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Abstract

:

Microbial fuel cells (MFC) are an emerging technology for wastewater treatment that utilizes the metabolism of microorganisms to generate electricity from the organic matter present in water directly. The principle of MFC is the same as hydrogen fuel cell and has three main components (i.e., anode, cathode, and proton exchange membrane). The membrane separates the anode and cathode chambers and keeps the anaerobic and aerobic conditions in the two chambers, respectively. This review paper describes the state-of-the-art membrane materials particularly suited for MFC and discusses the recent development to obtain robust, sustainable, and cost-effective membranes. Nafion 117, Flemion, and Hyflon are the typical commercially available membranes used in MFC. Use of non-fluorinated polymeric membrane materials such as sulfonated silicon dioxide (S-SiO2) in sulfonated polystyrene ethylene butylene polystyrene (SSEBS), sulfonated polyether ether ketone (SPEEK) and graphene oxide sulfonated polyether ether ketone (GO/SPEEK) membranes showed promising output and proved to be an alternative material to Nafion 117. There are many challenges to selecting a suitable membrane for a scaled-up MFC system so that the technology become technically and economically viable.
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1. Introduction


Many wastewater treatment techniques are used to remove contaminants from wastewater so that it can be returned safely to the water cycle. Typically, these include anaerobic digestion, aerobic activated sludge process, chemical precipitation, coagulation, flocculation, neutralization, adsorption, etc. These technologies require energy for operating and dealing with sludge management issues. Anaerobic digestion also generates sewage/biogas while effectively treating the sewage. Biogas is a mixture of methane (CH4), carbon dioxide (CO2), and water (H2O). The process of generating methane is called methanogenesis, and the microorganism involved in the process are methanogens. Methane can be used as fuel for heating, transport or generating electricity.



On the other hand, in a microbial fuel cell (MFC), the electroactive microorganism called exoelectrogen consumes organic matter present in wastewater and converts it directly into electricity. The microorganism oxidizes the organic matter and produces H+ ions (protons) and electrons in the anodic chamber. Protons are allowed to migrate towards the cathode chamber through the proton exchange membrane, and the electrons are made to flow via an external circuit to the cathode, where the reduction of H+ ion takes place.



Barnett Cohen observed this phenomenon in 1931 and created microbial half fuel cells (MFC) that, when connected in series, were capable of producing over 35 volts with only a current of 2 milliamps [1]. Over the years, it has been shown that MFC technology has potential for wastewater treatment and energy generation. There are other types of devices that generate electricity directly from fuel, such as polymer electrolyte membrane fuel cell (PEM), reverse polymer electrolyte membrane fuel cell (RePEM) and store energy such as redox flow batteries (RFB) which requires heavy metals [2,3]. The unique capability of MFC is to treat wastewater and produce electricity from microbial activity. Microorganisms not only reduced organic matter in the wastewater, but recent studies have found metal-reducing microorganisms that can also treat wastewater containing heavy and toxic metals [4,5]. PEM fuel cell requires an external source of hydrogen and oxygen gases to run the system [6]. In comparison, MFC is eco-friendly and self-sustainable technology to produce energy from waste material.



There are several papers in the last few decades that investigated MFCs for removal of BOD and COD [7], removal of toxic and heavy metals [8], and of course, generating electricity simultaneously [9]. Other applications include biosensors [10,11], bioremediations [12], nitrification and denitrification [13]. Some researchers also demonstrate the removal of various salts from saline water [14,15]. By modifying MFC’s architecture and operating conditions, the technology can be used to produce hydrogen. It is claimed that less energy is required compared to the electrolysis of H2O to produce hydrogen [16]. The researchers showed that carbon dioxide could be reduced in the anodic chamber to form methane gas [17]. However, many of these findings are preliminary studies at the laboratory level. In order to develop an application based MFC system such as removing heavy metals from wastewater, the design and operating conditions of the MFC must be enhanced [18]. The architecture and materials of the key components such as electrodes and membranes are critical for the optimal performance of the MFC [19].



This paper discusses the role of the proton exchange membrane on the overall performance of MFC. It also describes the design strategy for choosing the suitable membrane based on the application of the MFC system for enhancing the overall performance of the system. Here, the state-of-the-art of the latest advancement of membrane and analysis of the existing knowledge on membrane materials and their impact on performance and cost are presented.




