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Abstract 

Passive air-breathing microbial fuel cells (MFC) are a promising technology for energy 

recovery from wastewater. The performance of the passive air breathing MFCs is dependent on 

the separator characteristics, isolating the anaerobic anode from the air-breathing cathode. The 

separator plays a more important role when the electrodes are placed in close proximity, to reduce 

the Ohmic resistance. 

The goal of the present work was to study the separator characteristics and its effect on the 

performance of passive air-breathing flat-plate MFCs (FPMFCs), through a combination of 

experimental and theoretical approaches. This was performed through characterization of 8 

separators to investigate the ionic resistivity, oxygen and ethanol crossover, and proton transport 

number. The separators were then examined in three passive air-breathing FPMFCs with different 

electrode spacing, using three-dimensional graphite felt anodes and platinum-based cathodes. A 

numerical model was developed based on the mixed potential theory to investigate the sensitivity 

of the electrode potentials and the power output to the separator characteristics. 

The separator characterization indicated a greater susceptibility to oxygen and ethanol crossover 

in diaphragms, compared to the ion-exchange membranes (IEMs). Increasing the electrode spacing 

was also shown to be desirable for the application of diaphragms, as the anodic mixed potentials 

were reduced. 

The peak power density decreased by increasing the mass transfer coefficients of oxygen and 

ethanol in the separator. The model indicated that this was due to the increased mixed potentials 

at the anode, caused by the oxygen crossover. The mixed potentials at the cathode did not vary as 
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the ethanol crossover increased, due to the slow kinetics of ethanol oxidation over Pt. The model 

also indicated that the peak power was affected by the proton transport number of the separator, 

which affected the cathode pH. The peak power was not sensitive to the resistivity of the separator 

due to the overshadowing effect of the oxygen crossover. 

The passive air-breathing FPMFC, using a 6 mm thick graphite felt anode, Pt-based cathode, 

and Nafion®117 membrane, showed the highest peak power density of ca. 0.52 W/m2, which was 

higher than those reported for the active air flow FPMFCs in the literature. 
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Preface 

 

This PhD thesis is divided into 9 chapters. Chapters 4 and 5 have been submitted to peer-

reviewed journals, and the materials in Chapters 6, 7, and 8 are being prepared in the manuscript 

format for publication.  

The literature review, experimental design, laboratory work, numerical modeling, data 

processing and analysis, and thesis preparation was done by Sona Kazemi under the supervision 

and final approval of Prof. Madjid Mohseni in the Chemical and Biological Engineering 

Department at the University of British Columbia (UBC) and Dr. Khalid Fatih in the Energy, 

Mines, and Environment Portfolio at the National Research Council Canada (NRC). The list of the 

publications is presented as follows: 

A version of chapter 4 was submitted as: 

1. Kazemi, Sona; Mohseni, Madjid; and Fatih, Khalid; "Passive air-breathing flat-plate 

microbial fuel cell operation"; Journal of Chemical Technology and Biotechnology, 

accepted, 2013. 

A version of chapter 5 was submitted as: 

2. Kazemi, Sona; Fatih, Khalid; and Mohseni, Madjid; "Improved performance of a 

passive air-breathing flat-plate microbial fuel cell"; submitted, 2013. 

A version of chapters 6 and 8 is in preparation as: 
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3. Kazemi, Sona; Mohseni, Madjid; and Fatih, Khalid; "The important role of separator in 

the passive air-breathing flat-plate MFCs- part 1"; to be submitted, 2013. 

A version of chapter 7 is in preparation as: 

4. Kazemi, Sona; Fatih, Khalid; Madjid Mohseni; and Melissa Barazandegan; "The 

important role of separator in the passive air-breathing flat-plate MFCs- part 2"; to be 

submitted, 2013. 

For the aforementioned publications, all experiments were performed by Sona Kazemi and the 

numerical model was co-developed by Melissa Barazandegan. All manuscripts were co-authored 

by Prof. Madjid Mohseni and Dr. Khalid Fatih.    
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Chapter 1: Introduction 

1.1 Microbial fuel cell technology 

There is a substantial amount of organic matter in wastewater1 [1], which is removed 

utilizing a considerable amount of energy. The high energy consumption of the traditional 

biological treatment technologies such as the activated sludge (AS) process is one of the issues 

coupled with the current treatment systems. Aeration has the principal contribution to the total 

energy consumption of the treatment plants using the AS process (ca. 0.5 kWh/m3 [2]). In 

addition, handling of the solids produced during the aerobic processes such as the AS can be 

costly. A potential solution to address the high energy consumption of the current biological 

treatment systems can potentially be through replacing the traditional AS process with 

anaerobic microbial fuel cells (MFC).  

A microbial fuel cell is a device in which, electrical energy can be produced through a series 

of the electrochemical reactions using biochemical pathways. In an MFC, exoelectrogenic2 

bacteria break down the organic matter, usually under anaerobic conditions, and pass on the 

recovered electrons to an external electron acceptor (i.e., the anode). While electrons flow 

through an external circuit, protons (pumped out of the bacterial cells) travel through the 

electrolyte and a separator towards the cathode, where a final electron acceptor (e.g., oxygen 

in the air) receives these electrons and protons and is reduced (Figure 1-1). To guarantee 

                                                 

1 A typical municipal wastewater going through a biological treatment process has been shown to contain ca. 

14.7 MJ per kg of COD. 

2 Bacteria that are able to transfer electrons outside the cell membrane to an external electron acceptor. 



2 

 

electron transfer to the anode, one should make sure that there is no other electron acceptor 

with a higher redox potential available in the anode chamber [3]. 

 

Figure 1-1 Schematic sketch of a passive air-breathing MFC 

Incorporating the MFC technology into the current biological wastewater treatment systems 

not only can potentially yield organics recovery in the form of energy, but also can save energy 

through the elimination of the current aeration and solids handling units [3], yielding 

wastewater treatment at a lower expense. Microbial fuel cells could also be considered superior 

to their current alternate, anaerobic digestion (AD) that converts biomass to methane, in many 

aspects such as their ability to function on dilute wastewaters at ambient temperatures and 

direct conversion of the organics to the final product [4]. These two technologies, however, are 
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usually considered to be complimentary to each other rather than competitive, and could be 

used together to provide a more efficient treatment system [5]. 

In addition, the application of the bio-catalysis on bio-fuels at moderate operational 

conditions in MFCs can be considered an advantage over the chemical fuel cells which usually 

operate under extreme conditions utilizing reformed fossil fuels and expensive catalysts. Using 

the whole microorganisms for bio-catalysis in MFCs guarantees the complete breakdown of 

the organic matter which is considered an advantage over the enzymatic fuel cells (EFCs). 

Unlike EFCs that are usually specific to a certain substrate, MFCs can operate on diverse 

substrates due to the engagement of the whole microorganism in bio-catalysis and hence, are 

more suitable for complex substrate sources such as wastewater. Moreover, despite their 

relatively higher power output, EFCs suffer from a short lifetime in the order of days [6, 7], 

whereas MFCs have shown to produce stable power for years [8–10] due to their ability to 

naturally regenerate their enzymes [11]. 

In addition to the biological wastewater treatment systems [4, 12–16], a variety of systems 

can implement the MFC technology, to produce electrical energy and/or to remove unwanted 

compounds. Therefore, MFCs could be applied to remove nitrates and sulfates from the waste 

streams in the bio-remediation devices [17], power underwater generators using marine 

sediments in the bentic underwater generators (BUGs) [18], measure the biochemical oxygen 

demand (BOD) of water in biosensors [8, 19, 20], and power self-sufficient outdoor machines 

(gastrobots) [21–23]. The growing pressure on our environment and the call for renewable 

energy sources are further motivation for the development of the MFC technology targeting 
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large-scale applications, even though the power output is still reported to be lower than that of 

their alternative electrochemical systems (Figure 1-2). 

 

Figure 1-2 Power output in MFCs compared to their current alternatives [24] 

1.2 Basic principles of the MFCs 

Like chemical fuel cells, MFCs operate based on a series of oxidation reactions taking place 

at the anode and reduction reactions taking place at the cathode, if the overall reaction is 

thermodynamically favorable. A complete oxidation of organic matter at the anode produces 

electrons, protons, and carbon dioxide3: 

Organic matter +  H2O ⟹ ne− + nH+ + CO2           Eq.1- 1 

                                                 

3 Other gases such as methane may also be generated in the anode chamber, depending on the microbial culture. 
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The oxidant consumes the produced electrons and protons at the cathode and is reduced to 

a final product (e.g., water, ferrous iron, ferrocyanide) that usually needs to be removed: 

Oxidant +  ne− + nH+ ⟹ Final product           Eq.1- 2 

Similar to chemical fuel cells, MFCs can work as a power source with an internal resistance. 

The cell voltage, thus, drops as soon as the current is drawn from the MFC due to the different 

overpotentials. Therefore, the voltage balance can be written as: 

Ecell =  Ec − Ea − jRΩ = Ece
− Eae

+ ηc − ηa − jRΩ          Eq.1- 3 

where Ecell is the overall cell voltage (V), Ec is the cathode working potential (V vs. SHE), Ece
 

is the equilibrium potential of the cathodic (reduction) reaction (V vs. SHE), Ea is the anode 

working potential (V vs. SHE), Eae
 is the equilibrium potential of the anodic (oxidation) 

reaction (V vs. SHE), ηc is the cathode overpotential (V), ηa is the anode overpotential (V), j 

is the local Faradic current density (A/m2), and RΩ is the Ohmic resistance of the cell (Ω.m2). 

The equilibrium potential for each of the anodic and cathodic reactions is related to their 

standard half-cell potentials and the operating conditions, and can be calculated using: 

Ee  =  Ee
°  −  

RT

nF
ln(

CO

CR
)               Eq.1- 4 

where Ee
°  is the standard half-cell potential of the reaction (V vs. SHE), R is the universal gas 

constant (J/K/mol), T is the operating temperature (K), n is the number of electrons, F is the 

Faraday constant (C/mol), CO is the concentration of the oxidizing species (M), and CR is the 

concentration of the reducing species (M). 
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The jRΩ term refers to the Ohmic overpotential of the system, which are results of the 

energy lost to overcome the resistance towards transfer of ions within the electrolyte and 

transfer of electrons within the electrical connections. The Ohmic overpotential can be reduced 

by optimizing the MFC architecture such as placing the electrodes closer to each other 

(decreasing the electrode spacing) and increasing the ionic conductivity of the electrolyte. The 

overpotentials at the electrodes (ηa and ηc), on the other hand, are thought to result from the 

two main sources; the activation and the concentration. The activation overpotential, a.k.a. 

the kinetic overpotential, happens as some energy is lost to initiate the redox reactions. At low 

current densities, activation overpotential is dominant, and could be reduced through 

improving the catalysis (e.g., using mixed cultures at the anode) and the kinetics of the redox 

reactions (e.g., increasing the temperature). The concentration overpotential, a.k.a. the mass 

transfer overpotential, happens when the consumption rate of the redox compounds is higher 

than the transfer rate of the fresh redox compounds to and the transfer of the produced products 

away from the (bio)catalyst surface. Therefore, a lower mass transfer rate limits the reaction 

rate. The concentration overpotential is more evident at high current densities and can be 

reduced by improving the mass transfer of the reactants towards and products away from the 

electrodes (e.g., by stirring). 

In addition to activation and concentration overpotentials, the anode compartment of the 

MFCs also suffers from another source of energy loss, known as the bacterial metabolic 

overpotential. The bacterial metabolic overpotential is the energy lost to the maintenance 

and the reproduction of the organisms and can potentially be reduced by engineering the 

microbial community [3]. In the anode, accumulation of the bacterial metabolism products 
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around the bio-catalyst can lead to an increased concentration overpotential by limiting the 

transfer of nutrients to the active sites of the bio-catalyst and the transfer of the produced 

protons from within the biofilm to the cathode [3]. 

The overall performance of an MFC is characterized by measuring the voltage difference 

between the anode and the cathode when the external circuit is disconnected (known as the 

open circuit voltage, OCV) and obtaining the polarization and power density curves. To obtain 

the polarization and power density curves, different voltages (E) within the range of the OCV 

and 0.1 V are applied to the electrodes using a Potentiostat and the produced electrical current 

(I) is measured. The power output can then be calculated by multiplying the applied voltage 

by the measured current: 

P = EI                Eq.1- 5 

To be able to compare the performance data generated by different MFC configurations, the 

power and current are usually normalized based on either the surface area of the anode (or the 

separator) or the volume of the anode compartment (or the whole MFC). The power and current 

normalized based on the surface area are called the superficial (apparent) power and current 

densities. The power and current normalized based on the volume are called the volumetric 

power and current densities. The polarization and power density curves can then be developed 

by plotting the voltage and power density versus the current density. 

In addition to the power density and polarization curves, the performance of an MFC can 

be evaluated by measuring the number of the electrons recovered as the electrical current 
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versus the total number of the electrons recovered during the degradation of the organic matter. 

This recovery is referred to as the Coulombic efficiency (CE) and is calculated as [3]: 

 CE =  
MsI

Fnesf∆C
                Eq.1- 6 

where Ms is the molecular weight of the substrate (kg/mol), I is the produced current (A), F is 

the Faraday constant (C/mol), nes is the moles of electrons released per mole of the fuel, f is 

the wastewater flow-rate (m3/s), and ∆C is the change in substrate concentration (kg/m3). 

1.3 Technological barriers of the MFCs 

Although significant progress has been made in the MFC research, researchers are still 

facing many technological challenges such as the low electron recovery rate and high cost (e.g., 

Pt-based cathodes, polymeric membranes) [11, 25]. Currently, the capital cost of the MFCs 

constructed in a laboratory-scale is ca. $15/kg COD [26]. This requires a substantial reduction, 

before the MFCs can become economically viable. 

Utilizing wastewater, with much lower ionic conductivity than the liquid or solid 

electrolytes used in the chemical fuel cells, limits the protons conduction from the anode 

towards the cathode and increases the Ohmic overpotential in the MFCs. This acidifies the 

anode chamber and alkalizes the cathode chamber, and causes a pH gradient within the MFC, 

a.k.a. the pH splitting [27]. Partial or full bio-catalyst deactivation [28, 29], salt precipitation 

on the cathode catalyst [30], and negative cathode potential shift [31] are drawbacks of the pH 

splitting, which can limit the power output, even in presence of a buffer solution [32]. 



9 

 

Increasing the salinity of wastewater is the least preferred option as it increases the operating 

cost, on one hand, and can inhibit the bio-catalyst, on the other hand [33]. Practical ways of 

enhancing proton transfer from the anode towards the cathode are through improving the 

hydrodynamic of the system [34] and decreasing the travel distance of protons [13, 35–38]. A 

practical alternate to address the high Ohmic overpotential issue is to decrease the distance 

between the electrodes while constantly buffering the electrolyte. In fact, the distance between 

the electrodes is critical as the Ohmic overpotential within the municipal wastewater (with the 

ionic conductivity in the order of 0.1 S/m) utilized by a typical full-scale bio-electrochemical 

system could cause a voltage loss as high as 100 V/m of the distance between the electrodes 

(at a current density of 10 A/m2, Figure 1-3) [26]. 

