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The development of a sustainable catalyst for the oxygen reduction reaction (ORR) is still a major bottleneck for the scale-up and commercialization of Microbial Fuel Cells (MFCs). In this work, we have studied the utilization of iron-oxidizing bacteria (IOB) enriched from natural environment and Fe2+ in MFCs equipped with gas diffusion electrodes (GDEs) as an alternative to traditional Pt-based catalysts. In half-cells systems, the oxidation of Fe2+ into Fe3+ by IOB and its regeneration at the cathode produced constant current densities close to 2 A m−2 for more than 45 days. In MFCs operated in batch mode, significant pH changes in both compartment led to the instability of the system. However, when operated in continuous mode, pH remained stable in both compartments and MFCs produced maximum power densities of 1.1 W m−2 were then reached, compared to 0.5 W m−2 for MFCs equipped with Pt catalyst. Diffusion of oxygen through the GDEs improved mass transport and the performance of the MFCs, and avoided the utilization of costly aeration system. This IOB GDE system also provides a reproducible and fast start-up for biocathode for MFCs.
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INTRODUCTION

Microbial fuel cells (MFCs) are a promising technology with widespread applications such as wastewater treatment with the ability to generate power from wastes in order to decrease the energy consumption associated with these applications (Seelam et al., 2018). However, MFC technologies are still limited to laboratory scale mainly due to the low power outputs generated or the limitations associated with their scale up (Du et al., 2007; Rahimnejad et al., 2015). A conventional MFC consists of two compartments (anodic and cathodic) which can be separated by a membrane. At the anode, electrochemically-active microorganisms oxidize the organics from wastes and release electrons, carbon dioxide, and protons. At the cathode, reduction reaction occurs: oxygen is the preferred terminal electron acceptor due to its virtually inexhaustible availability and its high value of standard potential (E0 = 1.229 V vs. Standard Hydrogen Electrode). However, kinetics of the oxygen reduction reaction (ORR) are sluggish, associated with high overpotentials which is why the ORR is still a bottleneck for the development of MFCs. Therefore, the cathode compartment is one of the main factor limiting the MFC performance in power generation (Yu et al., 2007, 2012; Rabaey et al., 2008; Rismani-Yazdi et al., 2008). Different methods have been suggested to improve the reduction reaction at the cathode. Using different electron acceptors with high reduction potential such as permanganate or ferricyanide showed improvement in terms electricity generation (Oh et al., 2004; Kong et al., 2010; Oliveira et al., 2013). However, due to the irreversibility of these reactions, the catholyte should be replaced regularly. Therefore, this method is not economically favorable especially at larger scale. The utilization of chemical catalysts such as platinum (Pt), transition metal-based catalysts (Yu et al., 2007, 2009), or activated carbon has been extensively studied in the past (Burkitt et al., 2016). However, they have disadvantages such as high cost, lack of robustness, and sustainability. A promising and sustainable alternative is to replace chemical catalysts with biological catalysts. Biological catalysts offer several advantages, as they are cheaper, more stable in the long term, and environmentally sustainable (He and Angenent, 2006; Liew et al., 2014; Milner et al., 2014). In the past few years, several studies have focused on aerobic biocathodes using mixed cultures of microorganisms enriched from natural environments with various communities responsible for the ORR (Huang et al., 2011). In a previous study on aerobic biocathode using activated sludge as inoculum, it was shown that Gammaproteobacteria was mainly responsible for the ORR with direct electron uptake from the cathode, with the biofilm enriched at an applied potential of +0.2 V vs. Ag/AgCl (Milner et al., 2016). In spite of the ability of aerobic biocathodes to consume the electron directly from the cathode, the development of the biofilm associated with the ORR is a long process (usually at least 50 days). The utilization of a chemical mediator can help overcome this limitation as some bacteria can reduce oxygen by using mediators as electron donors. Previous studies have shown that the acidophilic iron oxidizing bacteria (IOB) Acidithiobacillus ferrooxidans are able to catalyze ORR at the cathode compartment at the acidic pH (Ter Heijne et al., 2006; Carbajosa et al., 2010). It was reported that IOB are able to derive energy directly from the cathode (Carbajosa et al., 2010), however the presence of ferrous ions (Fe2+) as a mediator significantly improves the kinetics at the cathode and makes the biocathode much faster to develop. Acidithiobacillus ferrooxidans are autotrophs that use CO2 as the carbon source, derive energy from the oxidation of Fe2+ and use oxygen as electron acceptor at low pH (typically around 3). Fe3+ produced from the biological oxidation is then regenerated at the cathode to Fe2+ (Lovley, 1991). Oxidizing ferrous iron and reducing oxygen by the iron oxidisers in an acidic condition yields almost 30 KJ/mole energy for their growth. Using Calvin cycle to fix CO2, it has been estimated that Acidithiobacillus ferrooxidans oxidizes 71 mole Fe2+ to fix one mole CO2 (Hedrich et al., 2011). Although at neutral pH, neutrophilic iron oxidisers are able to oxidize Fe2+, the reduction of oxygen—and thus the energy gain for the bacteria—is more favorable at pH 2 than at pH 7 (Ferguson and Ingledew, 2008). A successful scaled-up MFC using acidophilic iron oxidisers at the cathode at pH 2 and acetate oxidation at the anode compartment by a bioanode biofilm resulted in a high power density of 2 W.m−2 (Ter Heijne et al., 2011). However, in this study, expensive materials were used such as a biopolar membrane to overcome the pH shifts in both compartments as well as costly Pt- and Ir-coated electrodes.

