (CTAB) to 

control particle dispersion and morphology. The resulting composites contained approximately 

30 wt% total metal oxides (PdO–MnO₂ or Ag₂O–MnO₂) and 70 wt% rGO-based material. For 

PdO–MnO₂/rGO, 250 mg CTAB was dissolved in ethylene glycol (50 mL) and ultrasonicated for 

0.5 h. Metal nitrate precursors (160 mg) and Pd(NO₃)₂ (0.15 g) were added with vigorous stirring 

for 2 h while maintaining pH = 10 using 1 M NaOH. GO (0.4 g) was then incorporated, followed 

by an additional 0.5 h of stirring and ultrasonication. The mixture was transferred to a Teflon-lined 

autoclave and heated at 160 °C for 4 h. The product was washed, dried at 80 °C for 6 h, and calcined 

at 500 °C for 4 h. For Ag₂O–MnO₂/rGO–NiPc, NiPc and GO were first mixed in H₂SO₄ (40 mL) 

at a NiPc:GO ratio of 1:3%, stirred for 3 h in an ice bath, washed to pH =5, and dried to form the 
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GO–NiPc intermediate. The subsequent hydrothermal synthesis followed the same procedure as 

described for PdO–MnO₂/rGO

 

After that, we modified the gas diffusion carbon cloth electrodes (a projected surface area of 16.63 

cm2; Fuel Cell Store, TX, USA) by depositing a thin layer of the as-prepared electrocatalysts. To 

prepare the electrocatalyst layer, we mixed the electrocatalysts with 0.5 mL of Nafion solution 

(5%; Sigma-Aldrich, USA) and ultrasonicated the mixture for 30 minutes at 60 °C. After obtaining 

uniform electrocatalyst inks, we deposited successive layers of the inks on the cathode surface, 

achieving the desired mass loading of ~0.3 mg/cm2. We also prepared a control cathode with a 

benchmark Pt/C catalyst at a mass loading of ~0.3 mg/cm2, following the same procedure described 

previously. Finally, all electrodes were dried at room temperature overnight before being used in 

the MFC experiments, and no additional thermal treatment was performed beyond drying.

2.2. MFCs setup and operation 

Single-chamber MFCs were constructed from plexiglass with a working volume of 100 mL. The 

anodes were 3-dimensional carbon felt (Fuel Cell Store, TX, USA) with a projected anodic surface 

area of 18.50 cm2. The cathodes were made of gas-diffusion carbon cloth electrodes coated with 

the prepared thin layer of electrocatalyst, as previously described. Titanium wires were used as 

current collectors to connect the anode and cathode electrodes. Before starting the MFCs' 

operation, all bioreactors were inoculated with anaerobic sludge from a local sewage treatment 

facility (Benha, Egypt). All MFCs were operated in a fed-batch mode and supplemented with an 

artificial growth medium containing: glucose: 1 g/L; NaHCO3: 2.5 g/L; NH4Cl: 0.2 g/L; H2PO4: 
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13.6 g/L; KCl: 0.33 g/L; NaCl: 0.3 g/L; K2HPO4: 17.4 g/L; CaCl2.2H2O: 0.15 g/L; MgCl2: 3.15 

g/L, yeast extract: 1 g/L, and 12.5 mL trace metal solution. All experiments were carried out at 

room temperature (25 ± 2 °C), with the MFC cathode operated under passive aeration, oxygen 

supplied solely by natural diffusion through the cathode layer; no external airflow or forced 

aeration was applied, and the MFC operated in batch-fed mode for an adaptation period of 75 days.

Following the acclimation period, we studied the impact of Cr(VI) on the steady-state performance 

of MFCs by stepwise increasing the influent Cr(VI) concentration from 5 to 60 mg/L. After 

estimating the maximum tolerable concentration of Cr(VI), MFCs were operated and fed with a 50 

mM phosphate buffer solution containing 30 mg/L of Cr(VI). Finally, we fed MFCs with real 

tannery wastewater (TMFCs) collected from a local factory in Giza, Egypt, for leather and tanning 

products. Upon collection, we immediately transported the tannery wastewater to our laboratory 

and stored it at 4 °C before use. Table 1 shows the main characteristics of tannery wastewater used 

in this study. As noted, this wastewater has a high pH (12.8), elevated salinity, and high organic 

load, which pose practical operational challenges but better reflect actual treatment needs.

