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Being constituents of the effluents of many industries, heavy metals cause severe environmental pollution given the fact that they are recalcitrant and persistent in the environment. Conventional remediation strategies used to treat heavy metals loaded wastewater are neither economical nor environmentally friendly. To overcome these challenges, the rise of a new process that combines energy conservation and recovery was mandatory. Microbial fuel cells have emerged as a promising technology to mitigate environmental pollution; it provides a solution to wastewater treatment and the removal and/or recovery of heavy metals. They are bioelectrochemical systems that utilize the catalytic activity of microorganisms organized in biofilms to oxidize organic or inorganic compounds by producing electric current, thus providing a new opportunity for sustainable energy production and bioremediation. The removal and recovery of metals, such as Cr(VI), V(V), and Cu(II) have been evaluated using both single and double chambered MFCs. The fact that some heavy metals have high redox potential makes it possible to utilize them as effective electron acceptors instead of oxygen in the cathodic chamber of microbial fuel cells. Biotic/Abiotic cathode chambers can not only remove but also recover heavy metals. However, a number of challenges such us: low production rates and limited efficiencies make the application of this technology restricted to lab scale only. In this chapter, we review the removal/recovery of metals from effluents using the microbial fuel cells technology. We'll first summarize the principle of metal removal/recovery in microbial fuel cells, and then provide an overview of literature that attempted to treat metal loaded effluents in both single and double chambered microbial fuel cells while discussing power output, heavy metal removal efficiency and mechanisms involved in the process. Furthermore, the main challenges facing microbial fuel cells and their future applications in the treatment of heavy metals contaminated wastewater will be outlined.
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INTRODUCTION

Water is a precious commodity that suffers from various forms of pollution and degradation: ecosystems and people's health are directly impacted. Although seemingly inexhaustible, all countries will, in the short or long term, face the problem of its scarcity, which makes wastewater one of the most valuable resources for water and energy, and its treatment a major concern of the public authorities.

Heavy metals pollution is nowadays recognized as one of the most concerning environmental issues. Due to their recalcitrance, persistence in the environment and toxicity, the treatment of heavy metals is of special importance. In recent years, various physical, chemical, and biological treatment approaches for the removal of heavy metals from wastewater have been largely practiced. These methods include chemical precipitation, coagulation-flocculation, adsorption, membrane filtration, and electrochemical treatment technologies (Fu and Wang, 2011). However, in a bid to make the treatment of these metals both economical and eco-friendly, a lot of attention has been raised to develop novel clean approaches for the recovery of metals (Wang and Ren, 2014).

Microbial fuel cells (MFCs) have been proven to be a promising technology to harvest energy and treat wastewater owing to their low-cost and sustainability (Chouler et al., 2016). In their simplest form, MFCs consist of an anodic and a cathodic compartment that are generally separated by a proton exchange membrane (PEM) to avoid the migration of electrolytes from one chamber to the other (Ho et al., 2018). In the anode compartment, bacteria are used as catalysts to break down organic matter and generate electrons and protons. Electrons are then transferred to the cathode via an external circuit, while the protons diffuse through the PEM (Nimje et al., 2012; Mathuriya and Yakhmi, 2014; Miskan et al., 2016). By serving as terminal electron acceptors in the cathode compartment, metals can be electrochemically reduced and eventually be recovered from the cathode surface (Ucar et al., 2017).

This chapter provides a brief introduction to the principle of metal removal and recovery in microbial fuel cells. Studies on metal removal/recovery in MFCs are also presented and reviewed separately in single chambered microbial fuel cells (SCMFCs) and double chambered microbial fuel cells (DCMFCs). Moreover, this review gives an insight into the major challenges holding back the application and the scaling-up of the MFC technology, including the thermodynamic limits, heavy metals biotoxicity, pH imbalance, and membrane biofouling.

PRINCIPLE OF HEAVY METALS REMOVAL IN MICROBIAL FUEL CELLS

In principle, anaerobic microbes forming an electroactive biofilm are used as catalysts in MFCs to harvest energy from the organic matter existing in wastewater (Nancharaiah et al., 2015). During the substrate oxidation process, electrons and protons are released into the aqueous solution (Mathuriya and Yakhmi, 2014). While the electrons produced are transferred from the anode to the cathode via an external circuit, the protons issued from the anaerobic respiration diffuse through the PEM, thus electricity is generated. Once at the cathode, electrons and protons are used for the eventual oxygen reduction reaction to form water (Mathuriya and Yakhmi, 2014; Nancharaiah et al., 2015; He et al., 2016). The concept of electroactive bacteria is far from being a new one: Potter (1911) was the first to report the liberation of electrical energy by both bacteria and yeast back in 1911. Exoelectrogens or electroactive microorganisms can be defined as prokaryotes that have the capability of interacting with charged conductive electrode surfaces, using them as either donors or acceptors of electrons (Nealson, 2017), with both Gram-positive and Gram-negative electricigens reported. This electron transport is carried out via extracellular electron transport (ETT), in which several mechanisms are employed (Kumar et al., 2016). However, both directions of EET are possible; meaning that it is not limited to the anode where this electrode accepts electrons from microorganisms, but it can also occur at the cathode where microorganisms accept electrons from this electrode (Choi and Sang, 2016; Doyle and Marsili, 2018). There are three possible ways used by microorganisms to transfer electrons to the anode electrode, including (a) direct contact; (b) pili/conductive wires; (c) redox mediators or electron shuttle (Kumar et al., 2016). It should be noted that microorganisms can use one or the combination of multiple mechanisms at a time for electron transport.