It was proven that the performance of aerobic biocathodes can be limited by the oxygen mass transfer to the biofilm (Milner and Yu, 2018). To provide sufficient dissolved oxygen in the catholyte, aeration by air pump was used at different flow rates, showing that increasing the flow rate led to an increase in the dissolved oxygen concentration and consequently of the cathode and cell potentials (Milner and Yu, 2018). However, using air pump is not economically viable. Passive aeration using gas diffusion electrodes (GDEs) showed the appealing alternative to aeration by pump as it was proven that using GDEs for development of aerobic biocathodes could produce cell power comparable to that using Pt as the cathode catalyst (Xia et al., 2013). Despite the ability of GDE in overcoming the limitation of oxygen mass transfer, not many studies focused on using GDE for development of aerobic biocathodes. In this study, we developed a MFC using an aerobic biocathode with Fe2+ as a mediator in a dual chamber reactor equipped with GDE. Acidithiobacillus ferrooxidans was enriched from natural environment and used as biocatalyst. Reactors were started as a batch and later changed to continuous to overcome pH shifts-related limitations. The performance of the developed MFC was compared with a similar system equipped with a GDE coated with Pt catalyst.

MATERIALS AND METHODS

Enrichment of IOB

Inoculum for cathode compartment was collected from the iron-rich river sediment in Lake District, Cumbria, U.K. The sediment had an initial orange-brown color and a pH of 3.6. For the enrichment, 20 g L−1 FeSO4·7H2O was added to 100 mL of the environmental samples and kept in incubator at the temperature of 33°C and 170 rpm. One milliliter-samples were taken from the solution every 1–3 days to measure the pH and concentration of the Fe2+/Fe3+ ions using the ferrozine method (Viollier et al., 2000). The control was composed of the exact same composition as the enrichment sample but was autoclaved to ensure no living bacteria was present. When pH of the solution dropped to 2.0, the color of the solution was dark red-orange, 20% of the samples were transferred to a fresh medium composed by 20 g L−1 FeSO4·7H2O, 0.4 g L−1 (NH4)2SO4, 0.4 g L−1 KH2PO4, and 0.4 g L−1 MgSO4 (Fontmorin and Sillanpaa, 2015). After two more transfers, IOB were successfully enriched based on the color, pH, and the concentration of the Fe2+/Fe3+ ions (Ter Heijne et al., 2007; Malki et al., 2008; Hedrich et al., 2011), and 20% of the solution was transferred to the cathode compartment of the MFC.

