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Abstract

:

Microbial fuel cell (MFC) technology is anticipated to be a practical alternative to the activated sludge technique for treating domestic and industrial effluents. The relevant literature mainly focuses on developing the systems and materials for maximum power output, whereas understanding the fundamental electrochemical characteristics is inadequate. This experimental study uses a double-chamber MFC having graphite electrodes and an anion-exchange membrane to investigate the electrochemical process limitations and the potential of bioelectricity generation and dairy effluent treatment. The results revealed an 81% reduction in the chemical oxygen demand (COD) in 10 days of cell operation, with an initial COD loading of 4520 mg/L. The third day recorded the highest open circuit voltage of 396 mV, and the maximum power density of 36.39 mW/m2 was achieved at a current density of 0.30 A/m2. The electrochemical impedance spectroscopy analysis disclosed that the activation polarization of the aerated cathode was the primary factor causing the cell’s resistance, followed by the ohmic and anodic activation overpotentials.
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1. Introduction


Wastewater is an undesired byproduct of human development, and it contains varying levels of organic and inorganic matter that can cause serious health, economic, and environmental loss if left untreated. Currently deployed industrial wastewater treatment practices, including activated sludge process, membrane-based technology, and the advanced oxidation process, primarily rely on removing organic and inorganic matters to meet the wastewater discharge standards. The World Bank estimates that water-related illnesses account for roughly 21% of communicable diseases in India. The microbial populations found in wastewater treatment plants typically includes bacteria, viruses, protozoa, and helminths [1]. As a result of increased urbanisation and industrialization, large volumes of wastewater are being produced and continuously being used for irrigation.



Furthermore, over the past few decades, wastewater has been converted into valuable resources compared to the previous literal consideration of waste [2]. The authors discussed technologies that could reclaim water of high enough quality to serve as a potable supply. Gude et al. also underlined the possibility of using wastewater to recover potable quality water [3]. Wastewater can also be used in adsorption, cooling, and desalination systems [4,5]. Seawater is currently the most significant source of water utilised in the desalination process. This is followed by the treatment of brine derived from deep stratum, river, and wastewater sources [6].



The organic content contained in the wastewater can be converted into energy, chemicals, and biofuels by adopting an appropriate conversion technology. Microbial fuel cells (MFCs) are a electrochemical system that converts chemical energy stored in organic matter directly into electrical energy using microorganisms [7]. These systems are based on the concept of exoelectrogenic bacteria capable of transferring electrons from their cell membranes to extracellular electron acceptors, such as electrodes in MFCs. Hence, in contrast to conventional wastewater treatment technologies, simultaneous power generation and wastewater treatment can be achieved by MFCs, which is also a unique feature of the technology. Additionally, improved conversion efficiency, low sludge formation, and low operating costs make MFCs superior to conventional wastewater treatment methods [8].



MFCs employ microorganisms as catalysts to convert organic matter into electricity under anaerobic conditions. MFCs can treat a broad range of wastewater substrates, ranging from simple substrates such as glucose to more complex effluents from various manufacturing industries such as the chemical, petroleum, pharmaceutical, and paper recycling industries [9]. When an MFC is integrated with traditional wastewater treatment processes, a synergy between the systems can be established, resulting in efficient treatment and improved resource recovery [10]. Even though the MFC system is seen as a potentially useful technology for the treatment of wastewater in a sustainable manner, there are still a number of technical and economic hurdles that need to be cleared before it can be commercialised [11]. High-performance MFC systems should ensure critical characteristics of the membrane electrode assembly (MEA). For instance, the electrodes should have high catalytic activity for redox reactions, corrosion resistivity, mechanical strength, electronic conductivity, and a low cost [12]. The anode, in particular, requires biocompatibility and a strong affinity for biofilm development.



Similarly, the ion-exchange medium should offer minimum resistance to the internal transport of ionic species. Over the past decade, technology has significantly improved in scaling up the systems and reducing costs. Although the technology is considered close to commercialization, MFC electrode electrochemistry still lacks clear understanding due to the complexity of the underlying physical, chemical, electrical, and biological processes.



The two primary materials frequently investigated for developing MFC electrodes are those with carbonaceous bases and those with metallic bases [13]. Carbon cloth, graphite fiber brush, carbon foam, carbon nanotubes, and graphene are among the carbonaceous-based electrode materials reported to display high performance. Other carbonaceous-based electrode materials reported to exhibit high performance include graphene [14,15]. Designing robust MEA materials and high-performing MFC systems requires a comprehensive understanding of the bioelectrochemistry and transport processes. In addition, the internal resistance that determines the overall cell performance comprises the ohmic resistance due to limited electronic and ionic conductivity of the MEA, activation resistance arising from the redox reaction kinetics, and diffusional resistance due to mass transport between the electrolytic solution and the electroactive sites. Quantitatively evaluating and overcoming these resistances might help in designing better MFC systems.