During our study, we used raw tannery wastewater as received without dilution, pH correction, or 

macronutrient addition to assess MFC performance under realistic industrial conditions. For 

comparison, we operated two sets of control bioreactors: the first was a single-chamber MFC 

equipped with a Pt/C cathode, and the other was a single-chamber MFC with a plain carbon cloth 

cathode (no catalyst layer). All experiments were conducted at room temperature (25 ± 2 °C) in 

replicates to verify the reproducibility and feasibility of the operation.
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2.3. MFCs analysis and calculation

The potential output of MFCs under an external resistance of 10 kΩ was measured using a data 

acquisition system (LabJack U6-PRO, USA) at 5 min intervals. In addition, polarization curves 

were obtained by varying the external resistance (Rext) from 500 Ω to 1 MΩ using an R-BOX 01-

decade resistor box. We operated MFCs for 30 minutes at each Rext to achieve pseudo-stable-state 

operation. The internal resistances (Rin) were estimated from the slope of the linear region of the 

polarization curves. Volumetric current density (j, mA/m3) and power density (PD, mW/m3) were 

estimated using Ohm's law, and normalized to the overall MFC volume (i.e., 100 mL). Chemical 

oxygen demand (COD) was measured according to the method described in the Standard Methods 

for Water and Wastewater Examination 35. The coulombic efficiency (CE) was calculated by 

dividing the recovered electron equivalents at the anode, measured as current density, by the total 

organic matter consumed by the electroactive biofilm 36. 

      𝐂𝐄 = 𝐂𝐏
𝐂𝐓

× 𝟏𝟎𝟎 = 𝐌𝐈𝐭
  𝐅𝐛𝐕∆𝐂𝐎𝐃       (eq.1)

Where: M is the molecular weight of oxygen (32 g mol-1), I is the current (A), t is the operation 

time for closed circuit (s), F is Faraday's constant (96485 C mol-1), b is the number of electrons 

exchanged per mole of oxygen (4), ΔCOD is the difference in COD before and after treatment (g 

L-1), and V is the volume of the electrolyte (L). 

The chromium speciation in the influent was determined by measuring total Cr concentrations 

after acidic pre-treatment using inductively coupled plasma (ICP-OES; Agilent ICP-OES 5100, 

Australia) to confirm the Cr fraction present in the raw wastewater. The removal efficiency (Cr 

R%) was estimated as follows:

𝐂𝐫 𝐑% = 𝐂𝐫𝐢𝐧𝐟― 𝐂𝐫𝐞𝐟𝐟

𝐂𝐫𝐢𝐧𝐟
 𝐱 𝟏𝟎𝟎                                                          (eq. 2 )
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where Crinf and Creff are the Cr (VI) concentrations in the influent and effluent of MFCs.

At the end of the batch operation, the MFC electrodes were collected to study the change in their 

surface after exposure to high Cr(VI) concentrations using X-ray photoelectron spectroscopy 

(XPS) as described elsewhere 22.

3. Results and discussions

3.1. Efficiency of MFC fed with different Cr(VI) concentrations

We developed the electroactive anodic biofilm by feeding MFCs with a PBS growth medium 

containing glucose as the sole donor substrate for 75 days (Figure 1a). Our results showed a gradual 

increase in the open-circuit potential (OCP) until reaching its maximum value (i.e., 0.45 ± 0.01 V) 

after 45 days, implying that the successful formation of a robust anodic biofilm, which was capable 

of efficiently oxidizing organic matter and respiring the resulting electrons into the anode surface 

37,38 .