In general, the process of organic matter oxidation at the anode is coupled to the reduction of oxygen at the cathode (Ucar et al., 2017). However, any compound with a comparable or higher redox potential than oxygen can be reduced at the cathode, thus, elements like permanganate, ferricyanide, nitrate, persulfate, dye molecules, and most importantly heavy metals were used and proven to be efficient electron acceptors in the cathode of MFCs (Mathuriya and Yakhmi, 2014; Wang and Ren, 2014; Nancharaiah et al., 2015; Modestra et al., 2017). This is due to the fact that the reduction of these compounds is thermodynamically favorable which makes the flow of electrons from the anode to the cathode occur spontaneously and without ny external power consumption (Wang and Ren, 2014) (Figure 1).
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FIGURE 1. The principle of heavy metal removal in (A) a DCMFC with an abiotic cathode; (B) a DCMFC with a biocathode; (C) an air-cathode MFC.



HEAVY METAL REMOVAL MECHANISMS

Although a decent amount of studies have investigated the capacity of MFCs to remove heavy metals, there still is a lack of information on the mechanisms involved in the process of their removal. In abiotic cathodes, reduction and deposition at the cathode surface are the commonly investigated removal mechanisms (Colantonio, 2016; Isosaari and Sillanpää, 2017). Besides cathodic reduction, heavy metal removal in abiotic cathodes was demonstrated via chemical precipitation and electrochemical reduction (Colantonio, 2016). In biocathodes, besides the mechanisms mentioned above; heavy metal removal were demonstrated to be induced via a number of other mechanisms that include bioreduction, bioaccumulation, biosorption, and biomineralization (Wu et al., 2017).

ELECTRODE MATERIAL

Numerous factors were proven to influence the performance of MFCs including substrate, electron transfer mechanism in the anodic chamber, temperature, pH, terminal electron acceptors, configuration, the type of the PEM and the electrode material (Aghababaie et al., 2015). With the performance of the electrodes significantly affected by the type of material they are fabricated with, all throughout the last decade, many researchers focused on the electrode material because the performance of a MFC directly depends on the kinetics of its electrodes (Mustakeem, 2015).

Anode Material

The step in which the adequate anode material is being selected, is critical for the MFC performance in terms of microbial adhesion, transport of electrons from microbes to the electron acceptor and electrochemical efficiency (Dumitru and Scott, 2016). Therefore, the materials of which anodes are constructed need to possess a number of specific properties that help improve the interaction between the electroactive bacteria and the surface of the electrode as well as current collection. A large variety of anode materials have been evaluated for the enhancement of MFC performances including carbon- and metallic-based materials (Santoro et al., 2017). Owing to their severel characteristics that include being chemically stable, highly conductive, biocompatible and able to create a large surface area, carbon-based materials have been widely employed as anodes in MFCs. Among carbon-based materials, graphite rods (Liu et al., 2004), graphite plates (Rabaey et al., 2003), graphite felt (Zhang, Y. et al., 2012), carbon cloth (Liu et al., 2012), carbon brush (Yang et al., 2017), carbon mesh (Zhang et al., 2013), carbon veil (Gajda et al., 2017), carbon paper (Zhang, Y. et al., 2012), carbon felt (Paul et al., 2017), etc., are used as commercially available anode electrode material and have been examined as anode electrodes for MFCs (Hindatu et al., 2017). On the other hand, the antimicrobial property of metals makes it impossible for bacteria to grow on their surface. However, Baudler et al. (2015) recently demonstrated that this commonly reported antimicrobial characteristic does not apply to electrogens as they have the ability to grow on the surface of these metals, forming a highly performing electroactive biofilm. Thus, metal based materials have been investigated for MFC anodes with the main advantage of being more conductive than carbon based materials, robust and inexpensive. Among them, copper, nickel, silver, gold, and titanium were successfully explored as anode electrode materials (Fan and Liu, 2015).

Cathode Material

The cathode performance is considered a major obstacle holding back the development of MFCs. Thus, the fabrication of cathode materials that combine high power generation and columbic efficiency and reduced expenses is the most crucial and challenging aspect for the MFC technology to be successfully applied, particularly for the purpose of the treatment of wastewater (Rahimnejad et al., 2015). In addition to being robust, a good cathode must be mechanically strong, highly conductive, and possesses catalytic properties (Mustakeem, 2015).

Most of the previously mentioned base materials employed for anodes in MFCs have also been employed for cathodes, with platinum being the most widely used cathode catalyst. In general, cathodes can be classified into two categories: abiotic and biocathodes, while biotic cathodes can be either aerobic or anaerobic (Modestra et al., 2016).