BES Setup and Operation

Dual chamber cells with GDEs as cathodes were used in this study. Cells were made of 3 Perspex pieces; two pieces were used as the anode and cathode compartments with a working volume of 60 mL each. The two compartments were separated by an anion exchange membrane (AEM, Fumasep FFA-3-PK-130, Fumatech, Germany). Carbon paper with gas diffusion layer (GDL) was purchased from Quintech (H2315 I2 C6, Göppingen, Germany) and used as the GDE. Before the MFC operation, carbon paper was pre-treated to increase hydrophilicity by immersing the electrode in a mixture containing 20 mL of concentrated H2SO4 (98%) and 2 g of KMnO4 at room temperature for 2 min, washing properly by deionized water and finally heating at 150°C for 2 h (Qiu et al., 2015). In MFCs equipped with platinized carbon paper (Pt-C) cathode, the same carbon paper was used and coated with 0.5 mg cm−2 Pt. The surface of the cathode was 12.5 cm2 and a titanium sheet as a current collector. Carbon felt purchased from VWR (Cat. No. 43200.RR, Alfa Aesar, UK) was used as anode material. The carbon felt had dimensions of 2 × 3 cm and 0.5 cm thickness. Temperature was kept constant during the whole experiment at 30°C. MFCs were operated in duplicate for the both parts of the experiment.

Half-Cells

The first part was performed to investigate the development of acidophilic IOB biocathode and investigate its performance in terms of cathodic current consumption. During 47 days, BESs were operated in 3 electrode configuration (half-cells) with carbon paper GDEs as working electrodes at an applied potential of 200 mV vs. Ag/AgCl. Potential was controlled using a Quad Potentiostat (Whistonbrook Technologies, U.K.). Platinum mesh and Ag/AgCl (BASi, RE-5B) were used as counter and reference electrodes, respectively. Cathode medium consisted of the same chemicals used in the enrichment step (pH 2) but with lower concentration of 1 g/L FeSO4·7H2O. 20% of the cathode medium was inoculated with IOB from the enrichment step. Anode medium was the same medium used in cathode compartment without FeSO4·7H2O and inoculum. A control was operated with the similar medium without IOB inoculum. All the potentials in this study are reported against Ag/AgCl, unless stated otherwise.

MFC Set Up and Operation

The second part of the experiment was carried out in full MFCs with external resistors of 200 Ω. Figure 1 shows the MFC operated for this part of experiment. Cell voltages and anode potentials were recorded using a Pico Technology ADC-24 data logger (St Neots, U.K.). MFCs were first operated with Pt-C at the cathode in order to develop bioanodes. Graphite felts with the projected surface area of 4.9 cm2 were used as the anode, using titanium sheet as current collector. Twenty percentage of the anode compartment was inoculated with the effluent of an MFC running in the laboratory over a year using glucose and acetate as carbon sources. The bacterial community of the inoculum was dominated by Geobacter (Spurr et al., 2018). Anode medium consisted of 50 mM phosphate buffer (PBS), 1 g L−1 of sodium acetate, 25 mL L−1 of macronutrients solution, 1 mL L−1 of micronutrients solution, and 0.5 mL L−1 of vitamins solution (see composition in Table S1).
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FIGURE 1. MFC with GDE design operated for this experiment.



The anolyte was replaced by fresh medium every 4 days after completion of one batch cycle (after the current generated would drop). After development of bioanodes, Pt-Cs were replaced with iron oxidizing biocathode developed in the half-cells and the same medium as used in half-cells was used. In continuous mode, 30 mL h−1 flow rate was used for both anolyte and catholyte using a dosing pump. The strategy for the BES operation in this study is summarized in Table 1.


Table 1. BES operation strategy in this study.
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Analysis

Electrochemical Analysis

Cyclic voltammetry (CV) was performed using Metrohm Autolab potentiostat (Runcorn, U.K.). All the CVs were recorded at a scan rate of 2 mV s−1.

Polarization Curves

After reaching the stable cell voltage in the MFC, polarization, and power density curves were recorded. The values of the external resistances used were: open circuit, 100 kΩ, 52.2 kΩ, 25.6 kΩ, 10.0 kΩ, 5.1 kΩ, 2.5 kΩ, 997 Ω, 505 Ω, 301 Ω, 103 Ω, 51 Ω, 12 Ω. The cell voltages and anode potentials for each resistance were recorded by data logger. The Ohm law was used to calculate the current values for each voltage and resistance.

RESULTS

Enrichment of IOB From Mixed Culture of Microorganisms

The enrichment of IOB was followed visually, with pH and iron speciation measurements. Environmental samples from Lake District (United Kingdom) were initially brown and turned to red-orange after 5 days of enrichment. The change in the color of the inoculated solutions was accompanied by a significant drop of pH (Figure 2). The pH of both inoculated and control solutions decreased from 3.5 to 2.7 on day 6, and to just under 2 on day 7, while the pH value of the control solution stayed stable circa 2.9. These observations can be associated with the faster and more advanced oxidation of Fe2+ into Fe3+ due to the presence and growth of IOB in the inoculated samples (Fontmorin and Sillanpaa, 2015).
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FIGURE 2. pH of the inoculated and control solutions during the enrichment step.