Following the successful formation of electroactive anodic biofilm, we fed control MFCs equipped 

with plain carbon cathodes with growth media containing different Cr(VI) concentrations (i.e., 5 – 

60 mg/L). Figure 1b showed that both the maximum closed-circuit potential and the volumetric 

PD increased with increasing initial Cr(VI) concentration from 5 to 30 mg/L. However, a further 

increase in the initial Cr(VI) concentration resulted in a sharp decrease in potential output and 

volumetric PD, suggesting acute inhibition of the electroactive biofilm. Our results were in 

agreement with previous studies, showing that any Cr(VI) higher than the MTC can inhibit the 

growth of electroactive biofilm and cause irreversible damage to microbial DNA, resulting in the 
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production of low potential output 22,29,39. Furthermore, we observed that the Cr(VI) removal 

efficiency gradually increased as the initial Cr(VI) concentrations increased, achieving its peak (84 

± 3 %) at an initial Cr(VI) concentration of 30 mg/L. However, when initial Cr(VI) concentrations 

exceeded the MTC, Cr(VI) removal efficiency decreased significantly (Figure 1c). We also 

observed that the conversion of the donor substrate into electricity (expressed as CE) was affected 

by the initial Cr(VI) concentrations, with the highest CE achieved at an initial Cr(VI) concentration 

of 30 mg/L. 

The trend reflects a trade-off between increased electron-acceptor availability and biomass 

toxicity. At moderate Cr(VI) concentrations (up to 30 mg/L), the added chromate serves as an 

efficient terminal electron acceptor, stimulating microbial respiration and enhancing electron 

transfer to the anode, thereby improving Cr(VI) reduction. However, beyond this threshold, Cr(VI) 

becomes increasingly toxic to the electroactive biofilm: its strong oxidizing character causes 

oxidative stress, membrane damage, and enzyme inhibition, which suppress metabolic activity, 

slow donor substrate oxidation, and ultimately reduce the electron flux available for Cr(VI) 

reduction. This toxicity-driven decline in biofilm performance outweighs the benefit of increased 

Cr(VI) concentration, resulting in the observed decrease in removal efficiency at higher 

concentrations. Collectively, our findings indicate that the overall performance of MFCs was 

mainly linked to the toxicity of Cr(VI) on anodic microbes, as well as cathode activation 

overpotential and exposed surface area.

Previous studies showed that Cr(VI) induces toxicity primarily through the generation of 

intracellular reactive oxygen species, disruption of membrane integrity, and interference with 

essential metabolic and respiratory enzymes 40. In electroactive consortia, dissimilatory metal-
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12

reducing bacteria (DMRB) such as Geobacter spp. and Shewanella spp. are particularly sensitive 

to oxidative damage because Cr(VI) and its reactive intermediates impair outer-membrane 

cytochromes and periplasmic redox proteins crucial for extracellular electron transfer (EET) 41. 

Moreover, Cr(VI) can interact with functional groups in extracellular polymeric substances (EPS), 

including C–O, C=O, and aromatic/quinone moieties, resulting in structural modification of the 

biofilm matrix and reduced efficiency of electron shuttling 42. These combined effects suggest that 

elevated Cr(VI) levels can selectively inhibit highly electroactive microbial populations and 

destabilize functional groups essential for extracellular electron transfer (EET), consistent with the 

changes in biofilm composition and XPS surface chemistry observed in this study. Despite these 

inhibitory mechanisms, the biofilm retained measurable Cr(VI) reduction activity, indicating the 

presence of chromium-resistant microbes and protective EPS components that mitigate toxicity43.

a)
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b)

c)

Figure 1. Performance of control MFCs equipped with plain carbon cloth cathodes: (a) Open-

circuit potential output during the acclimation phase, (b) maximum closed-circuit potential and 

volumetric power density of MFCs fed with different initial Cr(VI) concentrations (Error bars 
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indicate the relative standard deviation of two replicates), and (c) Coulombic efficiency (CE) and 

Cr(VI) removal efficiencies (RE).