Several electrochemical methods including current interruption, the power density peak, the Tafel slope, and electrochemical impedance spectroscopy (EIS) are developed and used to study the effect of electrode materials, operating conditions, and cell configurations on the performance of various types of the electrochemical systems [16]. The EIS is particularly interesting here as it is a non-intrusive technique and has been demonstrated as a powerful tool to diagnose highly heterogeneous and complex systems, including fuel cells [17,18]. Through careful deconvolution of the MFC impedance spectra, it is possible to quantify the biofilm growth and limitations associated with the charge transfer, mass transfer, and double layer [19]. During the EIS method, a small sinusoidal signal moves the MFC system away from the equilibrium condition. The method then analyses how the system reacts to the perturbation while it is in a steady state. When impedance spectra are fitted with an equivalent circuit, electrical parameters including resistance and capacitance, related to various chemical and physical processes, are obtained [20].



This study is therefore undertaken to investigate the chemical and electrochemical behaviour of the MFC system using dairy effluent as the wastewater source. The dairy effluent is primarily selected in this study because of its biodegradability, ease of resource recovery, and limited knowledge of electrochemical treatment. Furthermore, if dairy effluent is left untreated, it can negatively affect the environment and human health. Some of these effects include: (1) physical, chemical, and biological contamination of the water bodies, (2) soil contamination, (3) air pollution due to the release of volatile organic compounds (VOCs), and (4) human health risk through exposure to biological contamination. This study aims to quantify the electrochemical characteristics of the MFC system, such as internal resistance, capacitance, and impedance, to understand the system’s limitations and identify potential improvements. The study also aims to evaluate the performance of the MFC system in treating dairy effluent and to assess its potential for scalability and commercialization. The MFC system used in this study has a dual-chamber assembly with activated carbon-based electrodes and an anion exchange membrane (AEM). The AEM is chosen based on its superior performance over the cation exchange membrane [21]. The natural microbes in the wastewater were grown in a controlled environment to treat the sample electrochemically. The physical and electro(-chemical) parameters were recorded for 10 days during cell operation. The study is significant as it provides valuable insights into using MFCs for treating dairy effluent and its potential for resource recovery.




2. Materials and Methods


2.1. MFC Setup and Operation


A dual-chamber MFC was constructed using two containers having 0.3 L capacity each, as shown in Figure 1. The experiment involved two activated carbon electrodes, an anode with a surface area of 12 cm2, and a cathode with 15 cm2, which were externally connected to a potentiostat using copper wires.



Activated carbon was chosen for its low cost and affinity to microbes, ideal for use in wastewater treatment. In order to keep the anaerobic environment intact, the anodic chamber was sealed, while the cathode’s larger surface area favored the oxygen reduction reaction (ORR). A carbon paste was made with graphite (45 g), activated carbon (25 g), and paraffin oil (30), used as a binder. In order to eliminate any contaminants from the electrodes, an ethanol solution was used for cleaning. The anode was placed in the anolyte, and the cathode was placed in the catholyte, both of them separated by an anion-exchange membrane (AMI-7001, U.S. international).



A total of 250 mL of anolyte was prepared by mixing 10 g of cow dung and sugar in 1 L of distilled water, resulting in the COD loading of 4520 mgL−1. The cathode chamber was filled with 250 mL of phosphate buffer saline solution to increase the conductivity. Phosphate buffer is commonly used in biological and biochemical experiments to maintain a stable pH in a solution. Stable pH in the MFC is essential for microbial activity. Phosphate buffer increases the conductivity of a solution by providing ions that can carry an electrical charge, such as potassium (K+), sodium (Na+), and phosphate (PO43−). Increasing the concentration of ions in a solution increases its conductivity, which is essential to lower the ohmic resistance in the electrochemical systems. As described previously [22], the buffer solution was prepared by mixing 1.44 g Na2HPO4, 8.0 g NaCl, 0.2 g KCL, and 0.24 g KH2PO4 in distilled water. One liter anolyte solution was thus prepared.