 

Figure 1-3 Ohmic overpotential within the electrolyte [26] 
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Aside from improving the MFC performance to target large-scale applications such as 

wastewater treatment, it is also critical to decrease the overall capital and operating costs of 

the MFCs. That is why the passive air-breathing design has become of interest. The application 

of a passive convection and diffusion in the fuel cell design and operation is well known for 

decreasing the parasitic load for running auxiliary pumps, fans, or compressors, and 

eliminating the utilization of expensive oxidants in direct methanol fuel cell (DMFCs) [39–

42]. Application of a passive air-breathing cathode could therefore result in a decreased overall 

cost, complexity, and volume of the MFC setup [43]. However, the performance of passive 

air-breathing cathodes is usually limited by the uncontrolled operating conditions, limited mass 

transfer, and accumulation of the produced water [43]. 

The combination of the flat-plate MFC (FPMFC) design and the passive air-breathing 

cathodes seems appealing for the large-scale applications, however, no researchers have 

examined the power generation in this configuration. This is likely due to the relatively low 

power densities reported for the combination of the flat-plate design and an active air-breathing 

cathode, attributed to the excessive presence of oxygen at the anaerobic anode [13, 37]. Like 

DMFCs, oxygen crossover4 to the anode is to be avoided in the FPMFCs, as it can cause anodic 

mixed potentials and anode depolarization, inhibit the bio-catalyst, and therefore reduce the 

efficiency. Fuel crossover to the cathode, on the other hand, can result in cathodic mixed 

potentials and cathode depolarization, and biofilm growth on the cathode. Therefore, a 

separator is necessary to decrease the oxygen and fuel crossover [27]. The application of a 

                                                 

4 Crossover in fuel cells refers to the mass transfer of the reactants (fuel and/or oxidant) to the opposite chamber 

such as the fuel and the oxidant are mixed. 
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separator increases the internal resistance and the Ohmic overpotential as well as the cost of 

the bio-electrochemical system. In addition, a separator can also result in the anode 

acidification and cathode alkalization (pH splitting) as it adds to the resistivity of the system 

towards transferring protons. Furthermore, most separators are subject to (bio)fouling and 

degradation in the long-term [44–46]. Hence, in-depth investigation of the separator 

component, that is necessary to isolate the components of the anode and the cathode (i.e., 

electrodes, reactants, and electrolyte) in the passive air-breathing FPMFC configuration, is of 

great importance. 

1.4 Thesis layout 

Figure 1-4 presents the steps taken to meet the specific objectives of this research. A brief 

description for each chapter is presented as follow: 

Chapter 2 is divided into three sections, presenting a review of the literature on i) the flat-

plate configuration applied in the MFC studies, ii) a comparison of the FPMFC to other MFC 

configurations, and iii) different separators applied in the MFCs. 

Chapter 3 presents the scope and objectives of the thesis. 

Chapter 4 demonstrates the passive air-breathing FPMFC concept. In this chapter, a passive 

air-breathing FPMFC is engineered and operated with synthetic wastewater containing ethanol 

to identify the appropriate operating conditions. The preliminary results of the FPMFC 

engineering and operation are presented in terms of the wastewater treatment and power 

production efficiencies.   
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Chapter 5 studies the role of the 3D anode on the FPMFC performance. In this chapter, the 

surface of the anode is activated through acid treatment. The effect of the active surface area 

of the anode on the performance is also investigated for further application of this configuration 

in biological wastewater treatment. The electro-active thickness of the 3D anode is also 

estimated to investigate one of the major challenges of the 3D electrodes, i.e., the non-uniform 

voltage/current distribution.   

Chapter 6 focuses on the separator component. In this chapter, 8 separators from the two 

categories of IEMs and diaphragms are selected and characterized in non-inoculated passive 

air-breathing and aqueous setups to investigate i) the crossover of oxygen and fuel, ii) the ionic 

resistivity, and iii) the proton transport number. These separators are further evaluated in three 

passive air-breathing FPMFCs with different electrode spacing to study the sensitivity of the 

FPMFC performance to the separator characteristics. 

Chapter 7 presents a numerical model based on the mixed potential theory. The main goal 

in developing this model is to predict the peak power density of the passive air-breathing 

FPMFC using different separators. This is performed through estimation of the mixed 

potentials at the electrodes. In addition, the model is used to analyze the sensitivity of the peak 

power density to the characteristics of the separator. 

Chapter 8 focuses on the economic considerations of the FPMFC construction using 

different separators. In this chapter, separators are ranked based on the energy produced by the 

FPMFC versus the capital cost of the FPMFC using those separators.  
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Chapter 9 includes the overall conclusions and outcomes, significance of the research, 

recommendations, and the future work. 

 

Figure 1-4 Thesis layout 
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Chapter 2: Literature review 

2.1 Flat-plate (planar) MFC configurations 

The performance of the flat-plate (planar) configuration in polymer electrolyte fuel cells 

[47–51] has been a motivation to investigate this configuration in the MFCs. The FPMFC 

configuration is a promising design for the large-scale applications such as wastewater 

treatment, as the closer spacing of the electrodes can reduce the Ohmic overpotential resulted 

from the low ionic conductivity of the wastewater. Improved peak power densities have been 

reported using the flat-plate configuration [13, 35], as a result of the reduced Ohmic 

overpotential, compared to that achieved in designs with electrodes placed further apart [12, 

52]. Another potential advantage that has been ignored about this configuration is the potential 

for more efficient usage of space, which can improve the efficiency of wastewater treatment 

and the mass transfer. This is because the portion of the wastewater that can bypass the anode 

is smaller when no stirring is taking place.  

While the passive air-breathing cathode concept is well known in the cubic or cylindrical 

MFCs (with large electrode spacing [53–55]), the FPMFC configuration has only been 

constructed in a two-chamber design either by machining flow fields within the chambers 

(Figure 2-1) [13, 36], or by simply bolting two hollow containers together [35, 37]. 

Implementing the flow fields into the flat-plate design is known to improve the mass transfer 

through a more controlled distribution of the fuel and oxidant [47–51]. However, it also limits 

the surface of the anode electrode for the bio-catalyst attachment in the MFCs. This can limit 

the performance of the MFCs, where the anode surface area plays a major role due to much 
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lower rate of the biological electron transfer. Studies implementing the flat-plate configuration 

in the MFCs have been conducted using different system parameters and are distinguished 

from one another via the differences in the electrode spacing, flow field, and the oxidants 

utilized. The electrode spacing in the FPMFC studies has varied from few micrometers (where 

the separator was sandwiched between the electrodes [13]) up to 0.024 m [36]. Despite the 

large electrode spacing of 0.024 m, the applied configuration was still referred to as a FPMFC, 

as it provided the opportunity to stack several MFCs using bipolar plates. 

  

 (A)     (B) 

Figure 2-1 FPMFC configurations used by A) Min and Logan [13] and B) Heijne et al. [36] 

Oxygen (air), ferric iron, and ferricyanide have been used as oxidants in the FPMFCs. 

Oxygen, the most popular oxidant in the MFC studies, has been utilized in the aqueous [37] 

and gaseous [13] forms, where it was actively being supplied to the cathode. Unlike air-

breathing MFCs [12, 53], increasing the dry air flow-rate has been reported to decrease the 
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peak power density and the OCV in the FPMFC design with the separator sandwiched between 

the anode and the cathode [13]. This indicates that the crossover of oxygen can play a critical 

role on the generation of current in an FPMFC. Increasing the concentration of the soluble 

oxygen (through purging the catholyte with pure oxygen instead of air), on the other hand, has 

been reported to increase the peak power in a FPMFC with the electrodes placed 0.01 m apart 

[37]. The close spacing of the electrodes therefore can be detrimental to the current generation 

of the FPMFCs when using oxygen as the oxidant. Peak power densities of 0.22 W/m2 [13] 

and 0.72 W/m2 [37] (based on the geometric anode surface area) have been produced in a single 

FPMFC and a bipolar stack of 4 FPMFCs, utilizing gaseous and dissolved oxygen as the 

oxidant, respectively. The reported peak power densities are generally lower than those 

reported for the passive air-breathing MFCs with large electrode spacing (0.02 m and larger) 

[55–57]. 

High oxygen concentration at the anode of the FPMFCs is considered a major issue in 

current generation. Thus, a simple strategy to eliminate this is to replace oxygen with other 

oxidants. Ferric iron [36] and ferricyanide [35] have been used as replacement for oxygen at 

the cathode of the FPMFCs. Utilizing ferric iron seems to be advantageous to the current 

generation in the FPMFC design, as opposed to oxygen. Despite the applied large electrode 

spacing (0.024 m), high peak power density of 0.86 W/m2 has been reported for an FPMFC 

using a ferric iron cathode and a bipolar membrane (Fumasep®FBM). The bipolar membrane 

(BPM) was shown to reduce the extent of the pH splitting, whereas using a cation-exchange 

membrane (CEM) was indicated to yield ferric iron hydroxide precipitation in the membrane 

as a result of the elevated cathode pH [36]. Application of the BPMs, however, is always 
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accompanied by a voltage drop across the membrane as a result of water dissociation 

happening at high current densities. The reduction of ferricyanide at the cathode, on the other 

hand, is less damaging to the separating media in the long-term compared to the ferric iron. 

Similar to the ferric iron, the ferricyanide cathodes have shown a better overall performance, 

as opposed to the oxygen cathodes [58–61]. Utilizing ferricyanide at the cathode of a plant 

FPMFC has produced a peak power density of 0.44 W/m2 [35]. 

Overall, the utilization of the active air and oxygen flow, ferric iron, and ferricyanide at the 

cathode of the MFCs is an unsustainable approach in terms of the operating cost when it comes 

to the large-scale applications. The relatively low power output of the FPMFC configuration 

is likely not able to compensate the energy requirements of the auxiliary equipment required 

to actively supplement the oxidant to the cathode nor to cover the cost of the oxidant periodic 

regeneration. Ferrous iron, the product of the ferric iron reduction, can be regenerated back to 

ferric iron through oxidation by ferrooxidans [32], but the oxidation process requires the 

presence of oxygen [62]. The required continuous catholyte aeration can create additional 

issues in terms of the mixed potentials and the sustainability of the operation. Therefore, 

passive air-breathing cathodes seem to be one of the ultimate choices for the practical 

application of the FPMFCs. Table 2-1 lists the characteristics and performance data reported 

for the FPMFCs in the literature. 
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Table 2-1 The Flat-plate MFC characteristics and performance data available in the literature 

Configuration 
Electrode 

spacing (m) 
Fuel Oxidant Separator 

Internal 

resistance5 
Power density6 

OCV (V) Ref. 

(Ω.m2) (Ω.m3) (W/m2) (W/m3) 

Two-chamber 

FPMFC 
NS7 Glucose Air Nafion®117  0.2 0.001 0.22 55 0.4 [13] 

Two-chamber 

FPMFC 
0.024 Acetate Ferric iron Fumasep®  0.2 0.004 0.86 42 0.7 [32, 36] 

A stack of 4 two-

chamber FPMFCs 
0.01 Acetate Oxygen Ralex®  1.0 0.005 0.72 144 4.1 [37] 

Two-chamber 

FPMFC  
NA8 Plant roots Ferricyanide Fumatec®  7.3 0.554 0.44 5.8 0.6 [35, 63] 

                                                 

5 Based on the anode geometric surface area and chamber volume 

6 Based on the anode geometric surface area and chamber volume 

7 No space, the separator was sandwiched between the electrodes 

8 No available 
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2.2 Non-planar MFC configurations 

The passive air-breathing (a.k.a. the single-chamber) design is generally considered more 

economically viable for large-scale applications as the operating and capital costs are both 

reduced compared to the configurations constructed in a two-chamber style (using oxidants 

other than passive air). The single-chamber MFC has mainly been constructed in non-planar 

styles such as cubic [44, 64, 65], cylindrical [55, 56, 66, 67], or tubular [68–70] forms. In these 

configurations, the electrodes were either placed on each side of one chamber with few 

centimeters of distance or placed both on one side (with the separator sandwiched between the 

anode and the cathode).  

Despite their advantages, lower power densities have been reported for the single-chamber 

MFCs compared to the two-chamber MFCs. The highest peak power densities reported for the 

single-chamber MFC design has varied from 1.8 W/m2 [55] to 2.8 W/m2 [56] depending on 

the cell configuration, bacterial culture, and electrolyte strength. The highest power densities, 

on the other hand, have been reported in two-chamber configurations (3.0 W/m2 [61], 4.3 W/m2 

[59], and 7.2 W/m2 [60]), likely due to the improved cathode performance with ferricyanide as 

the oxidant.  

The main goal in development of the non-planar single-chamber configuration, despite their 

relatively high ohmic resistance, has been the cost reduction not only by eliminating the 

cathode chamber and an expensive oxidant, but also by removing the separator. The separator-

free configuration, however, faces issues such as biofilm growth on the cathode. In addition, 

due to the large space commonly applied for the anode chamber, the single-chamber MFCs 

require special operating conditions (e.g., advective flow [34]) or continuous mixing, to 
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achieve efficient wastewater treatment. Table 2-2 presents a summary of the configurations 

and performance data available (based on the anode cross-sectional surface are) in the 

literature. 

Table 2-2 – Summary of the configurations and performance data of the MFC research  

Configuration Substrate Oxidant Separator 
Power density 

(W/m2) 
Ref. 

Single-

chamber 

Flat-plate 

Acetate 

Active air-flow Nafion117 

0.29 

[13] Glucose 0.21 

Wastewater 0.07 

Cylindrical 

Ethanol Passive air-flow Separator-free 0.49 [66] 

Wastewater Passive air-flow Separator-free 0.26 [67] 

Acetate Passive air-flow J-cloth 2.77 [56] 

Acetate Passive air-flow J-cloth 1.80 [55] 

Acetate Passive air-flow 

Nafion117 0.51 

[25] Ultrex AMI 0.61 

Ultrex CMI 0.48 

Cubic 

Wastewater Passive air-flow 
Microfiltration 0.22 

[71] 
Separator-free 0.2 

Acetate Passive air-flow 

Separator-free 0.90 

[44] Glass fiber 0.79 

J-cloth 0.79 

Acetate Passive air-flow Ultrex AMI 0.72 [64] 

Acetate Air/ferricyanide Hyflon 0.04 [65] 

Tubular 

Glucose Passive air-flow Ultrafiltration 0.40 [70] 

Acetate Passive air-flow 
Ultrex CMI 0.05 

[69] 
Ultrex AMI 0.04 

Acetate Air/ferricyanide Ultrex CMI 0.03 [68] 

Two-

chamber 

Flat-plate 

Acetate Ferric iron Fumasep-FBM 0.86 [36] 

Acetate Active air-flow RALEX CEM 0.72 [37] 

Plant roots Ferricyanide Fumatec-CEM 0.44 [35] 

Cubical 

Glucose Ferricyanide Ultrex CMI  4.31 [59] 

Glucose Ferricyanide Nafion117 7.20 [60] 

Glucose 
Active air-flow Nafion117 

0.16 
[72] 

Acetate 0.06 

Miniature 
Acetate Air/ferricyanide 

Polycarbonate 0.1 

[73] Nylon 0.08 

Nafion117 0.06 

Lactate Ferricyanide Nafion117 3.00 [61] 
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2.3 Separators applied in the MFCs 

It has been widely recognized that the efficient and sustainable operation of the MFCs is 

dependent on the presence of a separator [28]. The role of the separator becomes more 

significant when it comes to designs with small electrode spacing (e.g., the flat-plate design), 

as the absence of a separator can cause numerous issues to the sustainable operation of the 

MFC. Recent work on the MFCs shows that researchers have begun to address the separator 

role in power generation of the MFCs. A major step has been taken by Rozendal et al. [74], 

who reported that the competitive transfer of cations (e.g., Na+, K+, NH4+, Ca2+, Mg2+)9 versus 

the protons can limit the performance of the MFCs using CEMs. Application of the CEMs, 

that are not selective to protons, can result in pH splitting, which may inhibit the bio-catalyst 

[28, 29], form salts on the cathode, and hinder the reduction reaction [30, 31]. 