We employed XPS analysis to examine changes in the anode's surface chemistry after exposure to 

a high level of Cr(VI) (i.e., 30 mg/L). As illustrated in Figure 2a, the wide-spectrum survey showed 

six major peaks at binding energies of 291.58, 540.58, 300.08, 143.08, 206.58, and 598.62 eV, 

which were associated with C 1s, O 1s, K 2p, P 2p, Cl 2p, and Cr 2p, respectively 44. Furthermore, 

it could be noticed that the C 1s spectra were fitted to the three main characteristic peaks at binding 

energies of 284.92 (C–C/C=C), 286.08 (C–O), and 288.62 (C=O) eV 45. In addition, the O1 spectra 

were deconvoluted into three single peaks with binding energies of 531.2, 532.11, and 532.47 eV 

corresponding to C=O, C-OH, and O-(C=O)-C, respectively 46. The Cr 2p spectra showed that 

there were four distinct peaks at binding energies of 577.23 and 580.08 eV (Cr 2p3/2) that were 

correlated with the presence of Cr(III) and 584.6 and 588.18 eV (Cr 2p1/2) that were assigned to 

Cr(VI). This pattern suggests that bioabsorption of Cr(III) probably occurred through interactions 

with C–H, C–C, C=O, C–OH, and O–C=O functional groups present in bacterial cells, which 

primarily exist as Cr(OH)3 and Cr2O3 47,48. As shown in Figure 2b, the proposed mechanism in 

the SCMFC involves the direct bioreduction of toxic, mobile Cr(VI) by acclimated dissimilatory 

metal-reducing bacteria (DMRB), including Geobacter spp., Shewanella spp., Pseudomonas spp., 

Bacillus spp., and Desulfovibrio spp., on the anode surface. During this process, Cr(VI) binds to 

functional groups (e.g., C–O, C=O) on the DMRB cell surface, facilitating chemical interactions 

that position Cr(VI) for enzymatic reduction. Chromate reductase then catalyzes the reduction of 

Cr(VI) to the less toxic and less mobile Cr(III) form, which subsequently becomes immobilized 

within the biofilm, primarily as Cr(OH)₃ and Cr₂O₃. This pathway effectively minimizes 

environmental impact by preventing the release of soluble chromium species.
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a) b)

Figure 2. (a) XPS analysis of anode electrodes after exposure to a high level of Cr(VI) and (b) 

proposed Cr(VI) removal mechanism.

3.2. Performance of MFCs equipped with different cathodic electrocatalysts at MTC

Following the successful development of robust microbial consortia, we constructed MFCs 

equipped with different cathodic electrocatalysts to test whether cathode materials can improve the 

bioreduction efficiency of Cr(VI). All MFCs were operated in batch-fed mode with a growth 

medium containing a constant Cr(VI) concentration of 30 mg/L for 30 days under open-circuit 

conditions. This mode allows the microbial communities to acclimate to high levels of Cr (VI) in 

the influent 39. During the adaptation period, we observed that the MFC equipped with Ag2O-

MnO2/rGO-NiPc cathode (Ag2O-MnO2/rGO-NiPc-MFC) exhibited a superior activity, as 

evidenced by higher open-circuit potential (OCP) (i.e., 0.62 ± 0.11 V) compared to PdO-MnO2/ 
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rGO-MFC (0.56 ± 0.10 V), and control MFC (0.46 ± 0.09 V). Then, MFCs were operated under 

closed-circuit mode with a fixed resistance of 10 kΩ (Figure 3a). Consistent with OCP data, Ag2O-

MnO2/rGO-NiPc-MFC showed the highest maximum closed-circuit potential of 0.47 ± 0.08 V, 

which was 1.34 - 1.95-fold higher than that of PdO-MnO2/ rGO-MFC and control MFC. 

We also evaluated the efficiency of MFCs equipped with different cathodes by constructing 

polarization and power output curves. We gradually varied the external resistances between 1 MΩ 

and 500 Ω and measured the potential output. We observed that the Ag2O-MnO2/rGO-NiPc-MFC 

produced the highest maximum PD (PDmax) of 241.4 mW/m3 (91.35 mW/m2) at volumetric j of 

92.9 mA/m3 value which was 1.44 - 3.11-fold higher than that of PdO-MnO2/rGO-MFC at PD of 

167.2 mW/m3 (63.27 mW/m2) and control MFC at PD of 77.6 mW/m3(29.35 mW/m2 ) (Figure 3b). 