2. Working Principle and Components of MFC


The schematic of MFC is shown in (Figure 1). The wastewater is fed into the anode chamber, where active microbes form a biofilm on the anode surface and microbes oxidize organic matter to produce electrons that are made to flow through an external circuit to reach the cathode. While the protons (H+) move internally through the proton exchange membrane towards the cathode chamber and meet electrons to complete the reaction by producing pure water [20]. The purpose of using a proton exchange membrane in between anodic and cathodic chambers is to allow only the H+ (proton) ions produced in the anodic chamber to pass through towards the cathodic chamber internally [21,22]. Electricity is generated due to the flow of electrons through the external circuit. There are two different reactions at anode and cathode; each has a different reaction rate and kinetics [23]. Each of these components contributes to the device’s performance. Hence, it is crucial to characterize the components to improve the performance of MFC.



Considering glucose as an example substrate [24,25], typical anodic and the cathodic half-reactions are given below [26]:



Anode half-reaction:


C6H12O6 + 6H2O → 6CO2 +24 H+ + 24e−



(1)







Cathode half reaction:


6O2 + 24e− + 24H+ → 12H2O



(2)







Complete reaction:


C6H12O6 + 6O2→ 6CO2 + 6H2O



(3)







Open circuit voltage generated can be calculated from the Gibbs free energy of water formation and charge of the electrons [27].


ΔE = −ΔG/nF



(4)






ΔE = 237,130 (J/mol)/2 × 96,480 (C/mol) = 1.23 Volts



(5)




where n is the number of exchanged electrons and F is Faraday’s constant. For the oxidation of hydrogen and water formation, n = 2; Gibbs free energy, ΔG is −237,130 J/mol; F = Faraday’s constant value is 96,480 C/mol [28]. Therefore, for generating energy for useful purposes, a number of cells need to be stacked [22].




3. Role of Proton Exchange Membrane and Characterization


The performance of an MFC depends on the microbial activity in the anodic chamber and the efficient passage of the protons into the cathodic chamber. In this regard, the membrane acts as a boundary between the anaerobic anode chamber and aerobic cathode and no undesired mixing of species between chambers is allowed [29]. The membrane should also facilitate transportation of only H+ ion from anode to cathode and repel all other anions and negatively charged particles and prevent crossover of O2 from cathodic to the anodic chamber.



Proton exchange membranes are partially permeable and made of ionomers that only conducts protons and restricts electrons. The membrane also does not permit the flow of any gaseous products (i.e., carbon dioxide (CO2) in the anodic chamber and oxygen (O2) in the cathodic chamber) [30]. The most commonly used membrane is Nafion from DuPont, an ionomer with a perfluorinated backbone such as Teflon [26]. Nafion has been widely used in other types of fuel cells and batteries such as polymer electrolyte membrane fuel cells (PEMFC), vanadium redox flow batteries (VRFBs) etc. [31]. The conductive co-polymer Nafion is a sulfonated tetrafluoroethylene-based fluoropolymer [32]. Nafion has a high hydrophobicity due to the presence of perfluoroalkyl backbones. As a cation exchange polymer, Nafion prevents anionic species from reaching the electrode surface while allowing cation to pass through. The hydrophilic Nafion film has a negatively charged sulfonate group that provides selective preconcentration of positively charged particles via electrostatic interaction. In contrast, the hydrophobic fluorocarbon chain gives a selectivity for the hydrophobic part of the molecule [27]. Moreover, Nafion provides good chemical and mechanical stability due to the Polytetrafluoroethylene (PTFE) backbone and strong C-F bonds. The advantage of using Nafion as a membrane in MFC is its excellent proton conductivity due to the significant phase separation between hydrophilic and hydrophobic domains. Other advantages are good antifouling capacity and chemical compatibility [31].



Proton conductivity acts as the fundamental property of membranes when assessing the potential material for membranes, especially for electricity generation applications. Resistive losses are dependent on the proton conductivity and ionic resistance of the membrane. Research work has been done to analyze the effect of the thickness of the membrane on the output performance of MFC. The experiments were done for three different thicknesses 2.5, 5, and 10 mm of the membrane made of fine fire clay material. The maximum absolute power around 2.1 mW was obtained using a 2.5 mm thick membrane since a thinner membrane has lower ionic resistance than the thick one [33]. A research study was carried out to analyze the effect of the thickness of the Nafion membrane used in an iron-chromium redox flow battery with thicknesses of 50, 126, and 178 µm. The maximum utilization of electrolytes was observed with a thickness of 126 µm. The outcome of the research work implies that the thinner membrane has less internal resistance and higher permeability to electro active species [34]. Another research work was carried out to analyze the effect of the thickness of nanocomposite membrane on the output of MFC by using STAT 15 optimization tool. The experiments were carried out using three different thicknesses of the nanocomposite membrane, such as 100, 120, and 140 µm. The maximum power density of around 147 mW/m2 was obtained for the membrane thickness of 120 µm (0.12 mm) [35]. Although the thinnest membrane was 100 µm but this study indicates the need to optimize the thickness of the membrane to minimize the internal resistance, ionic loss and maximize the permeability of electroactive species. At a molecular level, the proton transport in hydrated polymeric matrices is based on two principal mechanisms: proton hopping technique in which protons are transferred from one site to another through the formation [36] and breaking of hydrogen bonds known as Grotthuss-type mechanism and diffusion mechanism where water acts as the vehicle [37,38].