In aerobic conditions, it is known that the oxidation of Fe2+ can occur chemically. The rate of this reaction (Equation 1) depends on the environment conditions such as concentration of protons and dissolved oxygen (Stumm and Morgan, 1996):
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Where k is the rate constant of the reaction (3 × 10−12 mol L−1 min−1 at 20°C). Therefore, at pH 2, the spontaneous oxidation of ferrous ions by molecular oxygen is very limited. In addition, at such pH, the redox potential of the oxygen/water couple is about 0.3 V more positive than at pH 7, which makes the oxidation of iron and the utilization of oxygen as electron acceptor energetically favorable for IOB (Hedrich et al., 2011).

At day 11 (see Figure 2), 20% of the inoculum was transferred to the fresh medium containing 20 g L−1 FeSO4·7H2O. Higher rate of the pH drop in the solution with inoculum compared to the control solution after the transfer and change in the color of the inoculated solution confirmed the biological conversion of Fe2+ to Fe3+ (Ter Heijne et al., 2007). The color of the control solution was orange-brown during the 20 days of the enrichment step. Fe2+ concentration was also measured during the enrichment step using ferrozine method (Viollier et al., 2000), indicating the decrease in the concentration of the Fe2+ in the inoculated solution while Fe2+ concentration was stable in the control solution (data not shown). The difference in color, pH, and Fe2+ concentration between the inoculated and control solutions indicated the successful enrichment of IOB in the inoculated solution which was used as the inoculum for the half-cells and MFCs experiments.

IOB as Biocatalyst and Fe2+ as a Mediator in Half-Cell Systems

Half-cells equipped with GDEs were operated at 0.2 V and inoculated with the enriched environmental sample. Figure 3 shows the current density of one of the duplicate half-cells during the 47 days of half-cell experiment and the control without inoculum during the 17 days of the abiotic experiment. Similar current density was observed in the second half-cell (duplicate) as presented in Figure S1. Very low current density was measured over 17 days of the experiment in the control cell, therefore it was terminated after this period. Electron uptake was observed in the half-cells inoculated from the beginning of the experiment: current densities of 1 A m−2 were measured just after inoculation and about 2 A m−2 after day 5 and for more than 45 days of operation (Figure 3). The presence of Fe2+/Fe3+ as a mediator with iron-oxidizing bacteria (IOB) as biocatalyst allows to avoid the long start-up usually associated with the development of biocathodes catalyzing the ORR. It was reported in previous studies that IOB such as Acidithiobacillus ferrooxidans can accept electrons directly from a cathode without the need for Fe2+ as a mediator (Carbajosa et al., 2010). However, in this case, the current generation only appeared after 22 days which corresponded to the time necessary for a biofilm to grow directly at the surface of the electrode. In addition, maximum current densities were measured at a potential of 0.05 V, potential corresponding to the catalysis of the ORR by the biofilm (Carbajosa et al., 2010).
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FIGURE 3. Chronoamperometry of half-cell poised at 0.2 V and inoculated by enriched IOB during the 47 day experiment and control half-cell during the 17 days abiotic experiment.



In order to confirm the mechanism occurring in the system used in the study, CVs were recorded after 47 days of operation, and compared with these recorded on a Pt-C GDE (Figure 4). The voltammogram recorded on the Pt-C GDE (Figure 4A) shows a clear catalysis of the ORR with an onset potential around 0.4 V. It was reported that in absence of mediator, IOBs are able to accept electron directly from a cathode to catalyze the reduction of oxygen (Carbajosa et al., 2010). In our system using IOB and iron as mediator, however, there is no obvious shift of the onset potential of the ORR but the presence of a pseudo-reversible signal of E0′ about 0.4 V which can be attributed to the Fe2+/Fe3+ redox couple. In addition, the very little difference between the CVs recorded in presence and absence of oxygen (Figure 4B) suggests the limited impact of oxygen on the reaction occurring at the electrode. These observations would confirm a mediated electron transfer mechanism between the cathode and IOB and that in presence of iron in the medium there is no direct biological catalysis of the ORR occurring at the electrode, despite oxygen being used as a terminal electron acceptor by IOB.
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FIGURE 4. (A) Voltammograms recorded in half-cell reactors equipped with GDEs with Pt-C (black) and IOB biocathode as catalysts (red); (B) voltammograms recorded in half-cells reactors equipped with GDEs and IOB biocathode as catalyst after 47 days of operation, in presence (red) and absence (dashed black) of oxygen. CVs recorded at a scan rate of 2 mV s−1.