The internal resistance (Rin) of MFCs was estimated by conducting linear regression of the Ohmic 

region of the polarization curves (Figure 3c). Among all MFCs, Ag2O-MnO2/rGO-NiPc-MFC had 

the lowest Rin of 127±1.5 Ω, which was significantly lower than that of PdO-MnO2/rGO-MFC 

(211±4.1 Ω) and control MFC (284±4.8 Ω). Since we used similar experimental conditions for 

MFCs (e.g., MFC design, substrate type, anode material, and working volume), the variation in 

MFC internal resistance can be ascribed solely to the electrocatalytic characteristics of the cathodic 

electrocatalysts. Thus, our results demonstrated that the Ag2O-MnO2/rGO-NiPc catalyst serves as 

an ideal cathode material for improving the electrochemical characteristics of carbon cloth 

cathodes, thereby favoring Cr(VI) reduction and electricity generation in MFCs 49.

Cr (VI) removal efficiency in MFCs showed a similar trend to power generation, with Ag2O-

MnO2/rGO-NiPc-MFC exhibiting the highest removal efficiency of 90.78 ± 0.65 % compared to 
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88.01 ± 1.37% for PdO-MnO2/rGO-MFC and 83.15 ± 1.4% for control MFCs. Furthermore, the 

Ag2O-MnO2/rGO-NiPc-MFC showed the highest columbic efficiency (CE) of 25.38 ± 0.15 % 

compared to 19.23 ± 0.84% for PdO-MnO2/rGO-MFC and 16.11 ± 86 % for control MFC. The 

Cr(VI) reduction at the cathode in single-chamber MFCs occurs through a set of interconnected 

pathways. Chromate (CrO₄²⁻) or dichromate (Cr₂O₇²⁻) can undergo direct electrochemical 

reduction at the cathode surface when delivered from the anode. In this pathway, electrons reduce 

Cr(VI) through intermediate valence states (e.g., Cr(V), Cr(IV)) to form Cr(III), which 

subsequently precipitates as Cr(OH)₃ or forms Cr₂O₃. This reaction was strongly influenced by 

the cathode material's catalytic activity, conductivity, and surface chemistry. Catalysts with higher 

electron-transfer rates (e.g., Pt/C or ORR-optimized nanocomposites) deliver electrons to Cr(VI) 

more efficiently, thereby accelerating its reduction. The contribution of ORR activity in driving 

Cr(VI) reduction that enhances Cr(VI) reduction indirectly by improving the cathode’s overall 

redox environment. ORR-active catalysts raise the cathode potential and lower cathodic 

overpotentials, thereby improving the driving force for electron flow from the anode to the cathode. 

This results in higher electron flux and lower charge-transfer resistance. Thus, ORR activity does 

not simply compete with Cr(VI) reduction; rather, it strengthens the entire cathodic 

electron-transfer framework, indirectly benefiting Cr(VI) removal. Although most microbial 

activity occurs at the anode, microbial processes indirectly support cathodic Cr(VI) reduction by 

releasing electrons and maintaining an anodic biofilm. 

In addition, highly active ORR catalysts significantly influence overall MFC performance by 

reducing internal resistance, especially the charge-transfer component. A cathode with superior 

ORR kinetics enhances electron acceptance, lowers circuit resistance, boosts power density, and 
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improves Cr(VI) reduction. Therefore, ORR catalytic performance was directly tied to both energy 

recovery and pollutant removal efficiency50. Cathodes with high ORR activity not only generate 

more power but also enable more rapid and complete Cr(VI) reduction due to improved electron 

transfer dynamics51,52.