In MFC, the suspended microorganisms make a thin layer on the membrane surface. The formed thin layer may lead to choking of membrane called biofouling and has been observed by some researchers [39]. This fouling affects the flow of protons through the membrane [40]. According to another study, in a continuous flow, MFC may lose nutrients as the substrate present in influent wastewater passes through the membrane. Undesired oxygen diffusion from the cathodic chamber to anode also adversely affects microbial activity. So, considering all of these possibilities that may affect the cell’s performance, proton exchange membranes should exhibit certain characteristics. Understanding these characteristics also lead to modification of membrane design. The techniques to determine the essential properties of the membrane are described briefly below.



3.1. Water Uptake


The water uptake is a property that defines the amount of water retained by a saturated membrane. It is measured by immersing the membrane in demineralized water at 30 °C for 24 h to reach an equilibrium state [41]. The membrane gets swollen after this operation. The weight of the swollen membrane is measured after removing the excess water from the surface of it, and the dry weight of the membrane before it is introduced to deionized water is measured by drying it at 30 °C for 15 h [42,43]. The water uptake capacity is expressed as % and calculated using the following equation.


  W a t e r   U p t a k e   c a p a c i t y    ( % )  =    (  w t .   o f   s w o l l e n   m e m b r a n e − w t .   o f   d r y   m e m b r a n e  )    w t .   o f   d r y   m e m b r a n e     × 100  



(6)







Water uptake capacity is dependent mainly on the functional group of the polymeric membrane. Hydrophilic membranes have more water uptake capacity with a specific functional group such as -SO3H [44]. This property of the proton exchange membrane is sensitive since it is directly connected to the ion exchange capacity. Enhancement in water uptake can directly increase the ion exchange capacity of a particular polymeric membrane. A research study showed that in (VRFB) vanadium redox flow batteries, the maximum ion exchange capacity was obtained around 1.73 meq/g using a pristine SPEEK membrane with the highest water uptake capacity 35.1% compared to the other types [45].




3.2. Swelling Ratio


Polymer membrane starts swelling due to osmosis and absorption in the presence of solution depending on the specific solute concentration [46]. The membrane gets swelled when it comes in contact with deionized water. The thickness of the wet membrane is measured by allowing it to soak in deionized water at 30 °C for 24 h. It is allowed to dry at 30 °C for 15 h for estimating the dry membrane thickness [42]. The difference in the thickness between the swollen membrane and the dried membrane is measured. The swelling ratio is expressed as follows.


  S w e l l i n g   r a t i o    ( % )  =    (  t h i c k n e s s s   o f   w e t   m e m b r a n e − t h i c k n e s s   o f   d r y   m e m b r a n e  )    t h i c k n e s s   o f   d r y   m e m b r a n e     × 100  



(7)







The proton exchange membrane often shrinks and swells depending on the solute concentration of water. The membrane is regenerable and often needs to be regenerated with a dilute solution of strong mineral acids. During regeneration and operation, the membrane swells a lot due to the concentration difference of the aqueous solution. The swelling ratio plays a significant role when the membrane needs regeneration. An increase in the swelling ratio enhances the membrane’s life cycle and partially boosts the hydrophilicity, but excess swelling may adversely affect the mechanical properties. When the membrane swells, the size may become larger, but the thickness decreases. In this way, the membrane may become more porous, leading to gas/oxygen diffusion through the membrane [47].




3.3. Oxygen Transfer Coefficient


The proton exchange membrane restricts oxygen into the anodic chamber. The oxygen transfer coefficient is the property that defines the ability to transfer (diffuse) oxygen through the membrane. In order to measure this coefficient, the cathode chamber is recirculated with oxygen saturated demineralized water under continuous aeration. In contrast, the anodic chamber is kept anaerobic by sparging nitrogen or argon gas [48]. The perturbation in dissolved oxygen (DO) in the anodic chamber is measured by inserting a DO probe. The oxygen mass transfer coefficient and diffusion coefficient are calculated as below [49].