HCl was added to the buffer solution to maintain a pH of 7.4. Fish pump was used to Aerate the cathode chamber. In order to prevent bubbles from coming into direct contact with the electrode, air was supplied close to the wall of the cathode chamber. The direct contact of the bubble with the electrode can create a barrier between the organic content and the biofilm. It can disrupt and dislodge the biofilm, thus reducing the cell’s performance. At room temperature and for a duration of 10 days, the batch mode of the MFC cycle was performed.




2.2. Chemical and Electrochemical Analysis


The wastewater treatment experiments were performed in a batch mode under ambient conditions (25 ± 3 °C). The pH and chemical oxygen demand (COD) are essential parameters in wastewater analysis because they provide information about the acidity/alkalinity of the wastewater and the amount of organic pollutants present, respectively. As described previously, pH affects the activity of microorganisms, which is crucial for the breakdown of organic matter and current generation. Conversely, COD measures the amount of oxygen required to oxidize the organic matter. Therefore the rate of change in COD value reflects the facilitated microbial activity. The pH of the substrate was measured with a pH meter from the Hanna instrument. A 2 mL anolyte sample was extracted and assessed using high-range COD vials (HI-937540) to determine the COD. A wastewater solution of 0.2 mL was added to the COD vial and subjected to the COD test tube heater at 150 °C for 120 min. The COD was measured using a COD photometer from the Hanna instrument that works on the principle of colorimetry. This method follows a redox reaction to convert the organic matter into a colored solution. The COD removal efficiency was determined as follows:


  COD   Removal   Efficiency =   C O   D   f   − C O   D   i     C O   D   i     × 100  



(1)




where CODi is the initial COD value of wastewater and CODf is the COD value recorded over time.



The Gamry potentiostat (Interface 1000) was used for electrochemical characterization over a period of 10 days. A two-electrode assembly was utilized for EIS measurements, where the cathode acted as counter and reference electrode. The EIS study involved applying a sinusoidal potential with a magnitude of 10 mV within a frequency range of 100 kHz to 0.05 Hz. The Nyquist and Bode graphs were recorded to study the dynamic response of the cell. The current–voltage curve was recorded in a current range of 0 to 0.002 A and at a scan rate of 0.005 As−1. A sufficient time of at least 30 min was allowed for the system to restore equilibrium between consecutive measurements. The Gamry Echem Analyst was used to fit the EIS spectra to an electrical equivalent circuit.





3. Results


3.1. Chemical Analysis


During the 10-day operation of the cell, the chemical properties of the anolyte solution, such as COD and pH, were monitored. The initial COD value was 4520 mg L−1, which decreased to 850 mg L−1 after 10 days due to microbial utilization, resulting in a removal percentage of 81%. This removal efficiency is comparable to that of MFCs operated with domestic and sewage wastewater [23,24]. The anolyte pH decreased from 7.62 to 5.8 suggesting a shift towards acidic behavior, which is expected due to the electrochemical oxidation process. This phenomenon is common in bioelectrochemical systems where the acidic environment is generated in the anolyte during the oxidation of organic matter.




3.2. Open Circuit Voltage and Polarization Study


The open circuit voltage (OCV) recorded for 10 days is given in Figure 2. At first, the OCV increased from 280 mV all the way up to a peak value of 396 mV on the third day, and began to decrease gradually after that. The growth of biofilm on the anode surface can be credited with the initial increase in OCV. However, the decline in OCV after the third day could be due to the consumption of organic matter under anaerobic conditions and/or reactant species’ potential crossover. These findings are consistent with previous research conducted by Sathishkumar et al. [25], who reported a similar initial rise in OCV until the 5th day. The peak OCV is comparable to values that have been reported in the past. This implies the metabolism of organic materials by microbes as well as biofilm formation on the anode. When compared to day 1, the OCV decreased by less than 10% on day 10.



Figure 3 indicates the cell performance against the current density recorded on day 3 after biofilm development. The cell voltage decreases monotonically with an increase in load, a classical scenario kinetic limitation, which is not observed in this case, confirming the prevalence role of the ohmic loss observed during fuel cell operation. A sharp decrease in the cell voltage at low current density is attributed to multiple factors, including ion-exchange membranes, electrodes, electrolyte solution, and bacterial metabolism [26]. The ohmic resistance determined from the polarization resistance is 325.3 Ω. In addition, the highest power density was determined to be 36.39 mW/m2 when the current density was 0.30 A/m2. Power density in the range of mW/m2 to several W/m2 has been reported in the MFC literature with varying MEA materials, MFC designs, substrates, and operating a rapid increase in the capacitance represented by the constant phase element (CPE1). This finding can be explained by biofilm formation on the anode’s surface, which reduces the activation barrier and speeds up the kinetics of the bioelectrochemical reactions. The biofilm develops a large surface area of the conductive layer that grows surface charge, increasing the double-layer capacitance. The MFC literature reports this trend frequently [27]. The performance of selected literature-based MFC systems having dual chamber assembly, carbon-based electrodes, and complex wastewater substrates is shown in Table 1. The OCV values achieved in the studies range from 0.12 V to 0.7 V, indicating that there is still room for improvement in the MFC performance. The COD removal efficiency achieved in the studies ranges from 71% to 94%, demonstrating the potential of MFCs for pollutant removal. The peak power densities in the studies range from 6.73 mW/m2 to 124 mW/m2, with the highest values achieved using brewery wastewater and carbon fiber paper electrodes. The OCV and peak power density observed in the present study are consistent with the values found in the literature; however, an improvement is required for the commercial application of the MFC technology.