The unique properties of the CEMs, a.k.a. the proton exchange membranes (PEM), widely 

used in chemical fuel cells, seem to get depressed in the mild MFC environment (neutral pH, 

low ionic conductivity, and abundant presence of cations) [73]. In this regard, researchers have 

tried to address the issues related to the separator by exploring a variety of separators adopted 

form the chemical fuel cells. A wide variety of separators have been used in the MFCs, with 

differences in their structure, material, pore size, thickness etc. The applied separators are 

mainly distinguished based on the mechanism of transferring species and therefore are 

categorized into two major groups, the ion-exchange membranes (IEMs) and the diaphragms.  

                                                 

9 Available in the MFC environment in concentrations ×105 higher than protons  
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Table 2-3 lists the separators tested in the MFCs along with their independently investigated 

characteristics. The investigated characteristics consist mainly of the diffusion coefficients of 

oxygen and acetate (DO and DA) and the ionic resistivity (R) in the separator. The reported 

ionic resistivity values have been measured in a phosphate buffer solution (PBS, ca. 0.1 M), 

commonly used as the electrolyte in the MFCs. 
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Table 2-3 Summary of the evaluated separators and their characteristics in the MFC studies 

Separator Thickness (×10-6 m) DO (×10-10 m2/s) DA (×10-13 m2/s) R (×10-4 Ω.m2) Cost (USD/m2) Ref. 

Ion-

exchange 

membranes 

Nafion®117 178 2.4 0.82 9.2 500 [25, 73, 75] 

Hyflon® 300 - - - - [76] 

Ultrex®CMI 460 4.3 0.66 45.1 80-200 [25, 68, 75] 

Ultrex®AMI 460 4.3 2.7 - 80 [25, 77] 

Fumatec® - - - - - [35] 

RALEX® 450 - - - - [37] 

Fumasep®FAD 80-100 - - 12.4 - [75, 78] 

Fumasep®FBM 180 - - - - [36, 75] 

PES/SPEEK 5% 150 19.4 - 584.2 - [79] 

PES/SPEEK 3% 110 2.3 - 1140.5 - [79] 

Diaphragms 

Zirfon® 500 95 - 136 60 [78] 

Glass fiber 1000 5 - - 0.32 [31, 44, 80] 

Glass wool - - - - - [14, 81] 

J-cloth 300 87 - - - [44, 55] 

Canvas cloth 600 - - - 3.5 [82] 

MF - - - - - [71] 

UF-0.5K 265 0.5 0.24 - 350 [25] 

UF-1K 265 1.1 4.2 - 350 [25] 

UF-3K 265 1.1 7.2 - 350 [25] 

UF-B0125 - - - - - [83] 

Nylon mesh 200 - - - - [31, 73] 

Reg. cellulose 200 - - - - [73] 

Cellulose nitrate 125 - - - - [73] 

Polycarbonate 20 - - - <200 [73] 
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2.3.1 Ion-exchange membranes 

Ion-exchange membranes (IEMs) are usually made of a hydrophobic polymeric backbone 

to which hydrophilic positively or negatively charged functional groups are connected. Two 

major mechanisms of "hopping" and "diffusion" are usually used by IEMs to transfer ions [51, 

84, 85]. Those IEMs with negatively charged functional groups (e.g., sulfonate) are called 

cation-exchange membranes (CEM), a.k.a. the PEMs, and mainly transfer cations. Those IEMs 

with positively charged functional groups (e.g., quaternary ammonium) are called anion-

exchange membranes (AEM), and mainly transfer anions. A combination of a CEM and an 

AEM, on the other hand, is known as a bipolar membrane (BPM) and can be used to transfer 

both cations and anions. 

A wide variety of the CEMs have been used in the MFC studies. The most commonly used 

CEM is Nafion®117 (DuPont, USA) [60, 86–89], as a result of its excellent proton conductivity 

in hydrogen fuel cells (HFC). The high cost of Nafion® membrane, however, limits its 

application in the MFCs as they yield a much lower power output than the HFCs. That is why 

several other inexpensive CEMs have been tested in the MFCs. Ultrex®CMI7000 (Membranes 

International Inc., USA) is one of the most frequently tested CEMs that is well-known for its 

high ionic resistivity and low permeability to oxygen [25, 44, 68, 75, 90]. Hylon® (Solvay-

Solexis, Italy) [76], Ralex®CEM (Mega a.s., Czech Republic) [37], and Fumatec® (Fumatec, 

Germany) [35] are other CEMs that have been tested in the MFCs and have indicated relatively 

similar ionic conductivity to Nafion®117. Improved ionic conductivities have been reported 

for the poly ether sulfone (PES) membranes customized by a low percentage of sulfonate poly 

ether ether ketone (SPEEK), compared to the Nafion® membranes [79], indicating that the 
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separator characteristics can be customized to match the requirements for the more efficient 

operation of the MFCs. 

Despite the differences in the materials and structure, CEMS suffer from several common 

issues. Poor proton conductivity is one of the main disadvantages of the CEMs [44], which is 

attributed to the low ionic conductivity and neutral pH of the electrolyte. Also, due to 

competitive transport of all cations, the MFCs applying CEMs usually suffer from pH splitting. 

That is why the AEMs have become of interest. Ultrex®AMI7001 (Membranes International 

Inc., USA) [25, 69, 77, 83, 91], Fumasep®FAD (Fumatech GmbH, Germany) [75, 78], and 

DF-120 (Tianwei Membranes, China) [92] are the AEMs that have been used in the MFCs, to 

address the issues raised by the CEMs. A more balanced cathodic pH in the presence of a buffer 

solution due to the transfer of the phosphate or carbonate is an advantage coupled with the 

application of AEMs over the CEMs [25]. Higher peak power densities have been reported 

using the AEMs, most likely due to the smaller extent of the pH splitting [25, 77, 83]. The 

higher fuel permeability, however, is considered as a disadvantage of using the AEMs 

compared to the CEMs [25]. Also, since the AEMs are known to perform in presence of a 

buffer solution, their large-scale application for wastewater treatment may not be practical as 

it will require a periodic dosage of a buffering compound. 

Due to the migration of either anions or cations, both AEMs and CEMs are subject to 

deformation. While the CEMs usually bend towards the cathode, the AEMs usually bend away 

from the cathode, creating a gap between the separator and the cathode [77]. This can create 

issues, especially when the IEM is pressed against an air-breathing cathode, where no catholyte 

is used. Since the IEMs are usually not permeable to the electrolyte, formation of a gaseous 
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void between the membrane and the cathode can result in an increased Ohmic overpotential. 

Hence, the membrane deformation needs to be addressed before the IEMs can be used 

efficiently. Hot-pressing the membrane to the cathode to form a membrane-electrode assembly 

(MEA) [38, 53, 93, 94], application of structural supports [77] and hydro-gels [69], and also 

application of the membrane as the substrate of the air-breathing cathode [95] are useful 

strategies that can be used to tackle this problem. Despite all the negative effects coupled with 

the application of both CEMs and AEMs, they are known to be less permeable to the neutral 

species (e.g., oxygen and fuel) compared to diaphragms, thus are still considered effective 

alternatives. 

To take advantage of the characteristics of both AEMs and CEMs, BPMs can be used. 

Fumasep®FBM (Fumatech GmbH, Germany) is a BPM that has been tested in MFCs [36, 75] 

and has been shown to prevent pH splitting at low current densities (<3 A/m2). At higher 

current densities (>10 A/m2), like CEMs, the BPM has been reported to imbalance the pH [75]. 

The application of the BPMs is not recommended in general, especially at high current 

densities, due to their high polarization potential [36, 96] and the potential inability to prevent 

pH splitting [75]. Overall, the BPMs seem to be more suitable for the MFCs using aqueous 

cathodes, where the cathode is exposed to the catholyte, as opposed to the air-breathing MFCs 

where the cathode is exposed to a solid electrolyte membrane. 

2.3.2 Diaphragms 

In opposed to the IEMs that mainly transfer ions, there are diaphragms that are porous 

separators. Diaphragms are not ion-selective and allow both ions and neutral species with 

diameters smaller than their pores to go through while holding back larger species. As a result, 
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diaphragms show higher protons and neutral species permeability than the IEMs. Based on the 

differences in their pore diameter, diaphragms could either be categorized as the micro-porous 

(e.g., micro-filtration and ultra-filtration diaphragms with pore diameters in the order from 10-

8 m to 10-5 m [97]) or the coarse-pore (e.g., fabrics, fibers, and meshes with pore diameters 

larger than 10-5 m) diaphragms. The main goal of replacing the IEMs with diaphragms in the 

MFCs is to address the poor proton conductivity and the pH splitting issues while reducing the 

cost imposed by the polymeric membranes. 

Various micro-porous diaphragms have been applied in the MFCs [25, 70, 71]. Due to their 

relatively small pore size, some micro-porous diaphragms can retain the anodic and cathodic 

electrolytes in their chambers, while this is not possible using most micro-porous and all 

coarse-pore diaphragms. Therefore, high oxygen and fuel crossover is one of the main issues 

related to the application of diaphragms in the MFCs. Ultrafiltration membranes (UFM) [25, 

70], Nylon and polycarbonate diaphragms [31, 73], glass fiber filters [31, 44, 80], glass wool 

[14, 81], and Zirfon® (Agfa, Belgium) [78] are the diaphragms that have been tested in the 

MFCs and have shown comparable peak power densities to the CEMs in the configurations 

with electrode spacing of 0.02 m and larger. 

Despite their advantages, several barriers limit the application of the micro-porous 

diaphragms. Among those is the high crossover of fuel and oxidant which results in mixed 

potentials at the electrodes. Micro-porous diaphragms have been mainly used in the MFCs with 

the electrodes placed apart (0.02 m and larger) and have indicated a significant effect on the 

cathode potential. In fact, it has been shown that the cathode potential could decrease when the 

separator pore size is decreased, shifting from a separator-free to a CEM setup (with an 
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electrode spacing of 0.02 m) [31, 44]. The decreased cathode potential is likely due to elevated 

cathode pH as a result of the pH splitting. Anode potential, on the other hand, has been shown 

to remain unchanged using diaphragms with different pore sizes, indicating no significant 

variation in the anodic mixed potentials and anode depolarization in those configurations. This 

is also consistent with other studies using diaphragms in the MFCs with large electrode spacing 

[44, 53]. 

In the coarse-pore diaphragms, the pore size can vary from 10-5 m in the Nylon mesh filters 

[28] up to hundreds of microns in the J-cloth and canvas [44, 55]. The larger pore size of the 

coarse-pore diaphragms usually leads to a higher flux of the fuel and oxidant as well as the 

protons compared to the micro-porous diaphragms and IEMs. This usually lowers the 

efficiency especially when a biofilm is not fully developed on the separator matrix to consume 

the crossing oxygen and fuel [44]. The biofilm growth on the diaphragm can also lower the 

performance by limiting the protons transfer, hence, there is a compromise in transferring the 

protons and other species when using coarse-pore diaphragms. Furthermore, the much lower 

cost of the diaphragms increases their feasibility for the large-scale applications such as 

wastewater treatment. However, the durability of both micro-porous and coarse-pore 

diaphragms in the MFC environment in the long-term is an issue that needs to be addressed in 

the first place. 

2.4 Knowledge gaps 

Separators applied so far in the MFCs have been selected based on their popularity and the 

available performance data. The reported MFCs performance, however, are affected by many 

factors other than the separator characteristics such as the configuration of the MFC. In fact, 
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the interplay between the MFC configuration and the separator characteristics plays a key role 

on the MFC performance. While the presence of a separator can be necessary for the efficient 

operation of one MFC configuration (e.g., flat-plate), addition of a separator to another MFC 

configuration (e.g., a passive air-breathing MFC with much larger electrode spacing) can lower 

the power output. There are no reports available on the correlation between the characteristics 

of the separator and one of the most important FPMFC design characteristics, the electrode 

spacing, on the MFC performance. 

To select appropriate separators for the application in the passive air-breathing FPMFCs, 

having more information on the important characteristics of the separator can be of great 

assistance. Characterization of the separators in the MFC studies has mainly been done in 

inoculated MFCs, where the performance of the MFC (i.e., power output, CE) was considered 

as an indication of the separator performance. Very few studies have focused on the 

characterization of separators independently in non-inoculated setups, all applying two-

chamber aqueous-cathode configuration. The final destination of the characterized separators, 

however, was an air-breathing MFC. 

While the ionic conductivity, the proton transport number, and the permeability of the 

separator to the fuel and oxidant can be considered the most important characteristics affecting 

the MFC performance, the extent to which each of these parameters alters the performance is 

unknown. Configuration of the MFC has a major effect on the role that each of those 

characteristics plays on the MFC performance. Therefore, prior to selection of appropriate 

separators, it is of great importance to identify the separator characteristics that play the most 

significant roles on the performance of a specific MFC configuration. 
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The separator is one of the most important components of operation in the passive air-

breathing FPMFCs. Hence, understanding the interactions amongst the positive and negative 

effects imposed by the separator is important. Performing a systematic study on the 

characteristics of the separator as well as the role they play on the performance of the other 

FPMFC components, can provide useful insight into the design of proper separators, 

specifically for the application in the FPMFCs. 
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Chapter 3: Objectives  

The focus of this work was to design and engineer a passive air-breathing flat-plate (planar) 

MFC, investigate the role of the 3D anode electrode and the separator characteristics on the 

performance of this configuration, and model the flat-plate MFC configuration numerically 

based on the mixed potential theory. The specific objectives of this research were to: 

1. Demonstrate the passive air-breathing FPMFC concept and engineer it through: 

 The design and development of a passive air-breathing FPMFC 

 Investigation of the effect of the operational modes 

 Investigation of the effect of the 3D electrode surface activation 

 Investigation of the effect of the active surface area of the 3D electrode 

 Investigation of the electro-active thickness of the 3D electrode 

Chapters 4 and 5 focused on targeting this objective. 

2. Evaluate 8 separators in non-inoculated passive air-breathing and aqueous setups 

through investigation of: 

 The mass transfer and diffusion coefficients of oxygen, ethanol, and acetate 

 The proton transport number 

 The ionic resistivity 

 The surface hydrophobicity 

 The surface morphology 
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Chapters 6 focused on targeting this objective. 

3. Examine the selected separators in three FPMFCs with different electrode spacing 

through investigation of: 

 The polarization and power density curves 

 The wastewater treatment efficiency  

 The Coulombic efficiency 

 The energy production cost  

Chapters 6 and 8 focused on targeting this objective. 

4. Develop a numerical model based on the mixed potential theory to: 

 Estimate the kinetic parameters of the bio-electrochemical system 

 Estimate the electrode potentials using different separators 

 Analyze the sensitivity of the power output to the separator characteristics 

 Analyze the sensitivity of the power output to the electrode spacing 

Chapters 7 focused on targeting this objective. 

The main focus of this research was on the electrochemical study of the MFC system, 

therefore the biological aspects of the electrochemical system were not investigated. 
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Chapter 4: Passive air-breathing FPMFC concept demonstration and 

operation 

4.1 Introduction 

One of the main challenges in the operation of the MFCs is the low ionic conductivity of 

the wastewater which can result in a high Ohmic overpotential [26]. Since increasing the ionic 

conductivity of the wastewater is not a viable solution, the electrode spacing can be decreased. 