  O x y g e n   m a s s   t r a n s f e r   c o e f f i c i e n t    (   K O  ,   c m / s  )  =   − V   A × t × ln  [  (  C 0  − C  )  /  C 0  ]    



(8)




where V is the volume of liquid in the anaerobic chamber, A is the effective surface area of the membrane, C0 is the saturated oxygen concentration in the cathodic chamber, and C is the concentration of oxygen in the anaerobic anode chamber at a time t.


  D i f f u s i o n   c o e f f i c i e n t  (   D  o     ,   c  m 2   s   )  =  K O  ×  L t   



(9)




where, Lt is the thickness of the membrane [50].




3.4. Proton Conductivity


It is an important property of the membrane. Researchers have reported a method to measure a membrane’s conductivity and diffusion coefficient in MFC [51]. They filled two chambers with demineralized water with different proton concentrations C1, C2. Caustic soda lye was used to maintain the pH of chamber one at 10.5 and whereas, chamber two was filled with demineralized water at pH level 6.5. C22 is the proton concentration in chamber two after a certain time interval t. The proton transfer coefficient and diffusion coefficient are calculated as below.


  P r o t o n   t r a n s f e r   c o e f f i c i e n t  (   K H    c m / s  )  =   − V   A × t × ln [  (   C 1  +  C 2  − 2  C  22    )  /  (   C 1  −  C 2   )  ]    



(10)






  D i f f u s i o n   c o e f f i c i e n t  (   D H  ,     c  m 2   s   )  =  K H  ×  L t   



(11)




where V is the volume of two identical chambers, A is the effective membrane surface area, and Lt is the membrane thickness.



In most designs, the cathode chamber is always maintained in aerobic condition, and the condition in the anodic chamber is essentially kept anaerobic. Crossover of oxygen from cathodic to anodic chamber slows down the microbial activity in the anodic chamber leading to decrease output. There are many polyvalent cations other than the H+ ion present in the wastewater. Membrane selectively uptake the H+ ions [30] and helps to migrate them from anodic to the cathodic chamber. So, this property of the membrane is important since the selectivity of H+ ions over all other cations plays a significant role in output performance.




3.5. Substrate (Acetate) Diffusion Coefficient


The wastewater contains several organic compounds which are consumed by microbes. In MFC research work, several organic materials are used as a substrate, such as acetate, glucose, lactate etc. Transportation of acetate or substrate from anodic to the cathodic chamber is not desired since it inhibits the output performance [9], often known as substrate loss [52]. A simple experiment can determine the ability of a membrane to transfer the substrate from anode to cathode [53].



A known concentration of acetate is used in demineralized water at the anodic side of the membrane and measured the change in acetate concentration in both chambers after a certain time interval t by using GC (gas chromatography). The Acetate transfer coefficient and diffusion coefficient are calculated as below.


  A c e t a t e   t r a n s f e r   c o e f f i c i e n t  (   K  A     c m / s  )  =   − V   A × t × ln [  (   C A  − 2  C C   )  /  (   C A   )  ]    



(12)






    D i f f u s i o n   c o e f f i c i e n t  (   D A  ,     c  m 2   s   )  =  K A  ×  L t   



(13)




where CA is the concentration of acetate in the anode chamber, CC is the concentration of acetate in the cathode chamber at time t, V is the volume of the chamber, and A is the effective surface area of the membrane.





4. State of the Art and Modification of the Membrane


As mentioned earlier, Nafion is the most used perfluorosulfonic acid (PFSA) membrane in MFCs. Nafion is s sulfonated tetrafluoroethylene-based conductive fluoropolymer. Nafion has a high hydrophobicity due to the presence of perfluoroalkyl backbones. The hydrophilic -SO3H groups are attached to the terminals, located at the end of the side chain. This fix negatively charged sulfonated group (-SO3H) at the terminal ends to enhance the proton conductivity of the membrane. The proton conductivity of Nafion 117 is 2 × 10−2 (S/cm), and it has an ion exchange capacity of 0.982 meq/gm. The water uptake capacity is around 22% at room temperature [30]. The oxygen transfer coefficient and diffusivity values are Ko = 1.6 × 10−4 (cm/s) and Do = 5.35 × 10−6 (cm2/s) respectively [52]. It has been investigated by several researchers that due to the values of oxygen transfer and diffusivity coefficient of Nafion, leakage of oxygen from the cathodic to the anodic chamber occurs. This phenomenon is quite undesired for the anaerobic microorganism in the anodic chamber.