Cathodic Electron Acceptor

During organic matter degradation, electrons released travel to the anodes to eventually be oxidized by electron acceptors at the cathode (Yusuf and Naeyor, 2011). While most studies focused on the electron donor/substrate used in the anode, less attention was drawn to cathodic electron acceptors even though they represent one of the major factors influencing the performance of MFCs. Some of the characteristics that make a good electron acceptor are: fast kinetics, high redox potential, availability in the environment, sustainability, and low cost (Lu and Li, 2012).

So far, oxygen is recognized as one of the most useful and commonly utilized electron acceptors in MFCs owing to its ready availability, high oxidation potential, and the advantage of producing a clean product that is water, once it is reduced (Logan and Regan, 2006). Yet, many studies stated that the oxygen supply required at the cathode is power-hungry (Logan, 2009; Strik et al., 2010). However, due to the urgent need of alternative electron acceptors with diverse redox and more effective cathode reactions, recent studies started to evaluate the feasibility of using different electron acceptors (Ucar et al., 2017).

Besides oxygen, ferricyanide (Wei et al., 2012; Wu et al., 2013; Onyeka et al., 2017) and permanganate (You et al., 2006; Cai et al., 2016) are another commonly used terminal electron acceptors in MFC studies. When used as the cathodic electron acceptor in a MFC, You et al. (2006) reported that permanganate recovered much more electrical power than ferricyanide with a generated maximum power density of 115.60 and 25.62 mW/m2, respectively.

In a bid to improve power generation, reduce costs and expand the MFC based technology in different areas, many researchers begun to consider and investigate the performances and applicability of using alternative electron acceptors (Ucar et al., 2017). It has been recently found that when used as electron acceptors; some heavy metals; known for their extreme toxicity and recalcitrance in the environment but more importantly their rarity, can be deposited and thus recovered at the cathode, suggesting that MFCs are not only capable of generating electricity but have also the ability to eliminate/recover these compounds from wastewater (He et al., 2015). These metals include: uranium, silver, chromium, mercury, copper, among others (Ucar et al., 2017).

REMOVAL OF HEAVY METALS IN MFCS

Both single and double chambered MFCs were employed for the removal of heavy metals, in which the function of the anodic chamber in mainly to break down the organic matter serving as both the carbon and electron donor, while the removal of heavy metals takes place in the anaerobic cathodic compartment (Mathuriya and Yakhmi, 2014). Reduction of metals such as chromium, silver, copper, cobalt, selenite, vanadium, iron, cadmium, and zinc are presented and discussed in the section that follows in both double (abiotic/biocathodes) (Tables 1, 2) and single chambered MFCs (Table 3), separately.


Table 1. Bioelectrochemical removal/recovery of metals in double chambered microbial fuel cells with abiotic cathodes.
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Table 2. Bioelectrochemical removal/recovery of metals in double chambered microbial fuel cells with biocathodes.
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Table 3. Bioelectrochemical removal/recovery of metals in air-cathode microbial fuel cells.
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In DCMFCs With Abiotic Cathode

Chromium

Chromium (Cr) is available in the environment under two oxidation states: Cr(III) (trivalent) and Cr(VI) (hexavalent) (Oliveira, 2012). Cr(VI) was proven to be toxic, mutagenic and highly carcinogenic (Hamilton et al., 2018; Renitta et al., 2018). Because of its wide range of applications such as tanneries and metal plating, Cr(VI) is known to be one of the most alarming contaminants of the environment, which makes its remediation one of a major concern (Peng et al., 2018; Renitta et al., 2018). Wang et al. (2008) were the first to explore the electrochemical reduction of Cr(VI) in MFCs using graphite plate electrodes. A maximum power density of 150 mW/m2 was generated with a reduction rate of 0.67 g/m3/h at a concentration of 200 mg Cr(VI)/L. With the use of a cost-effective salt bridge instead of an expensive membrane like Nafion or Ultrex, Sophia and Sai (2016) reduced the total of 5 mg/L of chromium and 80% of 10 mg/L with a maximum power density of 92.65 and 75.08 mW/m2, respectively. It should be mentioned that most of the studies in DCMCs used only a proton or cation exchange membrane. Studies with these two types of membranes showed a decline in bioelectricity production and resulted in performances that are less stable. This decrease was explained by the pH imbalance between the two compartments of the MFC. To tackle this problem, Kim et al. (2017) evaluated and compared MFCs performances in the presence of a PEM and a bipolar membrane for the treatment of hexavalent chromium. Better removal efficiencies of Cr(VI) and simultaneous higher bioelectricity were obtained with the bipolar membrane. Moreover, when using the PEM, the lower pH at the cathode led to a decrease in the pH of the anode chamber because of the flow of protons across the PEM, and thus caused the inhibition of the anodic oxidation reaction. This work established that by using a bipolar membrane both current production and chromium removal were improved. In an attempt to reduce the operational costs of MFCs while enhancing the reduction rates of MFCs, Gupta et al. (2017) tested for the first time the feasibility of using an alumina (AA)/nickel (Ni) nanoparticles (NPs)-dispersed carbon nanofiber (CNF)-based cheap electrode in a mediator-less DCMFC. At 100 ppm-concentration, Cr(VI) was completely removed with a maximum power density of 1,540 mW/m2 and a cathodic columbic efficiency of 93%. Fe(III) is known to be an environmentally friendly and cost effective mediator in MFCs. In order to elucidate the mechanism behind Fe(III) mediation and the boost of Cr(VI) reduction, Wang et al. (2017) investigated its role as a mediator in a MFC to enhance the reduction rate of Cr(VI). It was observed that both the conversion of chromium and the cathodic coulombic efficiency (CE) showed an in increase in the presence of Fe(III). In addition, Fe(III) majorly contributed in the decrease the overpotential for Cr(VI) reduction. Higher concentrations of Cr(VI) were successfully removed by Li, M. et al. (2018) in a DCMFC, by utilizing three different types of cathodes including carbon felt, carbon brush cathode and carbon cloth. Amongst the three cathodes, the MFC functioning with the carbon cloth exhibited a higher power density than the other cathodes, while removing the total of 80 mg/L of Cr(VI) via the electrochemical reduction of Cr2O[image: image] to Cr(OH)3.