This has been demonstrated in some passive air-breathing MFC designs (Figure 4-1, far left). 

The anode chamber space in an MFC, however, can be utilized more efficiently through 

reducing its depth. Improved mass transfer as well as enhanced wastewater treatment 

efficiency in the continuous operation with parallel (and not advective [34]) flow of the 

wastewater are the advantages that can potentially be offered by the FPMFCs implementing 

3D anodes. 

 

Figure 4-1 Schematic of the passive air-breathing MFC configurations used in the literature 
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In this chapter, the passive air-breathing FPMFC concept was demonstrated and engineered. 

A study was conducted to investigate the suitable operational conditions for the sustainable 

operation of the passive air-breathing FPMFC. This was performed through the FPMFC 

performance characterization by studying the polarization and power density curves and the 

wastewater treatment efficiency during the operation in batch and continuous modes, and in 

presence and absence of a proton exchange membrane (PEM). 

4.2 Experimental 

4.2.1 FPMFC design and components 

The passive air-breathing FPMFC consisted of a graphite plate with a pocket used as the 

anode chamber (dimensions: 0.05 m × 0.10 m × 2×10-3 m) and a graphite frame used as the 

membrane-electrode assembly (MEA) holder. The MEA holder was used to sandwich the PEM 

and the air-breathing cathode against the pocket (Figure 4-2). Using biocompatible 

electronically conductive graphite plates to fabricate the compartments of the FPMFC 

guaranteed the electrical connection between each electrode and its designated compartment, 

and served as a current collector. This eliminated the complexity of inserting an external 

current collector. Two groves were constructed alongside the inlet and the outlet to provide 

uniform electrolyte distribution within the anode compartment. Neoprene gaskets (0.5×10-3 m 

in thickness) were installed to provide insulation between the electro-conductive components 

of the FPMFCs. 
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Figure 4-2 Passive air-breathing FPMFC configuration used in this work 

A three-dimensional (3D) graphite felt anode (0.05 m × 0.095 m, 3×10-3 m thick, GF-S6-

03, Electrolytica, USA) was fitted in the pocket of the graphite plate to form the anode 
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chamber. Nafion®117 membrane (DuPont, USA) was used as the PEM. The air-breathing 

cathode consisted of a carbon cloth substrate (0.05 m × 0.10 m; 50 wt.% wet-proofing, E-TEK, 

USA) coated on one side with a layer of a platinum catalyst on a carbon support (Pt loading of 

0.01 kg/m2 (1 mg/cm2)) facing the membrane and on the other side, with four layers of a 

polytetrafluoroethylene (PTFE) suspension [98]. A high loading of Pt was adopted to assure 

that the cathode was not limiting the performance. The preparation of the air-breathing 

cathodes and Nafion®117 were done according to the procedures reported in Appendix A. 

To prepare the MEA, the Pt-coated side of the cathode and the PEM were hot-pressed 

together, using a pressure and a temperature of 80 bar and 413 K for 4 minutes. The MEA was 

then sandwiched between the graphite frame and the anode chamber with the membrane facing 

the anode and PTFE-coated side facing the air. In the PEM-free tests, 2 layers of J-cloth was 

used as the separator between the graphite felt anode and the carbon cloth cathode. 

4.2.2 Operation and performance characterization 

Activated sludge from a pulp mill effluent treatment plant (Howe Sound Pulp and Paper, 

British Columbia, Canada) was used as the source of the microbial culture. The sludge was 

enriched with ethanol (0.085 M) to promote the growth of the “ethanol-consuming” 

communities prior to being introduced to the anode. To acclimate and obtain sufficient biofilm 

on the anode, the graphite felt anode was placed in the culture/sludge fed with ethanol, 

minerals, and vitamins in a shaking incubator (SI-600, Rose Scientific Ltd, Canada) at 303 K, 

4 weeks prior to being transferred to the FPMFC. 
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A nutrient medium containing mineral and vitamin solutions in a phosphate buffer solution 

(PBS) was prepared as the synthetic wastewater (pH~7), as described in Appendix A. Ethanol 

was added as the fuel (0.085 M). It was then fed to the FPMFC using a peristaltic pump. The 

conditions of the synthetic wastewater, i.e., the pH, dissolved oxygen (DO), and temperature 

were controlled/monitored in the feed tank equipped with a pH probe (BIOFLO 110 

fermentor/bioreactor, New Brunswick Scientific Co., Inc., USA), a DO probe (InPro® 6800, 

New Brunswick Scientific Co., Inc., USA), and a thermometer, respectively. These allowed 

maintenance of the feed solution at a controlled pH (ca. 7) during the continuous operation, 

and constant DO (ca. 0%) and temperature (ca. 303 K) during both batch and continuous 

operations. 

During the batch operation, 2×10-3 m3 of the synthetic wastewater was circulated through 

the FPMFC at 1.7×10-8 m3/s (1 mL/min). The pH and chemical oxygen demand (COD) of the 

feed tank were monitored daily. The synthetic wastewater batch in the feed tank was replaced 

with a fresh batch each time the COD decreased to less than half of its initial value. During the 

continuous operation, the synthetic wastewater was passed through the FPMFC in a single pass 

at 1.7×10-9 m3/s (0.1 mL/min) and the outlet stream was analyzed daily, as the treated 

wastewater, by monitoring its pH and COD (Figure 4-3). 
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Figure 4-3 FPMFC setup in A) Batch, B) Continuous modes 

The FPMFC operated by connecting the anode and cathode electrodes through an external 

load (500 Ω) until stable voltage was achieved. Then, the circuit was disconnected to monitor 

the OCV and obtain the polarization and the power density curves. Development of the 

polarization and power density curves, measurement of the internal resistance, and COD 

removal efficiency were performed according to the procedure reported in the Appendix A. 

4.3 Results and discussion 

4.3.1 The effect of the operating mode 

The FPMFC was initially operated in batch mode with a previously acclimated graphite felt 

anode. The circuit was initially connected using an external load of 500 Ω. During each batch, 

the voltage increased within 3-4 days and then stabilized for 4-5 days (followed by a gradual 

decrease afterward, due to depletion of the organic content of the feed tank). The circuit was 

disconnected after the initial stabilization of the voltage (8 days after starting the operation at 

each batch), to measure the OCV and obtain the polarization and power density curves. 
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The OCV stabilized after ca. 12 hours of disconnecting the circuit. The polarization curves 

for each batch were obtained after the initial stabilization of OCV (9 days after starting each 

batch). The peak power density increased every time the synthetic wastewater was replaced 

with a fresh batch. The OCV for the batch operation was 0.72±0.01 V. The peak power density 

achieved with the FPMFC in the 3rd batch was 0.04 W/m2 at 0.13 A/m2. The Ohmic resistance 

of the FPMFC was measured to be 40×10-4±4×10-4 Ω.m2 (8.4×10-6±0.8×10-6 Ω.m3). A rapid 

pH decrease from 7.8 to 6.8 was observed during the first 100 hours of the MFC operation. 

This was most likely due to the formation of acetic acid during ethanol degradation, also 

consistent with the observation reported by Tatton et al. [99]. They reported that the available 

methanogens within the mixed culture could degrade ethanol to methane, with acetic acid and 

hydrogen produced as intermediates of the degradation process [99]. After 120 hours of the 

operation, pH started to gradually increase and reached 7.4 in 800 hours. The gradual increase 

of pH was likely due to the adaption of the microbial culture to the produced acetate and the 

resulted microbial oxidation of acetate. In fact, Kim et al. [66] has reported that the metabolic 

pathway of the microbial communities available in an MFC utilizing ethanol has also the 

metabolic capability of acetate oxidation with the anode reduction. Monitoring the COD of the 

feed tank showed that it took 34 days to remove 55% of the COD of the feed tank (Figure 4-4). 
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Figure 4-4 pH and COD of the feed tank monitored daily during the operation with the 3rd 

batch of the synthetic wastewater 

Using the same MEA, the peak power density increased after each batch, likely as a result 

of further microbial growth. The highest peak power density and OCV were recorded in the 

3rd batch, and dropped after that (Figure 4-5). (Bio)fouling of the membrane and the resulted 

decreased ionic conductivity [86] could be responsible for the power density drop. Also, 

reduction in the cathode active area due to the potential salt precipitation (caused by the 

elevated cathode pH [30]) may have negatively affected the power density as well as the OCV. 

To examine whether this was due to deactivation of the cathode catalyst and/or decrease in the 

ionic conductivity of the membrane, the MEA was replaced with a fresh MEA. It was expected 

that the power density would recover to the same level as the 3rd batch after replacing the MEA. 

The peak power density, however, did not improve after replacing the MEA which suggested 

that the MEA (bio)fouling was not the main issue hindering the performance. 
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Figure 4-5 A) Polarization curves, B) Power density curves of the FPMFC, developed after 

replacing each batch of the used synthetic wastewater with a fresh batch 

Biomass accumulation and clogging within the 3D anode during the FPMFC operation 

could also be responsible for the peak power drop by creating a barrier for substrate diffusion 

into and/or protons diffusion out of the biofilm [100]. In fact, a perceptible coverage of the 

anode with biomass was observed upon dismantling the FPMFC.  

To eliminate the possible performance drop due to the batch operation, the FPMFC was 

allowed to operate in continuous mode. During the continuous operation, the pH of the outlet 

dropped from the inlet value of 7.0 to ca. 5.7 in the outlet after 24 hours of the operation, due 

to acetic acid generation. Consistent with the observation made during the batch process, the 

pH then increased gradually, and reached the value of 6.8 after 120 hours of operation after 

which it remained stable. At the retention time of 100 minutes in the FPMFC, the COD removal 
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efficiency reached 55% of the organics in the inlet stream in 9 days (Figure 4-6, compared to 

34 days in the batch operation). 

 

Figure 4-6 Outlet pH and COD removal monitored daily during the continuous operation 

The OCV during the continuous operation was higher than that in the batch operation 

(0.77±0.01 V compared to 0.72±0.01 V, respectively). The relatively higher OCV during the 

continuous operation was likely a consequence of maintaining constant COD at the anode, 

while in the batch operation, the COD changed over time and diminished to ca. 80% of its 

initial value. The peak power density in the continuous operation was 2.5-fold higher than that 

in the batch operation (0.09 W/m2 at 0.31 A/m2 compared to 0.04W/m2 at 0.13 A/m2, 

respectively). The volumetric peak power density was 44 W/m3 at 146 A/m3 and 18 W/m3 at 

60 A/m3 in the continuous and batch operation, respectively (Figure 4-7). 
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Figure 4-7 Power density and polarization curves of the FPMFC operating in batch and 

continuous modes (Inset: Nyquist plot of the FPMFC operating in continuous mode) 

The continuous operation of the FPMFC provided a controlled feed with reduced effect of 

the inhibitory factors such as an accelerated biomass accumulation inside the FPMFC. The 

biomass accumulation was perceptible inside the anode chamber at the end of the batch 

operation, which likely created a resistance towards substrate diffusion to the active sites of 

the graphite felt anode as well as the protons diffusion out of it, whereas no noticeable biomass 

accumulation was observed inside the anode chamber at the end of the continuous operation. 

Mass transfer, however, seemed to be an issue during the continuous operation of the FPMFC 

as a result of the lower flow-rate used (Figure 4-7, high current density region). 
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4.3.2 The effect of the proton exchange membrane 

To investigate the effect of the absence of a PEM, the FPMFC was also operated in batch 

mode with the MEA replaced with two layers of J-cloth and a carbon cloth cathode. The 

operation of the FPMFC using J-cloth (PEM-free) resulted in a lower OCV of 0.62±0.01 V 

compared to that achieved using an MEA (0.72±0.01 V). The stabilization of the OCV with J-

cloth was achieved in 8 hours compared to the 12 hours achieved with the PEM. The peak 

power density was 0.04 W/m2 (0.13 A/m2) with the system using the MEA, more than 5-fold 

higher than that with a PEM-free configuration (7×10-3 W/m2 at 0.02 A/m2, Figure 4-8). 

The higher OCV and peak power density achieved with the FPMFC using the MEA was 

because the PEM was less susceptible to oxygen and ethanol diffusion, as opposed to J-cloth 

(Diffusion coefficients of oxygen through Nafion®117 and J-cloth are 5.4×10-10 m2.s-1 [101] 

and 87×10-10 m2.s-1 [55], respectively). Oxygen diffusing through the air cathode into the anode 

chamber could negatively affect the performance by creating mixed potentials and inhibit the 

anaerobic communities. Further, the PEM could prevent mixed potentials at the cathode, 

happening due to the crossover of ethanol. This was contrary to the results reported by Liu et 

al. [53] who reported that removing the MEA (hot-pressed Nafion®117 to the carbon cloth 

cathode) increased the power density (from 0.3 W/m2 to 0.5 W/m2) in a passive air-breathing 

MFC. The MFC configuration used by Liu et al. had a larger electrode spacing (0.04 m) which 

is known to alleviate the effect of oxygen crossover in the passive air-breathing MFCs. Even 

though eliminating the PEM reduced the Ohmic overpotential of the FPMFC (diffusion 

coefficient of proton in J-cloth is ca. 91×10-10 m2.s-1 [55], which is likely higher than 
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Nafion®117), the negative effect of the oxygen crossover on the performance became more 

significant. 

 

Figure 4-8 Power density and polarization curves of the FPMFC with and without a PEM 

4.3.3 Comparison to FPMFCs in the literature 

The FPMFC developed here produced 0.09 W/m2 at 0.31 A/m2 (44 W/m3 at 146 A/m3), 

operating at continuous mode. This was lower than those reported by Helder et al. [35], Heijne 

et al [36], Min and Logan [13], and Dekker et al [37] using two-chamber FPMFC 

configurations utilizing ferrcyanide, ferric iron, and active air, and oxygen flow cathodes, 

respectively (Table 2-1). Utilizing ferricyanide and ferric iron at the cathode has been generally 

indicated to yield higher peak power densities, compared to the oxygen (air) cathodes. This is 

due to the slower kinetics of oxygen reduction even on Pt. Also, using ferricyanide and ferric 

iron cathodes eliminates the issue of the oxygen crossover and possible bacterial inhibition. 
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However, it increases the operating cost as well, as those oxidants need to be regenerated. 

Active air and oxygen flow cathodes are also known to perform better than the passive air-

breathing cathodes, mainly due to the improved mass transfer. 

The high OCV value measured here (ca. 0.77 V) indicated that the mixed potentials could 

be less significant when using a passive air-breathing cathode, as opposed to an active air flow 

cathode [13]. The internal resistance of the FPMFC developed here was 40×10-4±4×10-4 Ω.m2 

(8.4×10-6±0.8×10-6 Ω.m3). This lower internal resistance compared to those reported for this 

configuration was mainly due to the MEA design (PEM hot-pressed to the carbon cloth 

cathode) as well as the small electrode spacing applied. The lower internal resistance measured 

in the FPMFC, however, did not result in a higher peak power density compared to the other 

FPMFCs, indicating that it was likely suffering from poor performance of one of its main 

components (i.e., anode and/or cathode). 

The main hindrance for obtaining comparable power production here was the insufficient 

current generation. Application of the passive air-breathing cathodes has always been 

accompanied by a limited cathodic mass transfer. Engineering the cathode structure (e.g., 

through modification of the diffusion layer [102]) could be used to improve the three-phase 

interface for oxygen reduction over Pt [103] and therefore improve the mass transfer [98].  