The proposed mechanism occurring at the electrode is presented in Figure 5. After the cells were opened, a red-orange layer could be observed at the surface of the GDEs. This was most likely due to the deposition of layer of iron oxides/hydroxides. It can thus be expected that the cathode potential of the MFCs equipped with IOB as biocatalyst and Fe2+ as mediator will be close to the reduction potential of Fe3+ into Fe2+ observed in Figure 4, i.e., about 0.3 V.
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FIGURE 5. Schematic of the suggested reaction occurring in the cathodic compartment.



IOB as Biocatalyst and Fe2+ as Mediator in MFCs Equipped With GDEs

Development of Bioanodes

Following the half-cells experiments, MFCs were set up with GDE cathodes equipped with either Pt-C or IOB. Bioanodes were first developed using Pt-C as cathodes. The effluent from a glucose/glutamic acid-fed parent MFC was used as inoculum. Figure S2 shows the anode and MFC potentials during the bioanode development stage. As can be seen in Figure S2A, a quick start-up of the electricity generation after 1 day, reaching a cell potential of 0.3 V after 2 days. The other duplicate showed a very similar trend. To confirm the bioanode development, CVs were recorded on day 15 of MFC operation, after the 7th batch cycle, after acetate was depleted (Figure S3). Redox features appeared at potentials of −0.1, −0.30, −0.37 and −0.47 V which can be associated with the electron transfer between the biofilm and the electrode, as it was reported in previous studies involving bioanode formed by G. sulfurreducens (Fricke et al., 2008; Richter et al., 2009). In addition, polarization and power density curves of the cell showed maximum power production of 0.6 W m−2 and open circuit potential (OCP) of 0.74 V (Figure S2B). Similarly, MFC 2 reached power densities of 0.52 W m−2 and OCP of 0.73 V.

Performance of MFCs Equipped With GDE and IOB Using Fe2+ as Mediator

After the development of bioanodes, the platinized GDEs were replaced by the GDEs used in the half-cell experiment discussed in section IOB as Biocatalyst and Fe2+ as a Mediator in Half-Cell Systems. The objective was then to compare the performance of MFCs equipped with IOBs and iron at the cathode with the MFCs equipped with Pt-C catalyst. As demonstrated in Figure 4, the CVs recorded on the GDE with IOBs present a pseudo-reversible signal of E0′ about 0.4 V. There is no apparent catalysis of the ORR and the expected potential of the cathode in the MFC is therefore the potential of reduction of Fe2+/Fe3+ mediator, i.e., about 0.3 V.

Cell, anode, and cathode potentials after replacing the cathodes are reported in Figure 6. After switching cathodes, the cell potential decreased to 0.25 V after 1 h and to 0.04 V after 1 day, before reaching almost zero at the end of day 2. The drop of potential was associated with the significant drop in the anode potential, as depicted in Figure 6. After day 2, media of both compartments were replaced with fresh media, the cell potential reached 0.13 V and remained stable for almost 3 days before dropping back to zero on day 5. This drop was accompanied by significant changes in the pH of the anolyte and catholyte.
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FIGURE 6. Cell, anode, and cathode potentials of MFC equipped with GDE and IOB biocathode and operated in fed-batch mode.