Silver

Silver, as a naturally occurring precious metal exists in the effluents of many industries (Birloaga and Vegliò, 2018). Silver has many valuable features and properties such as good electrical and heat conductivity, malleability, ductility, light-reflectivity and strength, which makes this metal find application in electronic, jewelery, and photographic industries (Nawaz and Sengupta, 2017). Due to its limited availability and decreasing natural resources, the recovery of silver from industrial water is essential for environmental and economic profits (Ho et al., 2018). Chemical precipitation, adsorption, biosorption, and bioreduction are amongst the conventional methods that are currently used for Ag(I) removal from wastewater (Li, X. et al., 2018). In a cost-effective MFC, silver recovery efficiencies as high as 99.91–98.26% were obtained with initial concentrations ranging from 50 to 200 ppm, with a maximum power density of 4.25 W/m2 after 8 h operation (Choi and Cui, 2012). In another study, Tao et al. (2012) reported the cathodic reduction of both Ag+ ions and [AgS2O3]− to Ag0, with acetate as electron donor. With an initial metal concentration of 1 mM, power densities of 109 and 35 mW/m−3 for Ag+ and [AgS2O3]− were achieved and 95% of Ag(I) was removed. However, for a better representation of the practical and more complex real silver wastewater, Wang et al. (2013) investigated the recovery of silver from wastewater in the presence of ammonia. A maximum electricity of 3.2 J was generated and 1.6 g of pure silver was recovered and deposited on the cathode, while 1 g COD (83%) was removed from the anode solution simultaneously.

Copper

The increasing imbalance between copper demand and copper supply in the globe has made its extraction/recovery from a vast variety of industrial effluents and radioactive wastes become crucial both from the aspect of economics and environmental protection (Kilicarslan and Saridede, 2013; Ahmed et al., 2016). Additionally, copper is known to be highly toxic and can result in some seriously harmful biochemical effects on human beings, which makes its removal a necessity. Heijne et al. (2010) investigated copper recovery in a DCMFC by the use of a bipolar membrane to separate the two chambers. Removal efficiencies of around 99.88% were obtained with maximum power density of 0.43 W/m2 generated under anaerobic conditions in the cathodic compartment. While most studies attempted the treatment of copper in the cathode department, Miran et al. (2017) demonstrated efficient copper removal in the anodic chamber of a DCMFC by using a sulfate reducing bacteria-enriched anode. They reported that the MFC performance improved at low metal concentrations of Cu2+up to 20 mg/L, this resulted from the stimulation of biological reactions by this metal. A novel cell design was operated by Motos et al. (2015) with the aim of increasing current and power density of a copper reducing DCMFC. To do so, a new strategy was adopted to decrease the internal resistance by making four main changes: reducing the distance between the anode and the cathode from 3 to 0.5 cm, using an anion exchange membrane to reduce the internal resistance, using a copper plate instead of graphite paper as cathode, and carbon felt instead of graphite paper as anode to attain high specific surface area.

Cobalt

Although cobalt is a metal of great value from a biological point of view, as it is an essential enzyme cofactor in most living organisms (Lwalaba et al., 2017), when present in excess, this metal can cause serious health hazards to living being and ecosystems due to its toxicity. Excessive exposure to cobalt was shown to induce numerous diseases such as contact dermatitis, asthma, pneumonia, and lung cancer (Pimentel et al., 2014).