The current generation could also be limited by the poor performance of the bio-catalyst. 

The bio-catalyst exoelectrogenic activities could be improved by enhancing the bio-catalyst-

electrode attachment through applying anodic surface modification techniques [104, 105]. 
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4.4 Conclusions 

The passive air-breathing FPMFC using a graphite felt anode and an MEA (Nafion®117 

hot-pressed to the air-cathode) was shown to produce a peak power density of ca. 0.09 W/m2, 

from synthetic wastewater containing ethanol during the continuous operation. The PEM-free 

FPMFC produced a much lower peak power density compared to the FPMFC using the MEA, 

due to the excessive crossover of oxygen and ethanol. The peak power density obtained with 

the FPMFC operating continuously was 0.09 W/m2 at 0.31 A/m2, higher than that achieved 

during the operation in batch mode (0.04 W/m2 at 0.13 A/m2), indicating that the continuous 

operation favors the bio-catalyst maintenance.  
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Chapter 5: Three-dimensional anode in the passive air-breathing FPMFC 

5.1 Introduction 

The FPMFC engineering and operation, in chapter 4, indicated that the operation in 

continuous mode and the presence of a polymeric membrane were in favor of the sustainable 

power generation by the FPMFC. Oxygen crossover seems to be an issue that both passive and 

active air-breathing FPMFCs are facing. It causes anodic mixed potentials and likely inhibits 

the anaerobic bio-catalyst. The oxygen crossover problem may not be fully addressed due to 

the permeability of most separators to oxygen, but improving the performance of other MFC 

components may alleviate this effect. Increasing the specific surface area of the anode has been 

generally shown to increase the peak power density [106–108] as the anode is usually a limiting 

factor in power production in the MFCs [105]. It is likely that an increase in the active surface 

area of the anode in the flat-plate configuration may also increase the power output, while still 

benefitting from the low Ohmic overpotential of this design. 

Increasing the cross-sectional (geometric) surface area of the anode requires an increased 

size of the cathode and the separator, which may not be economically viable (due to application 

of expensive catalyst and membrane) for large-scale wastewater treatment systems. A 3D 

anode substrate, like graphite felt (GF), can offer a much greater actual surface area compared 

to a two-dimensional (2D, i.e., flat) substrate, per unit geometric surface area. Hence, the actual 

surface area of the anode can be increased through application of 3D GF substrates [61, 109–

113]. The actual surface area of the anode can be further increased through increasing the 

thickness of the 3D anode. This could potentially increase the peak power density to a certain 



49 

 

limit, with no additional burden to increase the size of the separator, the cathode, and the cell 

in general. In addition, it may also result in a more efficient utilization of the anodic space 

compared to a 2D electrode, where wastewater can bypass the electrode matrix. A more 

complex voltage balance and non-uniform current generation, however, are common issues 

related to the application of 3D electrodes [114]. 

In this chapter, the passive air-breathing FPMFC engineering continued through conducting 

a study investigating the role of the 3D anode on power generation and wastewater treatment 

efficiency. The effect of the GF anode substrate surface treatment and surface area, and anode 

chamber depth on the performance was therefore investigated. Three FPMFCs with similar 

geometric surface area but different anode pocket depth (2 mm, 4mm, and 8 mm) were 

operated using 3D GF anodes and passive air-breathing carbon cloth cathodes. The GF 

substrate was treated by soaking in a boiling solution of HNO3 prior to inoculation. The effect 

of the GF surface area was studied through application of 1, 2, and 3 packed layers of GF in 

the 2 mm, 4 mm, and 8 mm FPMFCs, respectively. The effect of the electrode spacing was 

investigated using only 1 layer of GF in the 2 mm, 4 mm, and 8 mm FPMFCs. The performance 

was characterized through examining the peak power density, Ohmic resistance, COD removal 

and Coulombic efficiencies, and electro-active thickness of the 3D anodes. 

5.2 Experimental 

5.2.1 FPMFC design and components 

The passive air-breathing FPMFCs were constructed as previously reported in Chapter 4. 

The previously used MEA holder graphite frame was replaced with a perforated graphite plate 
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to provide structural support to the cathode and prevent deformation (Figure 5-1). The 

FPMFCs consisted of a graphite anode compartment with a pocket (geometrical dimensions: 

0.05 m × 0.10 m) and a graphite perforated plate (to sandwich the PEM and the air-breathing 

cathode against the anode pocket). Three FPMFCs were constructed with identical geometrical 

surface area but different depths of the anode pocket (210-3 m, 410-3 m, and 810-3 m). Neoprene 

gaskets (0.5×10-3 m in thickness) were installed to provide insulation between the electro-

conductive components of the FPMFCs. 

Graphite felt was used as the 3D anode substrate (0.05 m × 0.095 m, 3×10-3 m thick, GF-

S6-03, Electrolytica, USA). The surface of the GF substrate was treated by soaking in pure 

acetone, and then in a 1 M boiling solution of HNO3 for 1 hour. The treated GF was then stored 

in DI water prior to use. Expanded stainless steel sheets (4SS(316L)10-125A, Dexmet, USA) 

were used to support the electronic connection between the anode electrode and the hosting 

compartment in all FPMFCs. This resulted in a 3D anode compression from 3×10-3 m to 2×10-

3 m, in thickness. The first set of experiments was performed using 1, 2, and 3 packed layers 

of GF ( 2 mm, 4 mm, and 6 mm in thickness) placed inside the anode chamber in the 2 mm, 4 

mm, and 8 mm FPMFCs, respectively. The second set of experiments was performed using 

only 1 packed layer of GF in the FPMFCs. 
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Figure 5-1 Passive air-breathing FPMFC configuration used in this work 

The air-breathing cathode consisted of a carbon cloth substrate (projected surface area: 0.05 

m × 0.10 m; 50 wt.% wet-proofing, E-TEK, USA) coated on one side with Pt catalyst (Pt 

loading of 0.01 kg/m2) facing the membrane and on the other side, with three layers of a 60 

wt.% PTFE suspension [98]. A high loading of Pt was adopted to assure that the cathode was 

not limiting the performance. Nafion®117 (DuPont, USA) was used as the PEM. The 

preparation of the air-breathing cathode and the treatment of Nafion®117 were done according 

to the procedures reported in Appendix A. Nafion®117 and carbon cloth cathode were 

sandwiched between the anode chamber and MEA holder plates, with the catalyst side of the 

cathode facing the PEM and PTFE side facing the air. The projected surface area of the PEM 

and the air-breathing cathode always remained constant during the tests at 5×10-3 m2. 



52 

 

5.2.2 Operation and performance characterization 

Primary treated wastewater (the University of British Columbia wastewater treatment pilot 

plant, BC, Canada) was used for the inoculation. The effluent was enriched with ethanol (0.085 

M), minerals, and vitamins, and its conditions, i.e., DO and temperature were controlled in the 

feed tank equipped with a DO probe (InPro® 6800, New Brunswick Scientific Co., Inc., USA) 

and a thermometer, respectively. The temperature of the feed tank was controlled at 303±1 K 

and the feed container was maintained oxygen-free by continuous N2 sparging. The nutrient-

enriched wastewater was pumped continuously through the FPMFCs at 1.7×10-9 m3/s (0.1 

mL/min) for 2 months using a peristaltic pump. During the inoculation period, the FPMFCs 

were operated with the electrodes connected through a 500 Ω external load (Figure 5-2). 

The FPMFCs were then continued to operate (with the electrodes connected through a 500 

Ω external load) with simulated synthetic wastewater (prepared as described in Appendix A), 

containing ethanol and the necessary minerals, vitamins, and pH buffer with controlled 

temperature (303±1 K) and zero oxygen content for 2 months. A methanogens inhibitor (2-

bromoethanesulfonate at concentration of 3×10-4 M [115]) was added to both actual and 

synthetic wastewaters to prevent methanogenesis from ethanol [99]. 
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Figure 5-2 FPMFC setup, schematic and photograph 

To examine the performance, a treated membrane and a fresh cathode were used prior to 

each test. The performance of the FPMFCs was then characterized by investigating the 

superficial and volumetric power densities and polarization curves, Ohmic resistance, CE, and 
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the COD removal efficiency. The FPMFC operated by connecting the anode and cathode 

electrodes through an external load (500 Ω) until stable voltage was achieved. Then, the circuit 

was disconnected to monitor the OCV and obtain the polarization and the power density 

curves. Development of the polarization and power density curves, measurement of the internal 

resistance, and COD removal efficiency were performed according to the procedure reported 

in the Appendix A. 

5.2.3 Error calculations 

The uncertainty of the current and voltage measurements done by the potentiostat was 

<0.2%. Hence, to calculate the actual error values associated with the polarization curves, all 

experiments were triplicated. For this purpose, the anode remained the same for all experiments 

while the membrane, the cathode, and the feed solution were replaced with a treated membrane, 

a new cathode, and a fresh feed solution, respectively, for each replication test. The standard 

deviation between the measurements of the replication tests was calculated according to: 

𝜎 = √∑ (𝑥𝑖−𝑥̅)2𝑁
𝑖=1

𝑁
                  Eq.5- 1 

where 𝑥𝑖 is the data value in measurement number 𝑖, 𝑥̅ is the mean (or average) of a set of data 

values (sum of all of the data values divided by the number of data values), and N is the number 

of data points in the sample population (or number of the experiments, which in this chapter is 

equal to three). All reported error bars on the graphs and values within the text for the reported 

data are strictly meant for illustration as they represent the standard deviation for the results 

obtained over three runs. 
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5.3 Current distribution model 

In designs with small electrode spacing (i.e., flat-plate, Figure 5-3) the passage of current 

through the electrolyte may not cause significant non-uniformity of potential (or current) 

distribution. However, the low ionic conductivity of the electrolyte along the inter-electrode 

gap can result in non-uniformity of potential and current. Hence, each component of the voltage 

balance may be time and position dependent. The non-uniformity due to the voltage drop 

through the electrode and electrolyte in the 3D electrodes should be given proper consideration. 

Potential distribution in a 3D electrode is given by [114]: 

 
d2E

dx2 = −aj (
1

κ
+

1

σ
)                     Eq.5- 2 

where E is the operating electrode potential (V vs. SHE), x is the distance through the electrode 

(m), a is the specific surface area of the electrode (m2/m3), j is the local Faradic current density 

(A/m2), κ and σ are the effective conductivities (S/m) of the solution phase and the electrode 

matrix, respectively. This differential equation can be solved to approximate the electro-active 

thickness of the 3D electrode. For many practical cases, solving the above equation can be very 

complicated and may be obtained by either a numerical method or analytically with proper 

boundary conditions. 
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Figure 5-3 Schematic of the passive air-breathing FPMFC using 3D anode 

A simple model for the current distribution and hence, the approximation of the electro-

active thickness of the 3D electrode can be developed assuming that the Ohm's law applies to 

both electrode and electrolyte, and the current flows in the direction perpendicular to the feeder 

plate (x) [107]. The current density thus can be described as: 

 j = jS + jE = (−κ
dE0

dx
) + (−σ

dE

dx
)                       Eq.5- 3 

djS

dx
+

djE

dx
= 0                    Eq.5- 4 

where jS and jE are the current densities (A/m2) in the solution phase and the electrode matrix, 

respectively, and E0 is the potential in the solution phase (V vs. SHE), with x = 0 at the feeder 

plate (current collector) and x = L at the furthest spot of the electrode from the feeder plate (L 
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is the electrode actual thickness (m), Figure 5-3). The reaction rate varies depending on the 

specific kinetics of the oxidation reaction: 

 −
djE

dx
=

djS

dx
= a × f[(E − E0), CF]              Eq.5- 5 

where CF is the concentration of the fuel (M). Assuming zero order reaction kinetic, constant 

fuel concentration, and low overpotentials within the electrode matrix [107], the rate of current 

change with the distance from the feeder plate can be written as: 

 −
djE

dx
=

djS

dx
= b × (E − E0)                     Eq.5- 6 

where b is a constant which can be estimated from the Erdey-Gruz-Volmer-Butler equation: 

 j = j0[exp (
αnF

RT
(E − E0)) + exp (

(1−α)nF

RT
(E − E0))]              Eq.5- 7 

where j0 is the exchange current density (A/m2), α is the electron transfer coefficient, n is the 

number of the electrons exchanged, R is the gas constant (J/mol/K), T is the temperature (K), 

and F is the Faraday constant (C/mol). Assuming low overpotentials for the FPMFC, a linear 

form of the Erdey-Gruz-Volmer-Butler equation can be assumed between the current density 

and the electrode potential and the constant b can be estimated as: 

 b = a × j0 nF

RT
                  Eq.5- 8 

 −
djE

dx
=

djS

dx
= a × j0 nF

RT
× (E − E0)                     Eq.5- 9 

The change in the reaction rate can then be written as: 
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 −
d2jE

dx2 =
d2jS

dx2 = a × j0 nF

RT
×

d(E−E0)

dx
                   Eq.5- 10 

 −
d2jE

dx2 =
d2jS

dx2 = a × j0 nF

RT
× (−

iE

σ
+

iS

κ
) = a × j0 nF

RT
× (−iS(

1

κ
+

1

σ
) +

i

κ
)         Eq.5- 11 

The solution to this differential equation is [107]: 

 
jS

j
=

κ

κ+σ
[1 +

(
σ

κ
) sinh[υ(1−x L⁄ )]−sinh[υx L⁄ ]

sinh[υ]
]          Eq.5- 12 

where: 

 υ = L[a × j0 nF

RT
(

1

κ
+

1

σ
)]0.5                     Eq.5- 13 

Using wastewater as the electrolyte, σ ≫ κ, so Eq.5-11 simplifies to: 

 
jS

j
=

sinh [υ(1−x L⁄ )]

sinh [υ]
            Eq.5- 14 

 υ = L[
a

j0 nF

RT
κ
]0.5                   Eq.5- 15 

The effective conductivity of the solution phase can then be calculated using the Bruggeman 

equation: 

 κ = κEε1.5               Eq.5- 16 

where κE is the electrolyte conductivity (S/m), and ε is the porosity of the electrode. The 

effectiveness of the 3D electrode (defined as the ratio between the observed current and the 

theoretical current if the electrode potential was everywhere the same as the maximum 

observed at position L [116]) can then be calculated using the following simplified Equation: 
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 φ =
tanh [υ]

υ
               Eq.5- 17 

The effectiveness values can be calculated to estimate the electro-active thickness of the 3D 

electrode using the system parameters of κE = 0.5 S/m, a = 4×104 m2/m3, ε = 0.4, j0 = 0.4 A/m2. 

5.4 Results and discussion 

5.4.1 Performance stabilization 

During the inoculation period, the voltage (through the 500 Ω load) increased from 0.05 V 

to 0.75±0.05 V within 2 weeks and remained stable after. The FPMFCs were then operated 

with synthetic wastewater to examine the electricity generation resulting from the 

exoelectrogenic activity of the microorganisms present in the biofilm attached to the anode, as 

opposed to those present in the wastewater feed. Operation of the FPMFCs with synthetic 

wastewater did not affect the voltage indicating that the anode potential was controlled by the 

biofilm-ethanol redox potential. The FPMFCs operation with synthetic wastewater was 

continued for 2 months before carrying out the performance characterization. 

Four months after the operation started, the cathode and the PEM of each FPMFC were 

replaced with a fresh cathode and a re-treated membrane. The voltage across a 500 Ω load was 

monitored prior to further electrochemical measurements. Voltage values of ca. 1.1 V were 

recorded immediately after the operation started. The voltage, however, dropped during the 

first 24 hours of the operation and stabilized at 0.76±0.01 V, which was most likely due to the 

gradual development of the anodic and cathodic mixed potential. The OCV was monitored 

once the stabilization of the voltage was achieved. 