Despite using 50 mM phosphate buffer at pH 7 in the anode compartment, the pH dropped to 4 after 2 days due to the high difference between the pH of the anolyte (pH 7) and catholyte (pH 2) separated by AEM. Although daily media refreshment helped reaching cell potential of 0.2 V, such a potential could only be sustained for a few hours as the pH of the anolyte would rapidly decrease to 5. Similarly, a significant change was observed in the pH of the cathodic solution. Over the first 5 days after switching the cathodes, the pH of catholyte raised to about 5. The pH could be decreased to around 3 with regular medium replacement; however, it couldn't be stabilized at the initial and optimal pH of 2. The performance and pH of the duplicate MFC followed the similar trend, as presented in Figure S4. Polarization and power density curves of the MFCs equipped with IOBs as biocatalyst and iron as mediator were recorded and compared with the MFC equipped with Pt catalyst (Figure S5 and also Figure 8A). As can be seen, the inability to control the pH had a big impact on the performance of the cells as the maximum power density achieved was 0.59 W m−2 for MFCs equipped with Pt compared to 0.12 W m−2 in the MFCs by IOB in batch mode, which was similar in duplicates. This change is also associated with higher internal resistance in the MFC, as suggested by the increase of the slope of the polarization curve. It is understood that pH of both anolyte and catholyte have a great impact on MFCs performance. It was shown that the optimal value of anolyte pH is between 7 and 8 and that a pH outside this range decreases the MFC performance (He et al., 2008). Previous studies reported that acidic anolyte (pH 5) affects the microbial activity of the biofilm which then led to lower current generation (Gil et al., 2003; Ren et al., 2007). Similarly, in the presence of IOBs and iron as catalyst and mediator, pH higher than 2 in the cathodic compartment results in iron precipitation which affects the performance of the biocathode (Ter Heijne et al., 2006). In addition, and as described in section Enrichment of IOB, pH of 2 provides optimal conditions for acidophilic IOB to produce ATP from the oxidation of Fe2+ and using molecular oxygen as terminal electron acceptor (Hedrich et al., 2011). Therefore, the pH of both the catholyte and anolyte needs be controlled to maintain the MFCs performance.

MFC Performance With IOB Biocathode Operated in Continuous Mode

In order to control the pH in both compartments and avoid using expensive bipolar membranes, the cell operation was converted from fed-batch to continuous mode using a dosing pump for both anolyte and catholyte with similar hydraulic retention times (HRTs) of 2.0 h. Such a low HRT helped stabilize pH in both compartments and significantly improved MFCs performance compared to fed-batch operation. Over the whole experiment in continuous mode, pH of the anode and cathode media remained stable around 6.8 and 2.0, respectively. Five hours after switching from fed-batch to continuous mode, the anode potential dropped to −0.4 V whereas the cathode potential increased to −0.1 V, resulting in a cell voltage of 0.3 V (Figure 7). The anode potential stabilized at −0.45 V and the cathode potential kept increasing slowly to reach −0.05 V after 65 h, for a corresponding cell potential of ~0.4 V. In order to confirm that the oxygen mass transfer was not limiting the bio-electrochemical process, the catholyte reservoir tank was purged with air using an aquarium air pump for 8 h (between hours 40 and 48). As can be seen in Figure 7, no significant change in cathode potential nor in cell voltage was observed, showing that the passive diffusion of oxygen through the GDE is not a limitation to the performance of the MFCs. Therefore, such a design allows to avoid expensive aeration system which is not viable especially at larger scale.
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FIGURE 7. Cell, anode, and cathode potentials of MFC with IOB biocathode operated in continuous mode. Green box shows the time between hours 40 and 48 that catholyte reservoir tank was aerated using an aquarium air pump.



Previously, GDEs were mainly used for abiotic cathodic reactions such as catalysis of the ORR. It was for example reported that air-cathode MFC with GDE modified with activated carbon produced a comparable power to the MFC operated with platinum as the cathode after 1 month of operation (Zhang et al., 2014). To date, only few studies focused on the utilization of GDEs for aerobic or anaerobic biocathodes formation. In previous research, GDE design was used for the diffusion of CO2 through the GDL to provide sufficient CO2 for the development of anaerobic biocathode (Bajracharya et al., 2016; Srikanth et al., 2018). It was reported in this study that mass transfer of carbon dioxide was higher than when purging directly in the catholyte, leading to the improvement of the BES performance in terms of CO2 reduction and bio-production. Studies focusing on MFCs equipped with GDE for aerobic biocathodes are still scarce compared to systems with aeration, but the possibility to grow aerobic biofilms on such electrodes was already shown in the past (Wang et al., 2013; Xia et al., 2013; Montpart et al., 2018) However, the growth of such biofilms is time-consuming (usually at least 50 days), takes much longer time than the growth of bioanodes and is very challenging on non-porous materials such as carbon paper (Rimboud et al., 2015). Therefore, the combination of GDE with IOBs as biocatalyst and Fe2+ as mediator stands as a good alternative to classical Pt-based catalysts in aerated system.