3.3. Electrochemical Impedance Spectroscopy (EIS)


To examine the electrodes’ dynamic response, impedance spectroscopy was carried out. Figure 4 displays the Nyquist plot on day 3, while Figure 5 shows the corresponding Bode plot. Three different time constants can be observed from both plots. The first arc is observed at a higher frequency, ranging from 100 kHz to 50 Hz. The second arc is located at intermediate frequency, ranging from 50 Hz to 1 Hz, while the third arc appears at a low frequency, ranging from 1 Hz to 0.04 Hz. The total cell impedance comprises several constituent processes that can be characterized by the relaxation time and primarily includes bioelectrochemical reactions, mass and charge transport inside the cell configuration, and the double layer developed at the interfaces. The arcs observed at high and intermediate frequencies are believed to stem from the electrode processes, with the anodic and cathodic charge transfer processes being responsible for each, respectively. Meanwhile, the low-frequency arc, which occurs at an angle of approximately 45° on the complex plane, suggests mass transport limitation and can be attributed to the diffusional process [18,20].



The impedance response of the cell as recorded on days 3, 5, 7, and 10 of operation is compared in Figure 6. The figure shows that the ohmic resistance increases over time. A suitable equivalent electrical circuit with resistive and capacitive components was fitted to spectra to measure specific processes’ contribution to the total resistance. The equivalent circuit model (Rs (R1CPE1) (R2CPE2W)), also shown in Figure 7, was used for fitting, and the fitted parameters are given in Table 2. The circuit is similar to the one proposed by Littfinski et al. [16]. In the electrical circuit, the whole internal ohmic resistance that results from the membrane and electrolyte solution is denoted by the symbol Rs. R1 is the charge transfer resistance of the anode, and R2 is the charge transfer resistance of the cathode. The constant phase elements (CPE1 and CPE2) are used here instead of pure capacitors because of the bioelectrodes’ porous nature and the system’s distributed capacitive response. These elements are connected to the double-layer capacitances that are generated at the bio-anode/anolyte and cathode/catholyte interfaces. The Warburg element provides mass transport limitation resulting from ionic diffusion (W). Using the Echem Analyst to fit the impedance spectra to the circuit model can quantify these critical parameters affecting MFC performance.



It can be viewed from Table 2 that anodic polarization resistance (R1) decreased during 10 days of cell operation by over 34% from 139.2 Ω to 91.5 Ω. The decrease in anodic polarization resistance observed in the experiment can be attributed to the biofilm development at anode surface, which facilitates the electrochemical reactions and improves the performance of the MFC. Ramasamy et al. [34] found that the anodic polarization resistance dropped by 40% (at 0.27 A/m2), and the power density rose by 120% from day one to day five. Borole et al. [35] also reported a significant decrease of 75% (at 2.63 A/m2) in the anodic polarization resistance after 70 days of operation. Similarly, Sindhuja et al. [19] reported a reduction of approximately 40% in the anodic polarization resistance and capacitance during the first nine days of cell operation. We observed a drop of around 34% in the anodic polarization resistance in just 10 days.



Additionally, the anolyte pH decreased from 7.62 to 5.8 over the same period. It is known that biofilm acidification (pH < 7) can inhibit microbial activity and inhibits the rate of bioelectrochemical reactions [36,37]. However, this phenomenon is not observed in this work, most likely due to the developing microbial film.



Over time, the cathode capacitance gradually increases, which may be due to the buildup of protons on the cathode surface. Table 2 shows the Warburg element (W), which is inversely related to the diffusion coefficients. The coefficient value increases over time, indicating increased resistance to diffusion. This is commonly observed in aerated cathode due to oxygen diffusion in the catholyte [18]. Therefore, the difficulty of oxygen solubilization and later diffusion to cathode surface is probably related to the cathode diffusional resistance found in our study.