Focusing on developing the efficacies of Nafion, many research works have been carried out based on its critical properties. Enhancement of proton conductivity and ion exchange capacity can directly boost the output of MFC. Minimizing oxygen transfer coefficient and acetate diffusion coefficient is another modification to enhance output. The recent development of Nafion and the use of other materials as a membrane in MFCs are briefly discussed in this section. Minimizing of migration of acetate was also achieved by using a membrane made of clay and activated carbon derived from coconut shells [53]. Several researchers have altered the essential properties of the membrane, either by modifying the Nafion membrane or by developing less expensive alternative and hybrid materials. These developments and modifications are discussed below.



4.1. Use & Modification of Perfluorinated and Non-Fluorinated Polymeric Membranes


Flemion™ and Hyflon® are commercially available Perfluorinated polymeric membranes used in PEM fuel cells [54], and therefore can also be used in MFC. A group of researchers have investigated the performance of Flemion in MFC and achieved 200 mW/m2 output power density [55]. Another research work reported using Hyflon in MFC and obtained around 80 mW/m2 from a stack of four MFC units, which is not very promising [30,56]. Various essential properties of the membrane were modified by several researchers by either adapting the Nafion membrane or developing cheaper alternatives and hybrid materials.



The improvisation of titanium dioxide (TiO2) in sulfonated polyether ether ketone membrane showed better results for ion-exchange properties, proton conductivity, oxygen transfer coefficient, and power densities than pure Nafion 117. The researchers had optimized the concentration of the titanium dioxide to modify the Nafion membrane. The best result was found at the TiO2 concentration of 7.5% [41]. Above 7.5% doping of TiO2 showed a blocking effect and started to hinder the conductivity of the proton through the membrane. Cation exchange membrane exhibits polymeric chain movement due to its long-chain polymeric structure. This movement of long-chain polymers helps to transport protons. Amount of doping more than 7.5% of TiO2 blocked the movement of the long-chain polymers. This phenomenon is called the blocking effect. The homogeneous distribution of TiO2 as an inorganic filler in Nafion makes the membrane more amorphous. An increase in the amorphous structure of the membrane leads to higher porosity than that for pure Nafion. The increase in the porosity leads to a comparably low-pressure drop and fouling across the membrane. Optimum doping of TiO2 in sulfonated polyether ether ketone showed robustness and sustainability in the long-run operation.



Some researchers have tested other inexpensive materials such as sulfonated silicon dioxide (S-SiO2) in sulfonated polystyrene ethylene butylene polystyrene and showed an increase in the output power densities compared to normal Nafion 117 [49]. They used a single-chambered microbial fuel cell in their experiment to measure the concentration dependencies of sulfonated silicon dioxide on output power densities. Based on the doping concentrations (2.5%, 5%, 7.5%, and 10%) the best result was obtained at 7.5% concertation of sulfonated silicon dioxide. The ion exchange capacity, the conductivity of protons, water uptake capacity, were improved, and the substrate loss was reduced. Migration of oxygen from cathode to anode was also minimum at 7.5% concentration. Ionic conductivity increased by three times compared to Nafion 117; proton conductivity increased by 1.6 times; water uptake capacity increased by 9.5 times; and the oxygen transfer coefficient decreased by 4.6 times.



Overall, the output of the test MFC increased by four-fold compared to Nafion 117. Moreover, the researchers reported an 83% decrease in cost compared to Nafion117, available at USD 1500 per 1 m2 area, whereas the cost of (S-SiO2)- (SSEBS) membrane is reported as around USD 250 [49]. The paper also showed the cost comparison of this nano synthesized membrane with Nafion 117 and a scaled-up MFC system of 1000 liter capacity [49].



A group of researchers [57] used graphene oxide (GO) in sulfonated polyether ether ketone (SPEEK) to find an alternative and inexpensive material compared to the Nafion117 membrane for MFC for wastewater treatment application. The modification slightly decreased the water uptake capacity of the membrane. However, hydrophilic oxygenated functional groups accelerated H+ ion transfer through hydrogen bond resulting in high proton conductivity. Although GO SPEEK produced 10% less power density than Nafion 117, the coulombic efficiency of the GO SPEEK membrane was 1.4 times more than that of Nafion. This modified membrane also offered an excellent antifouling property [57]. Therefore, a Modified GO SPEEK membrane can be a good option for wastewater treatment applications in MFC.



Another research group laminated the surface of the Nafion 117 membrane with chlorosulfonic acid to form sulfonated polyvinylidene fluoride (PVdF) [51]. This lamination inhibited the oxygen migration from cathode to anode, resulting in higher open-circuit voltages (OCVs) and coulombic efficiency than Nafion 117. The maximum power density obtained was around 446 mW/m2, and the blending of PVdF slightly increased the cell’s proton conductivity and ion exchange capacity. The modified membrane maintained the much-needed anaerobic conditions in the anode chamber due to the very low oxygen transfer coefficient and diffusivity property.