Owing to the high positive potential (+1.61 V vs. SHE) of the Co(III)/Co(II) redox couple, Co(III) is an efficient terminal electron acceptor in MFCs Nancharaiah et al. (2015). Huang et al. (2013) achieved cobalt leaching from LiCoO2 in MFCs by the use of acetate as a substrate with an acclimated bioanode. It was found that factors like solid/liquid ratio, external resistor, solution conductivity, pH, and temperature had an influence on the system performance. A pH of 1.0 and a temperature of 35°C appeared to improve cobalt leaching. The improvement of both cobalt leaching (by 308%) and acid utilization efficiencies (by 171%) was successfully accomplished in DCMFCs by adding a concentration of 10 mg/L of Cu(II) (Liu et al., 2013). It was demonstrated that a pH of 2.0 was more preferable than 3.0. While previous studies focused on the use of either MFCs on MECs for cobalt leaching, a new approach that combines the two technologies was adopted by Huang et al. (2014). The self-driven MFC-MEC system was able to attain the complete cobalt recovery starting by the release of Co(II) from LiCoO2 on the cathodes of MFCs, then using the energy harvested from these MFCs to power MECs where the reduction of Co(II) to final Co(0) took place.

Vanadium

About 38,000 tons of vanadium is produced in the world annually. This element has the property of making steel vibration- and shock- resistant, which is why is it often used as steel additive (Weckhuysen and Keller, 2003). Despite its importance as micro-nutrient, vanadium was proven to be implicated in many human diseases (Mukherjee et al., 2004).

By using the dissimilatory microbes of Rhodoferax ferrierducens as an inoculum in the anode chamber,(Li, H. et al., 2009) achieved the reduction of V5+. Adding 300 mg/L of NaVO3 in the anode increased the maximum current production up to 0.6 mA. A number of parameters affected the reduction of V5+ including: pH, temperature and stirring speed. In another study, the use of two different electron acceptors in the cathodic compartment was reported for the very first time (Zhang, B. et al., 2012). It was possible to simultaneously reduce both V(V) and Cr(VI) after 240 h operation, the V(V) and Cr(VI) reduction efficiencies were 67.9 and 75.4%, respectively. A maximum power density of 970.2 mW/m2 was obtained in this study. It should be noted that the power output obtained in this study was higher than that in MFCs where vanadium was the only electron acceptor.

DCMFCs With Biotic Cathodes

Conventional MFCs consist of bioanodes and abiotic cathodes. Abiotic cathodes usually require the presence of a mediator or a catalyst such as platinum to accomplish the oxygen reduction (He and Angenent, 2006). However, increased expenses, the poor stability for long-term operation caused by catalyst poisoning and the low operational sustainability prevent the practical applications of Pt-based cathodes (Kalathil et al., 2017). Such drawbacks can be vanquished by employing biotic cathodes, in which microorganisms are used to assist cathodic reactions. Biocathodes possess some interesting features that make them present many benefits over abiotic cathodes due to the reduced costs; since pricey mediators or metal catalysts such as platinum can be omitted (Watanabe, 2008). In addition, they eliminate the need for electron mediators and avoid sulfur poisoning of Pt chamber which could enhance the stability and sustainability of MCFs at hostile conditions of wastewaters (Rahimnejad et al., 2015). In a comparative study, Jang et al. (2013) reported that unlike the current from abiotic cathode MFCs that did not change, the current of biotic cathode MCs increased and stabilized after 8 weeks operation. In addition, both power densities and coulombic efficiencies were much higher in biotic cathode MFCs (430 W/m3 and 59.6%) than the MFC with abiotic cathode (257 W/m3 and 15.6%). Electron microscopic observation revealed the production of nanowires by bacteria developed on both the anode and the biocathode. These nanowires can be used by bacteria to accept and transfer electrons from the electrode. The addition of the respiratory inhibitor azide to the catholyte did not affect the abiotic cathode, while the current dropped in MFCs with biotic cathode.

Although metals have been used as electron acceptors in abiotic cathodes, the study of biocathodes for metal elimination/recovery is still in its infancy; hence the small number of work conducted in this area, with chromium being the first and most extensively studied metal. Tandukar et al. (2009) were one of the first groups to adopt biocathodes for the treatment of Cr(VI)-contaminated wastewater. Starting with initial hexavalent chromium concentrations below 80 mg/L, the reduction was relatively fast, however, at 80 mg Cr(VI)/L the reduction became extremely slow. A maximum power density of 55.5 mW/m2 was achieved.

It should be noted that inoculation and MFC architecture play an important role in the improvement of hexavalent chromium reduction rate and power output, as established by Huang et al. (2010). By working with a MFC architecture with a relatively large cathode specific surface area of 340–900 m2 m−3 and employing indigenous bacteria from Cr (VI)-contaminated site as inoculums, Huang et al. (2010) were able to enhance Cr (VI) reduction and power generation using biotic cathode. At an initial hexavalent chromium concentration of 39.2 mg/L, a maximum power density of 2.4 W/m3 was achieved. They also demonstrated that initial Cr (VI) concentration and the conductivity of the solution had an effect on Cr (VI) reduction rate, power generation and coulombic efficiency. Wu et al. (2015) enhanced Cr(VI) reduction efficiency in biocathode MFCs by establishing a novel acclimatization method. After enriching a stable electroactive biofilm on a MFC anode, this electrode was transferred to the cathode and serve as a biotic cathode in a hexavalent chromium reducing MFC. The direct inversion of the bioanode appeared to improve the electricity generation by increasing both voltage and power density and lowering the internal resistance compared to the control. With the material of the cathode being one the most factors limiting MFCs performances, researchers like Song et al. (2016) focused on the fabrication of a simple and effective biocathode for the treatment of hexavalent chromium by using microbially reduced graphene. Compared to graphite felt biocathode (28.6 mW/m2), the maximum power density of the MFC was 5.7 times higher with a graphene biocathode (163.8 mW/m2), with a superior removal of Cr(VI) within 48 h as well. The mechanism behind this enhancement was explained by the fact that more adsorption sites were available owing to the high surface area of the graphene electrode. Besides electrode materials, Xafenias et al. (2015) demonstrated that membranes also affect the performance of MFCs. They reported that the employment of appropriately selective membranes for the separation of the anolyte from the catholyte to prevent the crossover of the negatively charged hexavalent chromium ions to the anodic chamber is crucial, as the presence of Cr(VI) in the anodes of MFCs will brutally and irreversibly inhibit anodic current production.

