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1. Introduction

Sustainable nutrient recovery from wastewater is critical for mitigating eutrophication and advancing circular
economy strategies. Ammonium (NH,*) and phosphate (PO,3”), ubiquitous in municipal and agricultural
effluents, represent both environmental liabilities and valuable fertilizer feedstocks. Traditional nutrient removal
methods often consume significant energy without concomitant resource valorization. Microbial fuel cells (MFCs)
offer an innovative platform for simultaneous energy generation, nutrient capture, and electrochemical
transformation, thereby bridging wastewater treatment with resource recovery [1,2]. Despite progress, the
influence of reactor design on nutrient recovery and electrochemical performance merits systematic evaluation.

Despite advances in microbial fuel cell (MFC) research, comprehensive electrochemical characterization
specifically targeting nutrient recovery remains limited; polarization curves and Electrochemical Impedance
Spectroscopy (EIS) are essential techniques to elucidate internal losses [3] and inform design improvements that
can reduce internal resistance and enhance performance.

This work investigates simultaneous recovery of NH,* and PO,3~ during wastewater treatment using a three-
chamber microbial fuel cell (MFC) and compares its electrochemical performance with a two-chamber MFC setup.
Specific objectives are to: (i) evaluate nutrient removal and recovery performance in both MFC configurations
during wastewater treatment; (ii) electrochemically characterize each MFC using polarization curves and
Electrochemical Impedance Spectroscopy (EIS); and (iii) assess operational advantages of three-chamber design
relative to the canonical two-chamber architecture.

2. Materials and Methods

2.1 MFC Configurations

Two reactor designs were constructed: a three-chamber MFC, comprising an anode chamber, cathode chamber,
and a dedicated nutrient recovery chamber, and a two-chamber MFC, consisting of traditional anode and cathode
compartments separated by a single membrane. In the three-chamber design, the anode chamber was separated
from the recovery chamber using a Fumasep-FKB-PK cation exchange membrane (CEM) to facilitate NH,*
transport, while the cathode chamber was separated from the recovery chamber using a Fumasep-FAB-PK anion
exchange membrane (AEM) to support PO,3~ migration. Both systems employed comparable electrode materials
and surface areas to ensure consistent comparison.

2.2 Electrochemical Characterization
Electrochemical performance of both MFC configurations was evaluated:

¢ Polarization Curves: External load resistances were varied to obtain cell voltage and current density data,
enabling determination of power output characteristics and identification of limiting processes.

¢ Electrochemical Impedance Spectroscopy (EIS): Frequency—domain impedance spectra were obtained to
deconvolute resistive and capacitive elements, quantifying contributions from solution resistance, membrane
transport, and electrode kinetics. Comparative analysis focused on differences in internal resistance, charge
transfer dynamics, and overall electrochemical behavior between the two reactor designs.
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3. Results and Discussion

Polarization data for the two-chamber MFC (Figure 1A) exhibited a consistent decrease in cell voltage with
increasing current. A linear regression, Ecell =—-79.18 x I + 437.92 (R? = 0.997), accurately describes the voltage
drop. Open-circuit voltages reached approximately 580 mV, and power output peaked at intermediate currents
(~2.5-3.0 mA) before diminishing at higher loads, indicative of activation, ohmic, and mass-transport limitations
inherent to the two-chamber design during wastewater treatment.
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Figure 1: A) Poralization and power curve of the 2-chamber MFC set-up, B) individual resistance components of
the 2-chamber MFC set-up.

Figure 1B shows how individual resistance components—cathode (R_cath), anode (R_an), and membrane
(R_mem)—vary with current. At low current (0.25 mA), the cathode exhibits the greatest resistance (~300 Q),
followed by the membrane (~215 Q) and the anode (~90 Q). As current increases, resistances generally decline,
reflecting improved charge transfer and ionic mobility. R_cath decreases markedly, reaching ~50-70 Q at the
highest currents (3.50—4.67 mA), while R_an remains the smallest contributor, decreasing to ~20-30 Q. In
contrast, R_mem initially decreases at mid-range currents (0.46—1.25 mA) but rises again at higher currents (~180—
210 Q), suggesting increasing membrane polarization and concentration gradient effects. Overall, the cathode and
membrane dominate resistive losses in the two-chamber configuration.

4. Conclusions

A comprehensive evaluation of three-chamber and two-chamber MFC configurations under wastewater treatment
conditions confirms that reactor architecture strongly influences electrochemical performance and nutrient
recovery outcomesThe incorporation of Fumasep-FKB-PK and Fumasep-FAB-PK membranes enabled selective
NH,* and PO,*~ transport, resulting in higher recovery efficiency. These findings support the three-chamber MFC
as a viable platform for sustainable wastewater treatment with integrated nutrient recovery and energy generation.
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