For the 10 days of cell operation, a consistent resistive contribution order is observed with R2 > Rs > R1. The maximum contribution to the overall cell resistance is from the cathodic polarization resistance, followed by the ohmic and anodic polarization resistance. This dominance of cathodic polarization resistance has been observed and reported in previous studies [19,36,38]. Although the dominance of ohmic resistance is reported as well [34,39,40], this is not the case for anodic polarization resistance in practical MFC systems. The fact that the value of ohmic resistance obtained in this study is comparable to values that have been reported in the past demonstrates that the electrochemical system has reasonable conductivity.





4. Conclusions


The current investigation focuses on the remediation of wastewater from dairy farms while simultaneously generating power with microbial fuel cell technology. As well as physical and chemical characterization, the dual-chamber MFC operation was analyzed in detail regarding electrochemical characteristics to understand the process limiting factors. The MFC produced the maximum open-circuit voltage of 396 mV and power density of 36.39 mW/m2 corresponding to 0.30 A/m2. As a result of cell operation for 10 days, the chemical oxygen demand was reduced by 81%, along with a considerable change in the anolyte pH value. The key limiting factors, including electrolyte ohmic overpotential, activation overpotential, and concentration overpotential, were studied using electrochemical impedance spectroscopy. The cathodic polarization was found to cause the highest value in the overall cell overpotential, suggesting that an intelligent selection and design of the cathode is the key to the development of MFC technology.



While this study has demonstrated promising results regarding integrating microbial fuel cell technology in the treatment of dairy farm wastewater, future studies should consider designing better cathode materials and improving the cathode design, cell operation, and characterization for an extended time using field samples, economic evaluation, and scalability of the MFC systems. Further, the MFC design and operation can be optimized by methods such as fuzzy-logic-based approach [41,42,43], which is one of the most popular approaches to artificial intelligence.
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Figure 1. Schematic representation of dual chamber MFC. 
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Figure 2. Open circuit voltage recorded for 10 days of cell operation. 
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Figure 3. Polarization and power curves of the microbial fuel cell. 
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Figure 4. Nyquist plot of MFC at OCV and recorded on day 3. 
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Figure 5. Bode plot of MFC recorded on day 3. 
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Figure 6. Impedance spectra of the MFC measured at different times. 
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Figure 7. Equivalent circuit model used for the spectra fitting. 
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Table 1. Comparison of the performance of selected MFC systems having dual chamber assembly, carbon-based electrodes, and complex wastewater substrates.
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	Substrate
	Anode
	Cathode
	OCV Max

(v)
	COD Removal Efficiency

(%)
	Peak Power Density

(mWm−2)
	Refs.





	Sewage wastewater

(0.4 g COD/L)
	Graphite rod
	Graphite rod
	0.18
	82.7
	6.73
	[24]



	Brewery wastewater

(28.4 g COD/L)
	Carbon fiber paper
	Carbon fiber paper
	0.61
	88.4
	124
	[28]



	Cheese whey

(6.7 g COD/L)
	Carbon paper
	Carbon cloth
	NA
	94
	46
	[29]



	Ethanol stillage

(37.8 g COD/L)
	Graphite rod
	Carbon cloth
	NA
	81.5
	93
	[30]



	Swine wastewater

(3.3 g COD/L)
	Carbon cloth
	Carbon cloth
	0.12
	83
	13
	[31]



	Human feces wastewater

(0.6 g COD/L)
	Carbon paper
	Pt-coated carbon paper
	0.55
	71
	70.8
	[32]



	Yogurt wastewater

(8.16 g COD/L)
	Graphite felt
	Pt mesh
	0.7
	NA
	53.8
	[33]



	Dairy effluent

(4.5 g COD/L)
	Activate carbon
	Activated carbon
	0.396
	82
	36.4
	This study
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Table 2. Values of equivalent circuit parameters.
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	Time

(Day)
	Rs

(Ω)
	R1

(Ω)
	R2

(Ω)
	CPE

(Q1) × 106
	CPE

(Q2) × 104
	W

(S·s1/2) × 103





	3
	199.2
	139.2
	281.0
	5.14
	3.03
	5.39



	5
	216.4
	149.7
	327.8
	6.11
	3.53
	7.15



	7
	237.8
	106.9
	414.5
	49.9
	5.62
	7.77



	10
	404.2
	91.5
	784.9
	108.1
	7.14
	10.0
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