Thus, modification of the cathodic surface with mixed metal oxides reduces internal resistance, 

enhances electron transfer, and facilitates electrostatic interactions with Cr(VI), thereby improving 

the efficiency of MFCs for bioenergy generation and Cr(VI) reduction. Therefore, SCMFCs have 

great potential for the detoxification of Cr(VI) contamination sites due to their low operating costs, 

self-regeneration, and sustainable power supply 53. Our results signify the crucial role of cathodic 

electrocatalysts in enhancing electricity generation in MFCs fed with toxic substrates (e.g., Cr(VI)-

containing waste streams) 53.Our results signify the crucial role of cathodic electrocatalysts in 

enhancing electricity generation in MFCs fed with toxic substrates (e.g., Cr(VI)-containing waste 

streams). 

a)

b)
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c)

Figure 3. Performance of MFCs equipped with different cathodes and fed with 30 mg Cr(VI)/L-

containing growth media: (a) closed-circuit potential output, (b) power curve, and (c) 

polarization curve.

3.3. Evaluation and treatment of tannery wastewater in MFCs

The physicochemical characteristics of tannery wastewater were assessed pre and post-bacterial 

treatment, and the results were summarized in Table 1. The data clearly indicated that the untreated 

effluent contains exceptionally high levels of hazardous substances, making it a major source of 

environmental pollution. The key measured parameters for the raw effluent included: pH 

(12.8 ± 0.5), TDS (15,023 ± 238 mg/L), BOD₅ (3,103 ± 343 mg/L), COD (7,298 ± 616 mg/L), 

sulfate (SO₄²⁻) (2,400 ± 230 mg/L), and total chromium (3.6 ± 0.53 mg/L). The final pollutant 

levels were evaluated against typical tannery discharge limits at the order-of-magnitude scale. The 
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post-treatment Cr(VI) concentration (0.57 ± 0.19 mg /L) falls within internationally reported 

chromium discharge ranges (0.05–10 mg/ L for direct discharge; 1–50 mg/ L for sewer systems), 

indicating effective Cr(VI) reduction. In contrast, the final COD value (1452 ± 54 mg/L) remains 

higher than levels typically required for compliant discharge, which were generally in the low 

hundred's mg/L after advanced treatment, despite being lower than the high-strength raw 

wastewater commonly reported at 2000–15,000 mg/L. This suggests that further treatment would 

be necessary to meet stringent COD standards. Following bacterial treatment in SCMFCs, these 

values showed substantial reductions. This decline can be attributed to the biodegradation of 

inorganic and complex organic pollutants facilitated by the active DMRB community on the anodic 

surface. The removal mechanisms likely involved metal bioaccumulation within microbial cells 

and/or biosorption onto the bacterial cell surface.

Table 1. Physicochemical characteristics of tannery wastewater used in this study 

(average ± standard deviation)

Tannery Wastewater 

Parameters 

 Unit Pre-treatment Post-treatment 

pH - 12.8± 0.51 7.8 ± 0.71

Total chromium mg/L 3.6±0.53 0.57±0.19

Total Dissolved Solids (TDS) mg/L 15023 ± 238 12570±153

Electrical Conductivity mS/cm 20.2 ± 1.2 12.3 ± 1.2

Chemical Oxygen Demand 

(COD)

mg/L 7298 ± 616 1452 ± 54

Biochemical Oxygen Demand 

(5 day) (BOD₅)

mg/L 3103 ± 343 256 ± 6

Total Suspended Solids mg/L 3122 ± 460 1156 ± 56

Total Nitrogen (TN) mg/L 820 ± 160 115 ± 72

Ammonia mg/L 310 ± 130 98 ± 54

Nitrate mg/L 340 ± 98 102 ± 56

Phosphate (PO4
-) mg/L 25 ± 3.4 8 ± 1.2

Sulfate (SO4
2-) mg/L 2400 ± 230 568 ± 4.1
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Color - Dark brown Light brown

We also assessed the efficacy of MFCs with acclimated anodic biofilm and different cathodes for 

the treatment of high-strength tannery wastewater, while concurrently generating renewable 

electricity. The high-strength wastewater stream was characterized by a high organic matter 

content (i.e., 7298 ± 616 mg COD/L), a relatively high biodegradability ratio of 0.43 ± 0.06 %, 

and a moderate Cr concentration of 3.6 ± 0.53 mg/L. We fed MFCs equipped with different 

cathodes with tannery wastewater and operated them in open-circuit mode for 42 days to allow the 

electroactive biofilm to successfully acclimate to the alkaline environment (pH = 12.8). Figure 4a 

shows a similar trend across all MFCs, with potential output gradually increasing over time until 

it stabilizes at a maximum value within 250–300 h. Among all tested Tannery MFCs (TMF), Pt/C-