In another paper, blending of ion exchange material and polybenzimidazole (PBI) with polyvinylpyrrolidone (PVP) was carried out to increase the hygroscopic content of the membrane and increase the performance of the MFC [58]. The blend ratio of (PBI: PVP) was varied from 70:30, 50:50, and 30:70 and dependencies of blend ratio on the power output were evaluated. The 30:70 ratio of (PBI: PVP) showed the best output density of 231 mW/m2, compared with the output of other ratios [58].



Introduction of hygroscopic material such as 5% aluminum oxide (Al2O3) in sulfonated polyvinylidene fluoride (PVdF) copolymerized with hexafluoropropylene (HFP)/Nafion blended membrane electrode assembly improved the output power densities of MFC [46]. The use of Al2O3 made the process more expensive with respect to the achieved output. The addition of fillers such as ferrosoferric oxide (Fe3O4) in polyarylene ether sulfone (PES) membrane can also be another way of improving the performance of MFC. Logan compared the performance of air cathode single-chambered microbial fuel cells in the presence and absence of polymeric membrane. The output power density in the presence of membrane was around 262 mW/m2 whereas, without the proton exchange membrane, it was around 494 mW/m2 [59]. The paper showed a better result in the case of batch operation of MFC. However, in the case of continuous steady-state operation over a period of time, the output needs to be monitored for both conditions to make a decisive conclusion.



Another important study was reported using sulfonated polystyrene-ethylene-butylene-polystyrene (SPSEBS) membrane that achieved 106.9% enhanced output performance than Nafion 117. The maximum output power density obtained was 600 mW/m2. This output was achieved due to the increased water uptake capacity of the SPSEBS membrane and decreased oxygen permeability by one order of magnitude compared to that of Nafion 117 [50].




4.2. Porous Membranes


Many researchers have reported clay and ceramics as potential inexpensive membrane materials. The purpose of using ceramic or clay membrane over cation exchange membrane was to make the system more cost-effective. Some researchers have used ceramic membranes and studied the MFC performance in batch and continuous operation [60]. The comparison was made between three kinds of ceramic membranes, CM1, CM2 and CM3, with porosities of 0.14, 0.015, and 0.0005 microns, respectively. CM3 exhibited a better output power density than the other porosities. This smallest pore size of CM3 helped to block higher valent relatively large cations and allowed only H+ ions to migrate. The highest power densities obtained were 1790 mW/m2 in batch operation and 2300 mW/m2 in continuous operation. Whereas, using Nafion membrane, the power densities were 1225 mW/m2 and 1880 mW/m2 in batch and continuous mode operations, respectively [60].



Nafion 117 membranes are regenerable, but the cost is relatively higher than a one-time usable ceramic membrane. Although the life of ceramic membrane is short, more tests need to be performed over extended periods to compare the true-life cycle cost of ceramic membranes concerning the regenerable Nafion 117 membrane.



Clay consists of various hygroscopic oxides such as titanium dioxide (TiO2), aluminum sulfate (Al2(SO4)3), silicon dioxide (SiO2), aluminum oxide (Al2O3) and aluminum silicate (Al2SiO5). With these hygroscopic components and being cheap, clay is a good candidate as a membrane material. Researchers used activated carbon derived from coconut shells to improve the surface properties of clay membranes [52]. The specific surface area of activated carbon helped in preserving bound water and enhanced proton hopping through the membrane.



The capital expenditure or cost of ACCS/Clay membrane is 45 US Dollars/m2, almost 40 times less than the cost of Nafion 117 [52]. In contrast, the operational expenditure is higher for ACCS/Clay membrane. Moreover, the researchers have reported that clay and activated carbon (ACCS/Clay) membrane produced less power output than Nafion in MFC. In order to compare the life cycle cost between porous and Nafion membrane, more studies need to be conducted focusing on the output performance and operational expenditures.




4.3. Liquid Membranes


A study on the ionic liquid separator (1-octyl-3-methylimidazolium hexafluorophosphate, ([omim] [PF6]) was carried out by some researchers [61], and it was found that it performs well only for thermophilic microorganisms [62]. Another study was carried out by preparing membrane using ionic liquid 1-butyl-3-methylimidazoluim hexafluorophosphate ionic liquid ([bmim] [PF6]) and PVDF polymer, which performed better due to various mass transfer phenomena taking place through the ionic liquid. The ionic liquid is suitable when the operating temperature is more than 50–60 °C, but at a lower temperature, the power density is low at 179 mW/m2. Moreover, [bmim] [PF6] is very expensive, increasing the overall cost of MFC. The research results of these developments are summarized in Table 1.