60 

 

5.4.2 Performance improvement 

The effect of the GF anode surface treatment prior to the biofilm growth was evaluated in 

an operating FPMFC. The surface of the GF anode was treated with a 1 M boiling solution of 

HNO3 for 1 hour. Figure 5-4 shows the performance of the 2 mm FPMFC using the treated 

(activated) and the untreated (inactivated) GF electrodes. The activated GF electrode showed 

superior performance over the entire polarization curve, with a superficial peak power density 

of 0.24±0.02 W/m2 whereas; previously the same configuration using an inactivated electrode 

had only generated 0.09 W/m2. 

The Ohmic resistance of the 2 mm FPMFC was 74×10-4±7×10-4 Ω.m2 without hot-pressing 

the PEM to the cathode. Hot-pressing the PEM to the cathode previously in chapter 4 had 

resulted in a lower Ohmic resistance (40×10-4±4×10-4 Ω.m2). Due to the low current generated 

by the FPMFC using an inactivated GF substrate, a lower Ohmic resistance did not result in a 

higher peak power density. This was because the Ohmic resistance was not the main issue 

limiting the performance. It is clear from the polarization curve in Figure 5-4 that the 

improvement in the performance was mainly in the kinetic region. The activated electrode 

generated a maximum current density of 1.5 A/m2, higher than that generated using the 

inactivated electrode (<0.4 A/m2). This indicates that the GF-biofilm interface was a major 

factor in the generation of current. In fact, up to current densities as high as 1.5 A/m2, the 

FPMFC using the activated anode did not show any mass transfer limitation. 
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Figure 5-4 Polarization and power density curves of the 2 mm FPMFC using activated (using a 

1 M boiling solution of HNO3) and inactivated (as received) GF anodes. Error bars represent 

the standard deviation between three experiments.  

As the objective of using 3D anodes is to increase the available surface area for the bio-

catalyst attachment, the anode surface activation can be very important for the extent of the 

microbial colonization on this large surface. The surface activation of the carbon substrate can 

improve the performance significantly through improving the overall hydrophilicity of the 

graphite material [113, 117, 118], enhancing the biocompatibility of the carbon material as 

well as facilitating the immobilization of bacteria [119], and improving mass transfer within 

the porous electrode matrix [120]. 
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5.4.3 Performance using additional layers of GF 

5.4.3.1 Power generation 

To investigate the electro-active thickness of the 3D GF substrate and study the effect of the 

active surface area, the 2 mm, 4 mm, and 8 mm FPMFCs were operated using 1, 2, and 3 

packed layers of GF, respectively. The thickness of the GF electrode was 2 mm, 4 mm, and 6 

mm. Performance of the FPMFCs was characterized after 4 months of stable power production 

using an external load of 500 Ω. The OCV values stabilized in less than 10 hours, and gave 

0.75±0.01 V, 0.75±0.01 V, and 0.76±0.01 V for the 2 mm, 4 mm, and 6 mm thick GF, 

respectively. Similar OCV values were likely due to similar mixed potentials in all three 

FPMFCs with similar electrode spacing. Even though thicker anode electrode may lead to less 

oxygen diffusing into the deeper layers of GF, a major contribution to the mixed potentials 

comes from the crossover of the fuel (ethanol and produced acetate as the ethanol degradation 

byproduct). The effect of the crossover on the development of the mixed potentials (possibly 

along with the effect of the pH increase at the cathode) has been shown to be more visible on 

the cathode performance compared to the anode performance [31, 80]. The cathode in all three 

FPMFCs was separated from the synthetic wastewater by Nafion®117, resulting in similar fuel 

crossover patterns. Therefore, this resulted in no significant variation in the OCV values as the 

anode compartment depth increased within the applied range. 

All three FPMFCs gave similar Ohmic resistance values due to their similar electrode 

spacing. The superficial peak power density, however, increased as the thickness and 

consequently the actual surface area of the anode increased (while the surface area of the PEM 

and the cathode remained the same). Using 4 mm and 6 mm thick GFs, the peak power density 
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was 0.35±0.03 W/m2 and 0.52±0.03 W/m2, respectively (Figure 5-5). These values were higher 

than that reported for the 2 mm thick GF (0.24±0.02 W/m2). They corresponded to an increase 

in the peak power density of 48% and 118% using the 4 mm and 6 mm GFs, respectively, 

compared to that using the 2 mm GF. This did not indicate a directly proportional behaviour 

with respect to the actual surface area of the anode (ca. 100% and 200% increase in the actual 

surface area). The peak power density of 0.52 W/m2 measured for the FPMFC with three 

packed layers of GF was higher than those reported for the same configuration using active air 

and oxygen flow cathodes in the literature (0.22 W/m2 in a single FPMFC with an air flow 

cathode [13] and 0.72 W/m2 in a stack of 4 FPMFCs with an oxygen flow cathode [37]). 

The effectiveness values were calculated using Eq.5-17 and gave 1, 0.99, and 0.98 for the 2 

mm, 4 mm, and 6 mm thick GFs, respectively. These values suggested that the 3D GF electrode 

was almost fully electro-active within the applied range of thickness and the anode potential 

was possibly set by the bio-catalyst [3]. This also showed that 3 and 2 packed layers of GF 

should, under identical conditions, produce a current ca. 2.9 (i.e., 3×0.98/1) and ca. 2.0 (i.e., 

2×0.99/1) times higher than that produced by only 1 packed layer of GF, respectively. The 

measured peak current densities increased by a factor of 2.7 and 1.8 moving from the 2 mm 

GF to the 6 mm and the 4 mm thick GFs, respectively, which were in reasonable agreement 

with the theoretical values. The effectiveness values were also in close agreement with those 

reported by Lorenzo et al. [107] who reported an electro-active thickness to actual thickness 

ratio of 0.92 for a 0.01 m thick bed of graphite granules (with an average granule diameter of 

0.004 m) in a passive-air breathing MFC. Since small overpotentials were assumed for the 

FPMFCs and therefore, a linear form of the Erdey-Gruz-Volmer-Butler equation was used to 
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estimate the electro-active thickness, it is likely that the effectiveness of the GF anode was 

slightly overestimated. For a more accurate estimation, the non-linear form of this equation 

should be used. 

 

Figure 5-5 Polarization and power density curves of the FPMFCs using 2 mm, 4 mm, and 6 mm 

thick graphite felt anodes. Error bars represent the standard deviation between three 

experiments.  

5.4.3.2 Wastewater treatment efficiency 

As the residence time (RT) increased from 1.7 hours in the 2 mm FPMFC, to 3.3 hours in 

the 4 mm FPMFC, and 6.7 hours in the 8 mm FPMFC, the COD removal efficiencies also 

increased from 65±2% to 82±2% and 91±3%, respectively. When considering the rate of the 

COD removal, it gave values of 2.7±0.1, 1.7±0.1, and 1.0±0.1 kg/m3/hr of RT in the 2 mm, 4 

mm, and 8 mm FPMFCs, respectively. This indicated that to achieve similar COD removal 



65 

 

efficiencies as the 2 mm FPMFC, the 4mm and 8 mm FPMFCs could be operated with a higher 

flow-rate which could potentially enhance the convective mass transfer within the 3D 

electrode. 

The CE values were 10.7±0.5%, 14±1%, and 17.4±0.8% for the 2 mm, 4 mm, and 8 mm 

FPMFCs, respectively. This slight increase in the CE resulted mainly from the increased 

current generation. A possible contribution to the CE could also come from the microbes 

growing closer to the PEM which could scavenge the oxygen diffusing through the air-

breathing cathode and the PEM. This oxygen consumption was also accompanied by the 

ethanol degradation which did not yield electrical current. However, it likely resulted in 

reduced oxygen concentration in deeper layers of the anode, thereby yielding enhanced 

anaerobic bio-catalytic activities. 

5.4.4 Performance using a single layer of GF 

5.4.4.1 Power generation 

To investigate the effect of the electrode spacing in the flat-plate configuration, the FPMFCs 

were also operated with a single layer of GF placed at the very end of the anode chamber. The 

electrode spacing using 1 layer of GF was ca. 0.5×10-3 m, 2.5×10-3 m, and 6.5×10-3 m for the 

2 mm, 4 mm, and 8 mm FPMFCs, respectively. The OCV readings stabilized in less than 10 

hours of the operation at open circuit, and gave 0.76±0.01 V and 0.77±0.01V for the 4 mm and 

8 mm FPMFCs, respectively. In addition, the Ohmic resistance increased significantly from 

74×10-4±7×10-4 Ω.m2 in the 2 mm FPMFC to 109×10-4±4×10-4 Ω.m2 in the 4 mm FPMFC and 

157×10-4±7×10-4 Ω.m2 in the 8 mm FPMFC (Figure 5-6), which approximately corresponded 
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to Ohmic overpotentials caused by gaps of ca. 2×10-3 m and ca. 6×10-3 m filled with the 

synthetic wastewater. 

 

Figure 5-6 Nyquist plots of different FPMFC configurations 

No significant trend in the peak power density was observed as the electrode spacing 

decreased within few millimeters. The 2 mm, 4 mm, and 8 mm FPMFCs produced peak power 

densities of 0.24±0.02 W/m2, 0.24±0.02 W/m2, and 0.25±0.02 W/m2, respectively (Figure 5-7). 

This was likely because the increased Ohmic overpotential due to the increased electrode 

spacing alleviated the inhibitory effect of the diffused oxygen on the bio-catalyst. The slightly 

higher peak current density achieved in the 4 mm and 8 mm FPMFC compared to the 2 mm 

FPMFCs is likely due to the decreased oxygen concentration at the anode of the 4 mm and 8 

mm FPMFCs, which likely resulted in improved exoelectrogenic activities of the bio-catalyst. 
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Figure 5-7 Polarization and power density curves of the FPMFCs with different depth of the 

anode chamber and using a single layer of the GF anode. Error bars represent the standard 

deviation between three experiments. 

5.4.4.2 Wastewater treatment efficiency 

The COD removal rates were 1.3±0.1 and 0.6±0.1 kg/m3/hr of the RT in the 4 mm and 8 

mm FPMFCs, respectively. This decrease, compared to the 4 mm and 8 mm configurations 

applying 2 and 3 layers of GF, respectively, was due to less effective utilization of the anode 

chamber space. Application of a single layer of GF increased the portion of the wastewater 

bypassing the 3D GF electrode. Similar conclusion was presented by Dekker et al. [37], who 

reported that the deformation of the Ralex® CEM towards the cathode in a two-chamber 

FPMFC yielded an increased anodic and a decreased cathodic chamber volume, and therefore, 

resulted in the wastewater bypassing the anode. Hence, it is critical to utilize the anode chamber 
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more effectively to achieve high removal efficiencies as well as to address the potential mass 

transfer issues within the 3D anode electrode. The CE values did not vary significantly with 

the electrode spacing (10.7±0.5 %, 11.7±0.6 %, and 13.0±0.2 % for the 2 mm, 4 mm, and 8 

mm FPMFCs, respectively), but they were lower than those reported for the configurations 

using 2 and 3 layers of GF. A summary of the FPMFC characteristics and performance data 

are presented in Table 5-1.  
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Table 5-1 Comparison of the performances of different FPMFC configurations (i.e., variation in the depth of the anode chamber and the 

thickness of the GF anode). Error values represent the standard deviation between three experiments.  

FPMFC  Anode Cathode 

Separator 

/Electrolyte 

Internal 

resistance10  Power density11  

(W/m2)      (W/m3) 

OCV  

(V) 

Effectiveness 

(η) 

COD 

removal 

efficiency 

(%) 

Ref. 

 ×10-4 

(Ω.m2) 

×10-6 

(Ω.m3) 

2 mm  1×GF 

Passive air-

breathing 

Pt/C 

Nafion®117 

0.05 M PBS 
40±4 8.4±0.8 0.09 44 0.77±0.01 - 5512 

Chapter 

413 

2 mm 1×GF 

Passive air-

breathing 

Pt/C 

Nafion®117 

0.05 M PBS 

74±7 16±1 0.24±0.02 113±10 0.75±0.01 1 65±2 

This 

chapter14 

4 mm  2×GF 79±7 33±3 0.35±0.03 83±8 0.75±0.01 0.99 82±2 

8 mm  3×GF 82±6 69±5 0.52±0.03 61±4 0.76±0.01 0.98 91±3 

4 mm  1×GF 109±4 46±2 0.24±0.02 58±4 0.76±0.01 1 62±2 

8 mm  1×GF 157±7 115±6 0.25±0.02 30±2 0.77±0.01 1 58±2 

                                                 

10 Based on the anode electrode geometric surface area and the anode compartment volume 
11 Based on the anode electrode geometric surface area and the anode compartment volume 
12 The FPMFC was not at a steady state yet. 
13 Using as received (inactivated) graphite felt anode electrode 
14 Using HNO3 treated (activated) graphite felt anode electrodes 
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5.5 Conclusions 

The effect of the GF substrate surface treatment, GF active surface area, and anode chamber 

depth (electrode spacing) on the performance of the passive air-breathing FPMFC was 

investigated. The treatment of the surface of the GF substrate with a 1 M boiling solution of 

HNO3 before inoculation had a significant positive effect on the anode performance, attributed 

mainly to the increased hydrophilicity of the graphite structure and improved mass transfer, 

which likely enhanced the microbial colonization. The performance of the passive air-

breathing FPMFCs improved through addition of extra layers of GF as the GF electrodes were 

indicated to be almost fully electro-active. The superficial peak power density increased as the 

thickness of the GF substrate increased, resulting in 48% (to 0.35±0.03 W/m2) and 118% (to 

0.52±0.03 W/m2) increase in the superficial peak power with an increase of ca. 100% and 

200% in the thickness and the actual surface area of the anode, respectively. Interestingly, with 

otherwise similar conditions, increasing the electrode spacing in the FPMFC did not affect the 

superficial peak power density. The decreased concentration of oxygen at the anode as the 

electrode spacing increased within the range of ca. 0.5×10-3 m- 6.5×10-3 m explained the 

imperceptible effect of the increased Ohmic overpotential on the peak power.  
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Chapter 6: Separator characterization in the non-inoculated and 

inoculated setups 

6.1 Introduction 

The engineering and operation of the passive air-breathing FPMFC, presented in chapters 4 

and 5, indicated the critical effect of the separator component in sustainable power generation 

in this configuration. Therefore, a systematic approach was adopted to study the separator 

characteristics and its effect on the performance of the passive air-breathing FPMFC in this 

chapter. For this purpose, 8 separators were selected and their ionic resistivity, proton transport 

number, and oxygen crossover were studies in a non-inoculated passive air-breathing setup, 

and the fuel (ethanol and acetate) crossover was studied in a non-inoculated aqueous setup. 

The surface hydrophobicity and morphology of the separators were also investigated, to spot 

the possible links between the separator characteristics and the FPMFC performance. The 

selected separators were then examined in three passive air-breathing FPMFCs with different 

electrode spacing (ca. 0.5×10-3, 2.5×10-3 m, and 6.5×10-3 m), to investigate the interplay 

between the electrode spacing and the separator characteristics. 