TMFC exhibited the highest OCP (0.79 ± 0.12 V), which was comparable to PdO-MnO2/rGO-

TMFC (0.71 ± 0.03 V) and Ag2O-MnO2/rGO-NiPc-TMFC (0.67 ± 0.02 V), and much higher than 

that of the control TMFC (0.45 ± 0.01 V). Our results reveal that both the acclimation of anodic 

biofilm and cathodic materials govern the overall efficiency of MFC treating Cr(VI)-rich waste 

streams, which requires proper optimization to enhance organic matter conversion into electricity 

in the presence of toxic Cr(VI).

After the acclimatization process, we operated MFCs in a closed-circuit mode with an external 

resistance of 10 kΩ to improve electron transfer rates and generate net energy output. Potential 

output gradually increased, peaking within 100 h, then decreased as glucose was consumed by the 

electroactive biofilm. In addition, MFCs equipped with Pt/C outcompeted other tested TMFCs, 

with a maximum potential of 0.63 ± 0.05 V compared to only 0.39 ± 0.02 V, 0.45 ± 0.03 V, and 

0.46 ± 0.007 V for control MFC, PdO-MnO2/rGO-TMFC, and Ag2O-MnO2/rGO-NiPc-TMFC 
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(Figure 4b). Similarly, Pt/C-TMFC and Ag2O-MnO2/rGO-NiPc-TMFC exhibited relatively higher 

power output at 24.76 mW/m3 (7.53 mW/m2) and 21.14 mW/m3 (8.99 mW/m2), respectively, 

compared to 19.94 mW/m3 (7.16 mW/m2) for PdO-MnO2/rGO-TMFC and 13.21 mW/m3 (4.64 

mW/m2) for the control TMFC (Figure 4c). We estimated the internal resistances based on the 

polarization curves (Figure 4d). Among all TMFCs, Pt/C-TMFC showed the lowest Rin (231 ±1.6 

Ω), surpassing all tested TMFCs (i.e., 586 ± 1.2, 476 ± 4.8, and 445 ± 2.1 Ω for control TMFC, 

PdO-MnO2/rGO-TMFC, and Ag2O-MnO2/rGO-NiPc-TMFC) (Table 2). These results strongly 

suggest that microbial acclimatization and the cathode material play a significant role in enhancing 

power production by facilitating the biodegradation of complex tannery wastewater. Cr (VI) 

removal efficiency and CE in MFCs showed a similar trend to power generation, with Pt/C-MFC 

exhibiting the highest removal efficiency of 93.05 ± 2.35 % and CE of 37.09± 4.85 %, surpassing 

Ag2O-MnO2/rGO-NiPc-TMFC (90.14 ± 5.8% and 31.04± 3.08 %), PdO-MnO2/rGO-TMFC (85.83 

± 4.8 % and 26.74 ± 3.16 %), and control TMFC (73.61 ± 5.53 % and 21.1±23.29 %), respectively 

(Table 2). This study demonstrated that the biodegradation of tannery wastewater in MFCs 

involves both the anodic electrode and the selection of efficient cathodic electrocatalysts. 

Obviously, Pt/C performs better in real tannery wastewater because it was far more resistant to 

fouling and poisoning by the complex organic and inorganic constituents, and remains stable under 

extremely alkaline conditions than the other electrocatalysts.

a) b)
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c) d)

Figure 4. Performance of MFCs fed with tannery wastewater (initial COD concentration = 7298 

± 616 mg/L): (a) Open-circuit potential output, (b) closed-circuit potential output, (c) power curve, 

and (d) polarization curves.