Figure 8A shows the polarization and power density curves of the MFC after 65 h of continuous operation in comparison with the polarization and power density figures of the MFC in fed-batch mode using platinized carbon paper and biocathode. A maximum power density of 1.02 W m−2 was produced in continuous mode compared to 0.12 W m−2 in fed-batch mode using IOBs and 0.59 W m−2 using platinized carbon paper as cathode (see in Table 2). By stabilizing pH of both the anolyte and catholyte, continuous mode operation led to significant improvement of the MFC outputs, then outperforming the MFC equipped with Pt catalyst. It can however be observed that there is a “doubling back” of the power curve for current densities exceeding 1.7 A m−2 which is also known as “power overshoot” (Kim et al., 2017). Similar phenomenon was observed in MFCs equipped with aerobic biocathodes (Milner and Yu, 2018), which was further attributed to the impact of aeration and DO concentration in solution on the cathode and cell potentials as there was a sharp decrease on cathode potential. However, in the present study, the utilization of an air pump did not have any significant impact on the cell performance, showing that the GDE configuration provided sufficient oxygen to the system. Therefore, the cause of sudden drop in performance in this study was due to different reason.


[image: image]

FIGURE 8. (A) Polarization curve and power density of MFC equipped with different cathodes and operated in batch or continuous mode; (B) Anode and cathode potentials during the polarization of the MFC equipped with IOB biocathode and operated in continuous mode.




Table 2. Summary of the performance achieved by the MFCs equipped with different cathodes.
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The doubling back observed in Figure 8A can be explained with the potential profiles of the anode and cathode recorded during the polarization and presented in Figure 8B. As can be seen, the anode potential is relatively stable between −0.45 and −0.4 V until the current density reached 1.68 A m−2. At this current density, the cathode potential reaches ~0.25 V which is the potential at which Fe3+ starts to be electrochemically reduced into Fe2+ (as shown in CVs presented in Figures 5, 7). The current required by the cathode thus increases and exceeds what the bioanode can supply. At this stage, it can be assumed that the bioanode becomes limiting, thus explaining the drop of both the anode potential and the cell voltage. Although the cathode potential also decreased, it did not seem as significant as the drop of the anode potential. In MFCs using oxygen as terminal electron acceptor, the power output is usually limited by the performance of the cathode, whether the ORR is catalyzed by Pt or biocatalysts (Milner et al., 2016). Nevertheless, in the presence of IOBs as Fe2+ as mediator, and according to the potential profiles presented in Figure 8B, the bioanode appears to be limiting. This phenomenon was explained in a previous study showing that the power overshoot can occur when anodic kinetics are slower than cathodic kinetics, thus causing electrons depletion (Kim et al., 2017). In our specific case, this could be explained by the development of a non-mature biofilm due to a too short inoculation process at lower external resistances (Hong et al., 2011), or in other words by a biocathode outperforming the bioanode.

CONCLUSIONS

In this study, we demonstrated the feasibility of using IOB as biocatalyst and Fe2+ as a mediator as an alternative to Pt catalyst in MFCs equipped with GDEs. IOB were enriched from a natural environment sample and first used as an inoculum in half-cell reactors. Stable current densities of 2 A m−2 were produced during 45 days. Due to the presence of Fe2+ as mediator, no lag time was observed before such current densities were reached, thus avoiding the long start-up phase usually associated with aerobic biocathodes. Although the contribution of a direct electron transfer between the cathode and the bacteria cannot be totally ruled out, cyclic voltammogramms strongly suggest mediated electron transfer (by Fe2+) as the main mechanism. In the second part of the study, when MFCs were operated in batch mode, the performances of the cells containing IOB as biocatalyst were comparable to these equipped with Pt. However, these performances could not be sustained due to the drop of pH in the anodic compartment and the increase of pH in the cathodic compartment. Operating MFCs in continuous mode helped stabilize pH in both compartments. Maximum power densities of 1.02 W m−2 were then reached, compared to 0.59 W m−2 for MFCs equipped with Pt catalyst. Finally, the passive diffusion of oxygen through the GDEs did not appear as a limiting factor to the performance of the MFCs, showing that the system studied represent or good alternative to both chemical catalysts and non-mediated aerobic biocathodes without the need for costly aeration systems.
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