Besides chromium, vanadium was also studied by Qiu et al. (2017) in the biocathode of a DCMFC. With an initial concentration of 200 mg/L and after 7 d operation, the nearly total removal of V(V) was achieved due to synergistical electrochemical and microbial reductions. A higher maximum power density of 529 mW/m2 was achieved in the MFC with biotic cathode than that in MFC with abiotic cathode 478 mW/m2.

In Air Cathode MFCs

Until now, most studies focused on the reduction of metal ions in anaerobic cathodes of DCMFCs to avoid the migration of metals from the air-cathode to the anode, and to prevent the anodic biofilm from being potentially inhibited. However, the separation of metals and organic matter is not practical when it comes to real wastewater treatment, because both of these elements co-exist in the same water stream (Wang and Ren, 2014). Besides, the high cost of the proton exchange membrane in DCMCs also represents a major obstacle, and the internal resistance is higher than that of SCMFCs which results in lower power output. To defeat these difficulties, recent studies started to consider SCMFCs where the configuration is simplified, the operation cost is reduced and the same solution that contains both contaminants and organic matter is supplied to one chamber. Yet, the number of works conducted in this area is still pretty limited (Wang and Ren, 2014).

 Catal et al. (2009) were the first to investigate the capability of a SCMFC to simultaneously generate electricity and remove metals, in this case selenite, using acetate and glucose as carbon sources. With glucose as substrate, selenite did not have any effect on power production up to 125 mg/l. Besides selenium, Abourached et al. (2013) evaluated the impacts of two other heavy metals (Cd and Zn) on power output. High power production (3.6 W/m2) and high Cd (90%) and Zn (97%) removal efficiencies were attained simultaneously.

Fe(III) and Cr(VI) were both evaluated as electron acceptors in SCMFCs by Li et al. (2014). In general, higher metals concentration generally resulted in higher power output, but a chromium concentration of 10 mg/L started to irreversibly inhibit power production. However, iron concentrations did not negatively affect the performances of SCMFCs. The conversion efficiencies of chromium and iron were high (>89%) and coulombic efficiency ranged from 23 to 100%.

In a more recent study by Wu et al. (2018), copper was effectively removed at a concentration of 12.5 mg/L of Cu2+. Simultaneous copper removal and electricity generation were achieved with a removal efficiency of 98.3% and a maximum power density 10.2 W/m3.

CHALLENGES AND OPPORTUNITIES FOR THE SCALING-UP OF MFCS TREATING HEAVY METALS

The major challenge facing MFCs has to be their inability to treat all metal ions. The MFC system has been used to reduce various heavy metal ions, including chromium, copper, cobalt, vanadium, and mercury. However, it should be noted that only when the reduction is thermodynamically favorable; meaning that the target metal has a positive standard potential; metals can serve as direct electron acceptors without any external power supply (Nancharaiah et al., 2015). However, metals with comparable or lower redox potentials than the anode potentials cannot spontaneously accept electrons from the cathode and therefore require an external power supply to force the electrons travel to the cathode in order to be reduced. Nickel, lead, cadmium, and zinc are among these metals (Wang and Ren, 2014).

For instance, nickel [Ni(II)] has an electrochemical redox potential of −0.25V (vs. NHE) therefore cannot be spontaneously reduced in a MFC. Qin et al. (2012) investigated the treatment of wastewater containing nickel ion (Ni2+) in both a MEC (microbial electrolysis cell) and a MFC in order to compare the performances of the two. At a concentration of 1,000 mg/L of Ni2+, the removal efficiency with the MEC was three times higher than that with a MFC. The removal efficiencies were 33 and 9% in the MEC and MFC, respectively. They attributed the removal of Ni2+ in the MFC to the adsorption by the membrane and the cathode. These results demonstrated that the nickel reduction at the cathode compartment was unachievable through the bioelectrochemical reaction in the MFC but also indicated that the MEC has a great potential in the efficient removal of Ni2+ from wastewater.