6.2 Experimental 

6.2.1 Separator characterization in the non-inoculated setups 

6.2.1.1 Selected separators and characteristics 

Aquivion®FPSA E79-03S (Solvay Solexis, Italy), SciMat®700/20 (SciMat Ltd., UK), 

Celgard®5511 (Celanese, USA), Zirfon® (AGFA, Belgium), Glass fiber filter (Millipore, 
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USA), Nylon mesh filter (Millipore, USA), and J-cloth (Associated Brands Inc., Canada) were 

selected for the characterization. Nafion®117 (DuPont, USA) was used as the baseline. Table 

6-21 and Table 6-2 provide available information on the selected separators. 

Table 6-1 Information on the material and structure of the selected separators 

Separator Information 

Nafion®117 Sulfonate groups attached to a hydrophobic fluorocarbon backbone  

Aquivion® Sulfonate groups attached to a short-side-chain perfluoropolymer  

Celgard® Micro-porous polypropylene  

Zirfon® Micro-porous polymer mesh coated with a mixture of ZrO2 and polysulfone  

SciMat® UV-treated micro-porous polypropylene 

Nylon mesh Woven Nylon strands 

Glass fiber filter Web of glass fibers 

J-cloth Woven cellulose fibers 

Table 6-2 Thickness and pore size of the selected separators 

Separator Nafion117 Aquivion Celgard Zirfon 
Nylon 

mesh 

Glass 

fiber 
SciMat J-cloth 

Thickness 

(×10-6 m) 

178 30 200 500 55 380 144 300 

Pore size 

(×10-6 m) 

- - 0.04 0.15 20 0.7 30 500 
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The selected separators were evaluated by studying oxygen crossover, indicated as the mass 

transfer and diffusion coefficients of oxygen (kO and  DO), ethanol crossover, indicated as the 

mass transfer and diffusion coefficients of ethanol (kE and  DE), acetate crossover (as a product 

of ethanol degradation), indicated as the mass transfer and diffusion coefficients of acetate (kA 

and  DA), the ionic resistivity and conductivity (RS and κS), the proton transport number (nH+), 

and the surface hydrophobicity and morphology. 

6.2.1.2 Characterization techniques and setups 

The tests were performed in a glass cell (Figure 6-1), consisting of two compartments (8×10-

5 m3 volume of each) isolated by a separator holder. The open surface area of the separator 

using this setup was 2×10-4 m2 (2 cm2). During the characterization, the separators were 

sandwiched between the two compartments using the holder. Two O-rings were used to ensure 

proper sealing. Neoprene stoppers were used to seal the compartments from the lab 

environment when required. 

 

Figure 6-1 Separator characterization setup 
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Oxygen and fuel crossover 

The concentration of DO in the anode chamber was used for the evaluation of the oxygen 

crossover. The DO measurement was carried out using a DO probe inserted into the anode 

(aqueous) chamber of the glass cell. The mass transfer coefficient of oxygen for each separator 

was measured using a 0.05 M PBS in the aqueous chamber and air in the other (Figure 6-2). 

 

Figure 6-2 Oxygen crossover setup 

In this test, both chambers were filled with the PBS initially. A bubbler was inserted into 

the anode chamber through the rubber stopper to assure an ambient pressure inside (no 

pressurization). The aqueous chamber was then sealed and sparged with N2. The other chamber 

was then evacuated using a syringe, to create the air-breathing configuration. The DO 

concentration in the aqueous chamber was then monitored with time. The mass transfer (kO, 

m/s) and diffusion (DO, m2/s) coefficients were calculated using the mass balance [25]: 

kO =
V

At
ln [

c1

c1−c2
] ,  DO = kOY              Eq.6- 1 
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where c1  is the saturated oxygen concentration (M) on the air side of the separator, c2 is the 

DO concentration (M) in the aqueous side at time t (s), V is the volume of water in the aqueous-

chamber (m3), A is the surface area (m2), and Y is the thickness of separator (m). 

A Refractive index (RI) detector (Waters 2414 refractive index detector, Waters, UK) along 

with a Shimadzu high-performance liquid chromatography (HPLC) pump were used for 

assessing the fuel (ethanol and acetate) crossover. The mass transfer coefficients in each 

separator were measured using the glass cell filled with DI water in both chambers and adding 

either ethanol or acetate to one chamber only (donor compartment). Ethanol or acetate was 

then injected into the donor compartment and allowed to diffuse over time. The contents of the 

fuel-free chamber were cycled through the RI detector at a flow rate of 8.3×10-8 m3/s by the 

HPLC pump (Figure 6-3), where the increasing concentration of the fuel (ethanol or acetate) 

was monitored with time. 

 

Figure 6-3 Fuel crossover setup 
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The mass transfer (kE/A, m/s) and diffusion ( DE/A, m2/s) coefficients of ethanol or acetate 

were calculated using the mass balance [25]: 

 kE/A =
V

2At
ln [

c1

c1−2c2
] ,  DE/A = kE/AY             Eq.6- 2 

where c1 is ethanol or acetate concentration (M) in the anode (donor compartment) at t = 0, 

c2 is ethanol or acetate concentration (M) in the cathode at time t (s), V is the volume of the 

water in either one of the chambers (m3), A is the open surface area (m2), and Y is the thickness 

of the separator (m). 

Ionic resistivity 

A Potentiostat (VERSASTATE 3, Princeton Applied Research, USA) was used for the 

electrochemical measurements. The EIS technique was used to investigate the ionic resistivity 

and conductivity. The aqueous chamber was filled with 0.05 M PBS. Pt-coated carbon paper 

electrodes were used as the working and the counter electrodes. Two platinum current 

collectors were used to connect the electrodes to the potentiostat. The ionic resistivity was 

investigated by sandwiching the separator between the carbon paper electrodes and the current 

collectors (Figure 6-4 and Figure 6-5). The impedance measurements were performed 

according to the procedure reported in Appendix A. The Ohmic resistance was determined 

using the Nyquist plot and was normalized based on the surface area of the separator (2×10-4 

m2) to give the ionic resistivity. The ionic conductivity was calculated by normalizing the ionic 

resistivity based on the thickness of the separator: 

 κS = Y/RS                Eq.6- 3 
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where κS is the ionic conductivity (S/m), RS is the ionic resistivity (Ω.m2), and Y is the 

thickness of the separator (m). 

 

Figure 6-4 Ionic resistivity setup 

 

Figure 6-5 Electrode assembly holder: 1) O-ring, 2) holder top, 3) gasket, 4) counter electrode, 

5) separator, 6) working electrode, 7) holder base, 8) current collectors [121] 
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Proton transport number (pH splitting extent) 

Chronoamperometry was used to investigate the pH splitting extent. A pH probe was used 

to monitor the pH. The extent of pH splitting was investigated by measuring the portion of the 

protons produced in the anode chamber, that were delivered to the cathode chamber by the 

separator (referred to as the proton transport number [36]). This was measured by monitoring 

the pH change in the aqueous chamber in relation to the overall electric charge transferred 

during the Chronoamperometry test. The working electrode was a platinized titanium mesh 

(placed in the aqueous chamber) and the counter electrode was a Pt-coated carbon paper 

connected to a platinum current collector. The aqueous chamber was filled with 0.05 M KNO3 

(Figure 6-6). A fixed electric charge of 10 C was transferred at different rates (1-50 A/m2) and 

the pH change in the aqueous chamber was monitored. 

 

Figure 6-6 pH splitting setup 

The proton transport number was then obtained by calculating the electrical current 

equivalent to the transferred protons [75]: 
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 nH+ = (1 −
VF∆c

H+
anode

q
)               Eq.6- 4 

where V is the volume of the electrolyte solution (m3), F is the Faraday constant (C/mol), 

∆CH+
anode is the change in the protons concentration in the aqueous chamber (mol/m3), and q is 

the electric charge (C). 

Surface hydrophobicity 

The surface hydrophobicity of the separators was investigated by measuring the contact 

angle of a 10-10 m3 (0.1 µL) water droplet on the surface using a surface Tensiometer 

(Sigma700, KSV Instruments Ltd.). 

Surface morphology 

Scanning electron microscopy (SEM) imaging was used to study the morphology of the 

surface of the selected separators before and after testing in the FPMFC. After 4 weeks of the 

FPMFC operation, the separators were taken out and prepared for the SEM imaging. The 

standard preparation of the (bio)fouled (used) and the virgin (unused) samples is presented in 

the following steps: 

Fixation The samples were fixed by immersing in a warm solution of 2.5 wt.% 

glutaraldehyde in 0.1 M sodium cocadylate buffer (pH=7.4) in a warm water bath at 310 K, 

for 30-60 minutes. They were then washed with 0.1 M sodium cocadylate buffer solution, three 

times each for 10 min. 
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Post-fixation The samples were then immersed in solution of 1 wt.% osmium tetroxide in 

0.1 M sodium cocadylate buffer (pH=7.4), at room temperature for 2-4 hours. They were then 

washed with DI water, three times each for 10 min. 

Dehydration The samples were then dehydrated in graded ethanol solutions in water- 30, 

50, 70, 80, 90, 96, 100 wt.% for 5-15 minutes, and twice in 100 wt.% ethanol for 15-30 minutes. 

Critical point drying, mounting, and sputter coating The samples were then dried in a Tousimis 

AutoSamDri 815B (Tousimis, USA) critical point dryer, were mounted on the specimen setup 

with a carbon/silver paste, and coated with a Au/Pd alloy in a Cressington 208HR spotter coater 

(Cressington, UK). 

6.2.2 Separator evaluation in the FPMFCs 

6.2.2.1 FPMFC design and components 

The passive air-breathing FPMFCs were constructed as previously reported in Chapters 4 

and 5. Three FPMFCs were constructed with similar projected surface area (0.05 m × 0.10 m) 

and three different depths of the anode chamber (2×10-3 m, 4×10-3 m, and 8×10-3 m). Neoprene 

gaskets (0.5×10-3 m in thickness) were installed to provide insulation between the electro-

conductive components of the FPMFCs. 

Graphite felt was used as the 3D anode material (0.05 m × 0.095 m, 3×10-3 m thick, GF-S6-

03, Electrolytica, USA). Graphite felt anodes were treated by soaking in pure acetone, and then 

a 1 M boiling solution of HNO3 for 1 hour. They were then stored in DI water. Expanded 

stainless steel sheets were used to support the electronic connection between the anode and the 
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hosting compartment. This resulted in a 3D anode compression from 3×10-3 m to 2×10-3 m. 

The experiments were performed using a single layer of GF placed at the bottom of the anode 

chamber. 

The air cathode consisted of a carbon cloth (projected surface area: 0.05 m × 0.10 m; 50 

wt.% wet-proofing, E-TEK, USA) coated on one side with a Pt catalyst layer (Pt loading of 

0.01 kg/m2) facing the membrane and on the other side, with three layers of the 60 wt.% PTFE 

suspension [98]. A high loading of Pt was adopted to assure that the cathode was not limiting 

the performance. 

All separators (except for the glass fiber filter) were stored in DI water for 24 hours prior to 

use. The separator and carbon cloth cathode were sandwiched between the anode chamber and 

the perforated plates, with the catalyst side of the cathode facing the separators and PTFE side 

facing the air. A new cathode was used for the evaluation of each separator in the FPMFCs. 

6.2.2.2 Operation and performance characterization 

The previously inoculated passive air-breathing FPMFCs were operated with the synthetic 

wastewater (prepared as reported in Appendix A). The conditions of the synthetic wastewater, 

i.e., DO and temperature were controlled at 0% of DO and 303±1 K in the feed tank, 

respectively. The feed container was maintained oxygen-free by continuous N2 sparging. A 

methanogens inhibitor (2-bromoethanesulfonate at a concentration of 0.3×10-3 M [115]) was 

added to both the primary treated and the synthetic wastewaters to prevent methanogenesis 

from ethanol [99]. The cathode was replaced with a new cathode prior to the characterization 

of each separator. The FPMFCs were operated using each separator for two weeks, with the 



82 

 

electrodes connected through a 500 Ω external load to ensure stable performance before 

characterizing the performance. 

The performance of the FPMFCs was characterized by investigating the superficial and 

volumetric power density and polarization curves, Ohmic resistance, Coulombic and COD 

removal efficiencies. Development of the polarization and power density curves, measurement 

of the internal resistance, and COD removal efficiency were performed according to the 

procedure reported in the Appendix A. 

6.2.3 Error calculations 

The uncertainty of the current and voltage measurements done by the potentiostat was 

<0.2%. Hence, to calculate the actual error values associated with the polarization curves, all 

experiments were triplicated. For this purpose, the anode remained the same for all experiments 

while the separator, the cathode, and the feed solution were replaced with a new separator, a 

new cathode, and a fresh feed solution, respectively, for each replication test.  

To calculate the error values associated with the investigation of the separator 

characteristics, all characterization tests were triplicated. For this purpose, the separator, the 

electrodes, and the electrolyte solution were replaced with a new separator, new electrodes, 

and a fresh electrolyte solution, respectively, for each replication test.  

The standard deviation between the measurements of the replication tests was calculated 

according to: 

σ = √∑ (xi−x̅)2N
i=1

N
               Eq.6- 5 
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where 𝑥𝑖 is the data value in measurement number 𝑖, 𝑥̅ is the mean (or average) of a set of 

data values (sum of all of the data values divided by the number of data values), and N is the 

number of data points in the sample population (or number of the experiments, which in this 

chapter is equal to three). All reported error bars on the graphs and values within the text for 

the reported data are strictly meant for illustration as they represent the standard deviation for 

the results obtained over three runs. 

6.3 Results and discussion 

6.3.1 Separator characteristics 

The characteristics of the separators were related to their material, structure, thickness, and 

pore size. Except for the Nylon material, all other diaphragms and IEMs showed hydrophilic 

behaviour in contact with water. 

Figure 6-7 presents the SEM images from the surface of the virgin (unused) separators. The 

average pore size of SciMat® and J-cloth were estimated to be 3×10-5 m and 5×10-4 m using 

the SEM images.  
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Figure 6-7 SEM images from the surface of the virgin (unused) separators 

Nafion117 Aquivion 

Zirfon Celgard 

Glass fiber Nylon mesh 

100 µm 

J-cloth SciMat 
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Nafion®117 was in general less susceptible to oxygen and ethanol diffusion compared to 

the other separators (Figure 6-8 A). The mass transfer coefficient of oxygen in Nafion®117 

was ca. 0.3×10-6 m/s, one order of magnitude lower than those previously reported in the 

literature (ca. 3×10-6 m/s [101]). The mass transfer coefficient of oxygen measured for Zirfon® 

was also lower than that measured by Pant et al. (ca. 19×10-6 m/s [78]) in an aqueous non-

inoculated MFC that was being actively aerated at the cathode. The lower mass transfer 

coefficients of oxygen obtained here was attributed to the passive air-breathing setup used, 

which decreased the flux of oxygen through the separator, as opposed to the active aeration 

used in the aqueous setups in the literature. Also, the characterization of the separators 

independently in a non-inoculated setup eliminated the possibility of oxygen consumption by 

the biological processes, which could likely affect the mass transfer coefficient of oxygen 

through the separator.  

Aquivion® and glass fiber filter showed the lowest crossover of oxygen, after Nafion®117. 

The glass fiber filter has in fact been reported to perform excellently compared to the CEMs 

in the passive air-breathing MFCs with electrode spacing of 0.02 m [31, 80], which is likely 

due to the low mass transfer coefficient of oxygen and the relatively good ionic conductivity 

of the glass fiber filter. J-cloth showed the highest crossover of oxygen, as a result of the high 

flux of oxygen through its large pores. 