5. Comparative Analysis of Polymeric Modified Membranes with Nafion


Various studies focusing on cost optimization and development of the polymeric membrane were conducted in the past few years [46,49,50,57]. Examples are doping of polymeric compounds such as polybenzimidazole (PBI), polyvinylpyrrolidone (PVP), polypropylene (PP), polystyrene, sulfonated polyether ether ketone (SPEEK), sulfonated polyvinylidene fluoride (PVdF) with HFP, sulfonated polystyrene ethylene butylene polystyrene (SSEBS), and sulfonated polyether ether ketone (SPEEK) has been broadly studied. Among these materials, sulfonated polyether ether ketone (SPEEK) and sulfonated polystyrene ethylene butylene polystyrene (SSEBS) have proved to be alternative cheap materials to Nafion 117. Modification of Nafion membrane by using TiO2 with a certain concentration gives a promising output but the use of titanium dioxide also makes MFC expensive. The properties of SPEEK, SSEBS, and GO SPEEK membrane as alternative inexpensive materials are compared with Nafion 117 in terms of output performance of MFC and showed in Table 2.




6. Future Perspective


MFC has the ability to convert waste material directly into electricity. Therefore, it has many potential applications such as biosensors, sanitation, wastewater treatment, biohydrogen production etc. [63,64,65,66]. However, most papers are aimed at laboratory scale study in batch [67], fed-batch [68] and continuous mode operation to measure output current and power density by varying materials of the key components of MFC [69,70]. Very few publications focus on application-based development for MFC commercialization [71,72]. Researchers highlighted several barriers to achieving good performance in large scale operations. Primarily, materials and then the proper design of stacking of MFC can minimize ohmic losses and internal resistance of the system [73,74]. Cost is also a big barrier to the commercialization of the technology. Membrane carries almost 60% of the total cost of a typical MFC [30]. To make the membrane more robust and compatible with different wastewater sources, both the shape and selection of material are the important factors.



The surface-to-volume ratio is an essential parameter for efficient ion exchange. An increase in the surface area can directly increase the membrane’s active sites, which enhances the exchange of protons. Therefore, modelling and optimization based on the cost of material need to be carried out with the proper architecture of the overall MFC. For example, in polymeric electrolytic membrane fuel cell, Nafion 211 membrane was used with prism structured by using thermal imprinting technique with TiO2 [75]. The prism shape of the membrane increased the surface area and helped to avoid water clogging, as shown in (Figure 2). Similar attempts can be made to make the prism structured using composite membrane for MFC to investigate its impact on performance compared to the traditional membrane.




7. Conclusions


This paper reviews the state of the art of membrane used in MFC. The essential characteristics that impact the performance and cost of the MFC system are discussed. Currently, polymer-based commercial membranes are used. However, there is a need for alternative materials which are comparatively cheaper than polymer-based membranes without losing functionality. Based on published research results following conclusions can be made.



	
The two most essential membrane characteristics are ion exchange capacity and the mass transfer coefficients for MFC operation. The researchers have made several attempts to find alternative materials compared to expensive Nafion 117. GO/SPEEK and SiO2-S dopped in SSEBS are shown as suitable alternative materials that performed 55% and 107% better than Nafion, respectively.



	
Cheap, porous materials such as clay and ceramic are also potential materials for membranes in MFC. The surface of clay membranes can be modified using activated carbon to improve performance. The modified clay membrane performed better than the clay membrane, but clay membranes were not sustainable.



	
The ceramic membrane is found to be better than Nafion, but it is not reusable. Due to the large porosity, oxygen diffuses into the anode and adversely affects the anaerobic conditions. The substrate also diffuses into the cathode, inhibiting microbial activity.



	
Most published papers show that MFC works fine under controlled laboratory environments using the lab-scale system. But to develop the MFC system for large-scale operations in real applications, several aspects need to be considered. Only then the MFC technology can compete with the existing wastewater treatment and waste to energy technologies.