In an interesting attempt to overcome this thermodynamic limit of MFCs, Choi et al. (2014) came up with an innovative configuration using two reactors where one reactor (Cr-MFC) is used to power another reactor (Cd-MFC) for the reduction of cadmium. They managed to successfully compensate for the insufficient voltage and power needed to recover cadmium by combining (in series) two double chambered MFCs. The Cr-MFC operated as a redox-flow battery, and they were able to drain electrical energy from the DCMFC by using an additional passage. In another attempt to recover cadmium, Zhang et al. (2015) stacked MFCs using either Cr(VI) (Cr-MFCs) or Cu(II) (Cu-MFCs) as a final electron acceptor to self-drive MECs using Cd(II) (Cd-MECs) as an electron acceptor. The reduction of Cr(VI) and Cu(II) in MFCs and Cd(II) in MECs was successfully and simultaneously achieved with no external energy supply.

Another challenge that has been holding back the application of MFCs for the removal/recovery of heavy metals is the deterioration of performances and removal efficiencies. Having clear impacts and inhibitory effects on the activity and metabolism of microbes, it is only normal that the biotoxicity of certain heavy metals would negatively affect the performance of MFCs.

 Xu et al. (2016) investigated the impacts of various heavy metal ions including: copper, nickel, cadmium, manganese, zinc, chromium, and cobalt on energy output of MFCs. All metals with no exception were proven to be toxic to S. oneidensis MR-1 and showed an inhibition of voltage at a certain concentration. However, at concentrations <100 ug/L for copper and 1 mg/L for cadmium, a significant improvement of voltage output was noticed. These results were explained by the improvement of riboflavin production and bacteria attachment on the electrode by the addition of Cu2+ or Cd2+, resulting in the enhancement of bacterial extracellular electron transfer. In a SCMFC constructed by Wu et al. (2018), the tolerable concentration of copper was ~12.5 mg L−1. A higher concentration of 15 mg/L resulted in a diminution in copper removal and inhibited the electricity production. According to a research by Abourached et al. (2013), heavy metals negatively affected the anodic performance by principally inhibiting the microbes at the anode due to their toxicity.

It should be mentioned that even though tubular MFCs were also employed (Huang et al., 2011), air-cathode and double chambered MFCs remain the mostly used designs for the removal of heavy metals. And although each one of these two configurations has its own benefits, they both come with many significant drawbacks. For example, the advantages of SCMFCs are the simple configuration and the low operational costs owing to the lack of a PEM and the direct utilization of passive air that eliminates the need of aeration (Liu et al., 2005, 2008; Fan et al., 2007). Yet, one of the main disadvantages of PEM-less MFCs is that the CE is much lower than those containing a PEM which is caused by substrate consumption by the oxygen diffused from the cathode to the anode. Besides, the thermodynamic and kinetic constraints of oxygen reduction reaction in the cathode of SCMFCs results in lower power densities (Yang et al., 2016). However, the presence of the PEM which is an essential constituent in DCMFCs because it physically separates the anode compartment from cathode compartment whilst permitting the diffusion of protons from the anode to the cathode, maintains the ion and electron balance, reduces oxygen diffusion to the anode and, thus, results in improved CE values (Lu et al., 2015; Yang et al., 2016). Nevertheless, the use of membranes can create pH imbalances between the anode and the cathode chamber which is caused by the anode chamber acidification developed due to the limited proton transfer across the PEM and the accumulation of protons in this chamber (Logan et al., 2015; Songhe and Bing, 2015). This problem leads to deteriorated performances and a limited extent of power generation by inhibiting the microbial activity. In DCMFCs, the pH imbalance that contributes to potential losses and, therefore, power losses can be lessened by the addition of phosphate buffers during operation to reduce the pH difference between the anode and cathode. However, in addition to being non-sustainable the use of buffers increases the operating costs and material demand (Fornero et al., 2010). To tackle the problem of proton accumulation in the anode chamber that negatively affects both operational stability and electricity generation in DCMFCs, Yang et al. (2016) developed a novel hybrid MFC-stack based on single and double chambered MFCs for self-sustaining pH control. The highest power output was generated by the hybrid stack compared with the stacks that consisted exclusively of SCMFCs or DCMFCs.