Table 2. Summary of electrochemical performance of MFCs fed with tannery wastewater

Parameter
Control 

TMFC

PdO-MnO2/rGO-

TMFC

Ag2O-MnO2/rGO-

NiPc-TMFC
Pt/C-TMFC

Rin (Ω) 586 ± 1.2 476 ± 4.8 445 ± 2.1 231 ±1.6
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3.4. Environmental implications 

MFCs hold significant potential for renewable electricity generation from tannery wastewater, but 

their scale-up remains constrained by high material costs and limited substrate conversion 

efficiency, particularly when treating metal-rich waste streams. To address these limitations, 

scaling efforts must prioritize improving electron recovery and identifying cost-effective, durable 

cathode materials. Pt-based cathodes typically represent a major economic barrier to MFC 

deployment due to platinum's extremely high cost. Recent market analyses report Pt at 

approximately 62.22 USD /g, while common transition metals such as cobalt, manganese, nickel, 

and silver cost 10³–10⁴ times less, with cobalt priced at just 0.05279 USD/ g. Commercial Pt/C 

catalysts were likewise expensive, with 10 wt% Pt/C sold at ~65 USD/ g, corresponding to 

~650 USD per gram of Pt actually loaded. Replacing Pt/C with Ag₂O–MnO₂/rGO–NiPc or PdO–

MnO₂/rGO therefore reduces the raw catalyst material cost per electrode area by approximately 

one order of magnitude. Both PdO–MnO₂/rGO and Ag₂O–MnO₂/rGO–NiPc nanocomposites 

proved effective as cathode catalysts and electroactive surfaces for Cr(VI) reduction, with no 

detectable catalyst leaching during long-term operation. Another barrier was the deposition of 

Cr(III) solids (e.g., Cr(OH)₃ and Cr₂O₃) on the biofilm and anodic electrodes during Cr(VI) 

reduction, which must be handled as hazardous or recoverable waste, and their safe removal or 

recovery is essential for long-term operation. Moreover, the highly alkaline conditions of tannery 

wastewater (pH > 12) pose challenges for electrode stability, reactor materials, and microbial 

resilience, and that scale-up would require engineering solutions such as pH conditioning, 

Cr(VI) removal 

efficiency (%) 
73.61 ± 5.53 85.83 ± 4.8 90.14 ± 5.8 93.05 ± 2.35

CE (%) 21.1±23.29 26.74± 3.16 31.04± 3.08 37.09± 4.85
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protective coatings, or alkaline-resistant materials54. It can be concluded that PdO-MnO2/rGO and 

Ag2O-MnO2/rGO-NiPc nanocomposites have been instrumental as cathode catalysts while also 

serving as an electroactive surface for the reduction of Cr(VI). Consequently, this cost advantage, 

combined with their high ORR activity, chemical stability, and favorable long-term performance, 

highlights their promise as economically viable cathode materials for future MFC scale-up.

4. Conclusion 

In this study, a robust electroactive anodic biofilm was developed under high chromate stress, with 

a minimum toxic concentration of 30 mg /L, demonstrating the consortium's ability to sustain 

substrate oxidation across a wide range of Cr(VI) concentrations. XPS analysis confirmed that 

Cr(VI) was primarily reduced to Cr(III) species, mainly Cr(OH)₃ and Cr₂O₃, through interactions 

with functional groups on the biofilm surface, highlighting the central role of the bioanode in both 

bioreduction and chromium speciation. The performance of the different cathode catalysts showed 

that Ag₂O–MnO₂/rGO–NiPc and PdO–MnO₂/rGO nanocomposites enhanced power generation, 

Cr(VI) reduction, and coulombic efficiency in synthetic medium, while in real tannery wastewater, 

Pt/C-TMF and Ag₂O–MnO₂/rGO–NiPc-TMF demonstrated superior stability and electrochemical 

performance under complex, highly alkaline conditions. The integration of an acclimated bioanode 

with optimized cathode catalysts demonstrates the feasibility of single-chamber MFCs as a 

scalable, economically viable approach for combined Cr(VI) remediation and energy recovery in 

industrial wastewater treatment.
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