Finally, it can be concluded that polymer materials have the potential to be used in developing large scale MFC systems. However, more research is required to increase the durability and reduce the cost of materials.
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Notation




	V
	Volume of the anodic (1) and cathodic (2) chamber (ml)



	A
	Effective surface area of the membrane (cm2)



	C0
	Saturated oxygen concentration in the cathodic chamber (mg/L)



	t
	Time (h)



	Ko
	Mass Transfer Coefficient of Oxygen (cm/s)



	Do
	Diffusion Coefficient of Oxygen (cm2/s)



	C
	Concentration of oxygen in the anaerobic anode chamber at a time t (mg/L)



	Lt
	Thickness of the membrane (cm)



	KH
	Proton transfer Coefficient (cm/s)



	DH
	Diffusion Coefficient of proton (cm2/s)



	C1
	concentration of proton (H+) in first chamber (mol/L)



	C2
	concentration of proton (H+) in second chamber (mol/L)



	C22
	concentration of proton (H+) in second chamber at a time interval t (mol/L)



	KA
	Acetate transfer Coefficient (cm/s)



	DA
	Diffusion Coefficient of Acetate (cm2/s)



	CA
	Concentration of acetate in anode chamber (mg/L)



	CB
	Concentration of acetate in cathode chamber at a time interval t (mg/L)



	ΔG
	Gibbs free energy (J/mol)



	F
	Faraday’s constant (C/mol)
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Figure 1. A schematic diagram of a microbial fuel cell (MFC). 
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Figure 2. Schematic presentation additional effect of the composite Nafion membrane with prism patterned TiO2 layers [75]. 
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Table 1. Modification of proton exchange membranes and their properties.
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	Membrane Type
	Substrate
	Membrane Width (cm)
	Water Uptake %
	Proton Conductivity (S/cm)
	O2 Transfer Coefficient (cm/s)
	MFC Type
	Power/Current Output
	Ref





	Nafion and SPEEK in TiO2
	Glucose
	0.018
	21.83
	0.187 × 10−2
	2.2 × 10−6
	SCMFC
	5.7 W/m3
	[41]



	SSEBS
	Acetate
	
	40
	0.75 × 10−5
	-
	SCMFC
	1209.7 mW/m2
	[49]



	SPEEK & GO SPEEK
	Acetate
	0.02 & 0.02
	146.69 & 85.36
	0.108 × 10−3

& 0.148 × 10−3
	1.38 × 10−6

& 1.15 × 10−6
	Dual chamber
	812 and 902 mW/m2
	[57]



	Ceramic membrane & Cation exchange membrane
	Acetate
	0.25 & 0.018
	-
	-
	-
	Dual chamber
	1790 and 1225 mW/m2
	[60]



	Supported Ionic liquid membrane (SILM)
	Acetate
	-
	-
	-
	-
	Dual Chamber
	179 mW/m2
	[62]



	Clay and activated carbon-based membrane-derived coconut shell
	Acetate
	-
	19.4
	-
	1.3 × 10−4
	Dual chamber
	246 mW/m2
	[52]



	Nafion 117
	Domestic sludge
	0.02
	22
	2 × 10−2
	1.6 × 10−4
	SCMFC
	262 mW/m2
	[59]



	SPSEBS
	Glucose
	0.018
	164
	0.382
	0.36 × 10−4
	SCMFC
	600 mW/m2
	[50]



	Polybenzimidazole and polyvinylpyrrolidone blended membrane
	-
	-
	35.4
	1.2 × 10−3
	-
	-
	231.8 mW/m2
	[58]



	Sulfonated PVDF coated Nafion 117
	Phosphate
	0.0213
	14.2
	5.91 × 10−3
	9.4 × 10−5
	SCMFC
	446.45 mW/m2
	[51]



	Sulfonated PVDF-co-HFP/Nafion blended with nano alumina
	Phosphate
	0.02
	24%
	3.57 × 10−2
	9.27 × 10−4
	SCMFC
	541.52 mW/m2
	[46]
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Table 2. Comparison of the properties of the modified membranes SPEEK, SSEBS, and GO SPEEK type with Nafion 117.
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	Characteristics
	Nafion 117
	7.5% TiO2 Dopped in SPEEK
	7.5% SiO2-S Dopped in SSEBS
	GO SPEEK
	Ref





	Proton conductivity (S/cm)
	2 × 10−2
	0.187 × 10−2
	3.21 × 10−2
	3.21 × 10−2
	[41,49,53,57]



	Water uptake %
	22
	21.83
	210
	85.36
	[41,49,53,57]



	Oxygen transfer coefficient, Ko (cm/s)
	1.6 × 10−4
	2.2 × 10−6
	0.75 × 10−5
	1.15 × 10−6
	[41,49,53,57]



	Ion exchange capacity (meq/gm)
	0.982
	1.98
	3.01
	-
	[41,49,53,57]



	Power Density (mW/m2)
	290
	5.7 W/m3
	1209
	902
	[41,49,53,57]
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