Besides the pH imbalance that limits the extent of power generation, the use of PEMs in DCMFCs has another downside to it, which is membrane fouling. This unwanted phenomenon always occurs in MFCs, as biofilm will inevitably grow on and inside separators during long-term operation (Flimban et al., 2018). Therefore, the effects that membrane fouling have on the MFC performance were investigated by many researchers (Christgen, 2010; Ghasemi et al., 2012; Xu et al., 2012; Liu et al., 2014; Songhe et al., 2015; Cheng et al., 2017). As a result of inadequate regular PEM cleaning, Flimban et al. (2018) demonstrated that PEM biofouling in both anodic and cathodic sides, significantly affected CEs and maximum power densities which resulted in a decrease in energy production. It was also revealed by SEM that the significant amount of microbes accumulated and their end-products that caused the formation of a thick biofilm on the PEM surface resulted in a decline as well as the prevention of the passage of H+ from the anodic to the cathodic compartment. In a similar study, organic and inorganic compounds were found out to reinforce the layer of biofouling (Miskan et al., 2016). As the thickness of the biofouling layer increased, the proton conductivity of the Nafion 117 membrane decreased, leading to an increment in membrane resistance due to the limited proton transfer through the membrane. Additionally, the power density of the MFC exhibited a 55% reduction from 1 W/m2 at 2 months of operation to 0.45 W/m2 at 6 months of operation. Since PEMs can be utilized in both single and double chambered MFCs, Xu et al. (2012) studied the effects of biofouling in an air-cathode MFC. They reported that the main characteristics of PEM including: ion exchange capacity, conductivity and diffusion coefficients of cations were significantly reduced after biofouling, leading to the deterioration of performances and a decrease in electricity generation. In addition to the limited cation transfer that caused the physical blockage of charge transfer, membrane biofouling also contributed to cathodic potential loss. However, to guarantee time stability and sustainable electricity generation, the fouled PEM has to be recovered or replaced with a new one (Xu et al., 2012). Since the biofouling of the PEM could occur 6 months after the starting up, authors like Flimban et al. (2018) recommended to clean the PEM membrane every 6–7 months in order to avoid biofouling. Unfortunately, this could be practical on a laboratory scale but not on large scales. Additionally, as PEM is pricey and occupy about 38% capital cost of MFCs (Tang et al., 2010; Songhe et al., 2015); if replaced; the high cost of PEMs would be a big obstacle, especially for the scaling up and future practical application of MFCs. Generally, MFC separators are fabricated with ion-exchange perfluorinated membranes, the most common of them being Nafion. In an effort to overcome the major obstacle of membrane biofouling, Angioni et al. (2017) tested the feasibility of using composite separators based on polybenzimidazole as an alternative to Nafion membrane. Besides their easy synthesis/process, low-cost and chemical stability, polybenzimidazole based membranes lead to a significant boost of power density, operating life, and the efficiency of wastewater treatment with reference to Nafion membrane. In contrast to Nafion, whose surface was colonized by a dense biofilm, which negatively affected the MFC performances over long-term operation, polybenzimidazole membranes protected the MFC from biofouling, as the adhesion of bacteria was inhibited by this polymer (Angioni et al., 2017).

OUTLOOK

Conventional methods used to treat wastewater loaded by heavy metals depend on the origin of the water to be treated and the treatment objective related to the quality of the receiving environment. The main techniques used in wastewater treatment are physical (membrane filtration, ion exchange, etc.), chemical (precipitation, electrochemical methods, etc.), and biological (biosorption, bioremediation, etc.) (Wang and Ren, 2014). Different processes have demonstrated different efficiencies for wastewater. For example, chemical precipitation is the most traditional and widely used technique for the removal of metals from aqueous systems. However, the problem of chemical precipitation is the large amount of toxic sludge generated, which requires additional treatment before disposal. Physical and chemical methods are efficient but require high investment costs and are considered as high consumers of electrical energy.

Biological methods are considered as sustainable technologies of lower impact on the environment. Bioremediation is recognized as profitable, eco-friendly, non-invasive, cheaper than other conventional methods, and it is an enduring solution that can end with the degradation or transformation of environmental contaminants into nontoxic or less toxic forms. It can use microorganisms/enzymes to clean up metal-contaminated wastewater while maintaining regular metabolism (Fernandez et al., 2018). Advantageous characteristics that include small genome size, short replication times, relative simplicity of the cell, rapid evolution, and adaptation to the new environmental conditions made microorganisms the key players in bioremediation technologies (Dvořák et al., 2017; Mary et al., 2018). In general, bioremediation processes include bioaccumulation, biosorption, biotransformation and biomineralization using microbes. Amongst these, biosorption is a promising technology that presents major over conventional treatment methods such as low operational cost; simplicity; high efficiency; minimization of chemical and biological sludge; and the possibility of metal recovery (Fernandez et al., 2018).

Indeed, one of the pillars of the circular economy and the 4th Industrial Revolution is the valorization of chemical wastes accumulating in industry (Dvořák et al., 2017). The microbial fuel cells technology is a suitable candidate process that can valorize wastes and was demonstrated to not only treat chemical wastes but also achieve the recovery of chemical products such as heavy metals while simultaneously producing electrical energy. However, one of the biggest challenges in MFC development is the scaling-up of MFCs for practical applications, which includes increasing the capacity of wastewater treatment and transferring energy from multiple cells in one MFCs system. In general, a deterioration of performances is observed as the size of MFCs increases, probably due to the limitation of mass transfer in larger electrodes (Ge et al., 2013). Owing to the interconnection between many components of the MFC system that include anode, cathode, biofilm formation, and power generation; the scaling-up of MFCs should not be limited to the augmentation of the anode volume, but must also involve the appropriate amplification of electrodes, membranes, and catalyst coating power generation. Moreover, researchers should also focus more on the major challenges addressed in section Challenges and Opportunities for the Scaling-Up of MFCs Treating Heavy Metals; including membrane and cathode biofouling, pH imbalance, and MFCs architecture.
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