The ethanol and acetate crossover followed a similar trend as the oxygen crossover, and 

increased as separators with larger pores were tested. Nafion®117 indicated the smallest and J-

cloth indicated the greatest mass transfer coefficients of ethanol and acetate. In general, the 
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mass transfer coefficients of ethanol and acetate were higher than the oxygen, as a result of the 

aqueous configuration that was used. 

 

 

Figure 6-8 A) Oxygen, ethanol, and acetate mass transfer coefficients, B) Proton transport 

number and ionic resistivity of the selected separators, measured in non-inoculated setups. 

Error bars represent the standard deviation between three experiments. 
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The thickness of the separators played a key role in their ionic resistivity. The resistivity, 

hence, increased as thicker separators were tested. When testing separators with similar 

thickness, the resistivity decreased as the pore size of the separator increased. The 5×10-4 m 

thick Zirfon® demonstrated the highest resistivity (Figure 6-8 B). Despite its slightly thinner 

structure compared to Zirfon®, Glass fiber filter showed a much lower resistivity value, due to 

its larger pores and the super-hydrophilic structure. Aquivion® and Nylon mesh, on the other 

hand, showed the smallest resistivity towards cations, as a result of their thin structure. The 

separator resistivity varied from ca. 0.8 Ω.m2 in Aquivion® up to ca. 14 Ω.m2 in Zirfon®. 

During the pH splitting tests, gas accumulation was observed between the separator and the 

counter electrode, which was more significant at high current densities. Hence, the carbon 

paper counter electrode was replaced with a perforated carbon paper electrode, to release the 

accumulated gases. Since the pH splitting results indicated no significant variation in the proton 

transport number within the applied range of current density, the mean value of the proton 

transport number was reported. 

The pH splitting results showed that, despite using different mechanisms of transfer, the 

IEMs and diaphragms were, to a similar extent, permeable to protons. The variation in the 

proton transport number of the separator did not follow a significant trend with neither the 

thickness nor the pore size of the separators. The pH of the anode varied from 2.9 using 

Nafion®117 (pH of 11 at the cathode) to 3.3 using Celgard® and Zirfon® (pH of 10.2 at the 

cathode), which corresponded to proton transport numbers of 0.59 in Nafion®117 and 0.92 in 

Celgard® and Zirfon®. This indicated that even a high proton transport number of 0.92 was 

insufficient to balance the pH. Despite the excellent properties of Nafion®117, it gave the 
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lowest proton transport number, which could be attributed to the competitive transfer of K+ 

ions versus the protons in the diaphragms and the blockage of the functional groups by K+ ions 

in the CEMs. 

The cathode potential has been shown to suffer the most from the low proton transport 

number of the separator, as a buffer solution is usually used at the anode. The lower cathode 

potentials (0.1- 0.2 V) reported by Zhang et al. [31, 80] using Nylon mesh and glass fiber filters 

compared to a separator-free passive air-breathing MFC with an electrode spacing of 0.02 m, 

indicates that the elevated cathode pH due to the pH splitting can affect the cathode 

performance negatively. In fact, they reported the highest cathode potential when the separator 

was removed [31].  

The increase in the proton transport number from 0.59 to 0.92, in fact, can result in an 

increase in the equilibrium potential of oxygen reduction reaction (ORR) of ca. 0.04 V (Figure 

6-9, at Po2=0.21 bar and T=303 K). Removing the separator (hypothetically), on the other hand, 

can result in a further increase of ca. 0.14 V in the equilibrium potential of ORR (at the FPMFC 

inlet pH of ca. 8.5). The permeability of the diaphragms to the PBS in the MFC environment 

may result in higher proton transport numbers, however, the pH splitting may still be an issue 

at high current densities [32]. 
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Figure 6-9 Variation in the equilibrium potential of oxygen reduction with the proton transport 

number of the separator, at Po2=0.21 bar (abs) and T=303 K. Error bars represent the standard 

deviation between three experiments. 

6.3.2 Separators evaluation in the FPMFCs 

6.3.2.1 Performance versus the separator characteristics 

The superficial peak power density, OCV, and CE were significantly affected by the 

oxygen, ethanol, and acetate crossover (Figure 6-10). Using the separators with high oxygen 

and fuel crossover, the peak power density and CE increased more significantly as the electrode 

spacing increased. In other words, the peak power density and CE indicated a higher sensitivity 

to the crossover in the 2 mm FPMFC. This sensitivity decreased as the electrode spacing 

increased. The OCV, on the other hand, showed relatively similar sensitivity to the crossover 

in all three FPMFCs, and decreased as the crossover increased. 
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Power generation using the biofilm is likely dependent on the population of the microbial 

cells (as previously discussed in Chapter 5) contributing to the current generation as well as 

the rate of the fuel uptake and the electron transfer to the anode [122]. Since the random 

repeating of the MFC tests resulted in fairly replicable performance data, it was concluded that 

the morphology of the microbial communities (and their characteristics) in the FPMFCs likely 

did not change within the period of operation. Therefore, the presence of oxygen in the anode 

chamber likely reduced the number of the cells contributing to the current generation. As the 

electrode spacing increased, the concentration of oxygen decreased within the biofilm resulting 

in a less significant effect of the oxygen crossover in the 4 mm and 8 mm FPMFCs, and more 

cells contributing to the current generation. That is why a larger variation in the peak power 

density and CE was observed as the electrode spacing decreased. 
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Figure 6-10 Performance of the 2 mm, 4 mm, and 8 mm FPMFCs versus the separator characteristics. Error bars represent the standard 

deviation between three experiments.
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Table 6-3 presents the OCV, the superficial and volumetric peak power densities, and the 

CE of the 2 mm, 4 mm, and 8 mm FPMFCs using the selected separators. Figure 6-11 shows 

the polarization and power density curves. The highest peak power density in the 2 mm FPMFC 

was produced using Nafion®117 (0.24±0.02 W/m2) which gave the lowest mass transfer 

coefficient of oxygen, ethanol, and acetate. Aquivion® and glass fiber filter produced similar 

peak power densities after Nafion®117, likely due to the similar crossover of oxygen and fuel, 

and proton transport number. The generated peak power density further decreased using Nylon 

mesh, SciMat®, and Celgard®, followed by a dramatic decrease when J-cloth was used, due to 

the high crossover in J-cloth. 

Due to the slightly larger electrode spacing in the 4 mm FPMFC and the developed 

concentration profile, the concentration of oxygen at the anode and hence, the contribution of 

the oxygen crossover to the performance decreased. That is likely why diaphragms performed 

better in the 4 mm compared to the 2 mm FPMFC. The peak power density did not vary 

significantly using Nafion®117, Aquivion®, and Glass fiber filter while it increased using 

diaphragms with higher permeability to oxygen and ethanol. Zirfon® and Celgard® showed a 

greater extent of increase in the peak power density, while the increase was less significant 

using the Nylon mesh, SciMat®, and J-cloth. Further increase of the electrode spacing in the 8 

mm FPMFC resulted in an increased Ohmic overpotential, however, the 8 mm FPMFC showed 

a better performance than the 4 mm and the 2 mm FPMFCs. Celgard® produced a peak power 

density of ca. 0.22 W/m2 in the 8 mm FPMFC, close to that produced using Nafion®117, which 

was due to a decreased oxygen concentration at the anode and an improved cathode 

performance. 
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Table 6-3 Performance characteristics of the 2 mm, 4 mm, and 8 mm FPMFCs with the selected separators. Error values represent the 

standard deviation between three experiments. 

Separator 

OCV  

(V) ± 0.01 

Superficial peak  

power density (W/m2) 

Volumetric peak  

power density (W/m3) 

Coulombic efficiency 

 (%) 

2mm 4mm 8mm 2mm 4mm 8mm 2mm 4mm 8mm 2mm 4mm 8mm 

Nafion®117 0.75 0.76 0.77 0.24±0.02 0.24±0.02 0.25±0.02 110±8 58±4 30±2 10.7±0.5 11.7±0.6 13.1±0.2 

Aquivion®E79-03 0.71 0.72 0.73 0.17±0.01 0.18±0.02 0.18±0.01 79±5 43±4 22±1 7.9±0.6 9.6±0.6 10.1±0.3 

Celgard®5511 0.57 0.60 0.64 0.14±0.01 0.18±0.01 0.22±0.01 65±3 44±1 27±1 6.8±0.3 9.2±0.4 11.1±0.2 

Zirfon®Perl 0.58 0.60 0.62 0.14±0.01 0.17±0.01 0.19±0.01 64±3 40±2 22±1 8.3±0.2 9.4±0.3 11.1±0.8 

Nylon mesh 0.50 0.51 0.53 0.11±0.01 0.13±0.01 0.17±0.01 50±2 30±3 20±1 5.3±0.2 6.4±0.1 8.1±0.2 

Glass fiber filter 0.61 0.62 0.63 0.16±0.01 0.16±0.01 0.18±0.01 77±4 38±2 21±2 8.0±0.5 8.6±0.4 10.5±0.1 

SciMat®700/20 0.46 0.47 0.49 0.08±0.01 0.10±0.01 0.14±0.01 37±1 25±1 17±1 4.3±0.1 6.1±0.1 8.5±0.3 

J-cloth 0.41 0.43 0.47 0.04±0.0 0.09±0.01 0.15±0.01 18±2 21±2 18±1 2.6±0.1 6.1±0.5 9.4±0.6 
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Figure 6-11 Polarization and power density curves of the 2 mm, 4 mm, and 8 mm FPMFCs with 

different separators. Error bars represent the standard deviation between three experiments. 
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The wastewater treatment efficiency, on the other hand, slightly decreased as the electrode 

spacing increased. This was because a larger portion of the wastewater bypassed the 3D anode 

at larger electrode spacing. Also, the treatment efficiency increased as separators with larger 

pores were used. The high crossover of oxygen could be contributing to the degradation of 

ethanol by the communities using oxygen as the final electron acceptor. The high crossover of 

ethanol, on the other hand, could result in direct ethanol oxidation at the cathode, and hence 

improve the overall treatment efficiency. 

When the separators were examined in terms of the peak power density and CE, it was 

observed that those two parameters were linearly related (Figure 6-12), showing that the power 

output was mainly affected by the oxygen and fuel crossover. This was in contrast with the 

trend reported by Zhang et al. [31]. They observed a decrease in the CE (from 70% to 40%) as 

the power density increased (from 0.5 W/m2 to 1 W/m2) in a passive air-breathing MFC with 

the cathode placed 0.02 m apart from the anode. They indicated that the power output increased 

as separators with larger pores were used, which was due to the decreased Ohmic overpotential 

and the improved cathode performance. The CE, on the other hand, decreased as separators 

with larger pores were used due to the increased crossover. 

The peak power density of the FPMFCs here decreased as separators with larger pores were 

used, which showed that the effect of the pH splitting was less significant than the crossover. 

The much smaller electrode spacing applied here, increased the concentration of oxygen at the 

anode, resulting in a significant decrease in the peak power density and the CE. The extent of 

the fuel crossover likely did not vary significantly with the electrode spacing in the FPMFCs 

while the CE and the peak power density increased as the electrode spacing increased. 
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Therefore, it could be concluded that the oxygen crossover was playing a more important role 

on the FPMFC performance than the fuel crossover and the proton transport number of the 

separator. 

 

Figure 6-12 Coulombic efficiency (CE) versus peak power density (PD) with different 

separators in the 2 mm, 4 mm, and 8 mm FPMFCs. Error bars represent the standard 

deviation between three experiments. 

6.3.2.2 (bio)fouling of the separators 

Scanning electron microscopy images from the anode-facing side of the separators from all 

three FPMFCs indicated significant biofilm growth on the surface of the separators, after 4 

weeks of operation, except for the Nylon mesh filter. In the diaphragms with pore sizes smaller 

than 10-6 m (1 µm), the pores seemed to be clogged, while in the coarse-pore diaphragms, more 
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open areas were observed. The biofilm growth was also observed on the cathode surface, when 

using diaphragms. 

Nylon mesh, on the other hand, showed significant biofilm growth on the cathode, 

developing through the filter pores. This indicated that the hydrophobicity of the Nylon 

material was not in favor of the bacterial growth on the surface of the separator. Figure 6-13 

shows the SEM images from the surface of the (bio)fouled (used) separators. 

The FPMFCs were operated for 4 weeks, with no significant variation in the power output, 

indicating that the biofilm on the separator was not thick enough to affect the performance. 

The biofilm development on the separator matrix in the long-term, however, can act as a barrier 

and decrease the ion transfer which could result in a performance degradation. Nonetheless, 

the biofilm can also act as a barrier to oxygen transfer towards the anaerobic anode which 

could result in an increased CE [44, 109, 123]. 

Overall, the biofilm growth on the separator matrix could likely be in favor of the 

performance of the passive air-breathing FPMFC, especially when using micro-porous 

hydrophilic diaphragms. The biofilm development on the separator matrix can likely cover the 

open areas short after the operation starts, and block the oxygen diffusing through the air 

cathode. The separator material should therefore be non-biodegradable. 
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Figure 6-13 SEM images from the surface of the (bio)fouled (used) separators 

Nafion117 Aquivion 

Celgard Zirfon 

Nylon mesh Glass fiber 

SciMat J-cloth 

100 µm 
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6.4 Conclusions 

The ionic resistivity, oxygen mass transfer and diffusion coefficients, and proton transport 

number were investigated in a non-inoculated passive air-breathing setup while the mass 

transfer and diffusion coefficients of ethanol and acetate were investigated in a non-inoculated 

aqueous setup, as the critical characteristics affecting the performance of the passive air-

breathing FPMFCs. The separators were then evaluated in three inoculated passive air-

breathing FPMFCs with different electrode spacing (ca. 0.5×10-3 m, 2.5×10-3 m, 6.5×10-3 m). 

The pore size and thickness of the separators played key roles on the oxygen and fuel 

crossover, and the resistivity of the separators. The crossover increased as separators with 

larger pores were tested. The resistivity, on the other hand, increased as the thickness increased 

and/or the pore sized decreased, resulting in a poor ionic conductivity. The proton transport 

number of the separators was in the range of 0.59-0.92, corresponding to a maximum cathodic 

pH elevation to ca. 11 in absence of a PBS. 

The oxygen and fuel crossover played critical roles on current generation in the FPMFCs 

with small electrode spacing. The peak power density and CE decreased when separators with 

higher crossover were used at the smallest electrode spacing applied. As the electrode spacing 

increased, the sensitivity of the peak power to the crossover decreased, and the peak power 

density and CE both increased. Nafion®117 produced the highest peak power density in all 

three FPMFCs. Celgard® produced a peak power density of ca. 0.22 W/m2 in the 8 mm 

FPMFC, close to that produced using Nafion®117 (ca. 0.25 W/m2).  
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Chapter 7: Modeling and simulation of the FPMFC 

7.1 Introduction 

Similar to chemical fuel cells, MFC research has become interested in numerical modeling 

to facilitate the process design and optimization. The MFC models developed so far have 

mainly focused on describing the anodic biofilm and its role on the performance of the MFCs 

[124–126]. The numerical modeling of the MFC can also be a valuable tool to elucidate the 

role that the separator is playing on the overall performance as well as to optimize the MFC 

configuration (i.e., the electrode spacing). This is also beneficial because investigating the 

MFC performance experimentally with different separators can be time consuming and 

expensive. 

Overall, numerical modeling of the MFC targeting the role of the separator can provide 

useful insight into the design of appropriate separators applicable to a specific MFC 

configuration. Numerical modeling can be further used to optimize the power output and the 

cost of the MFC based on the interactions between the electrode spacing and the separator 

characteristics (or type). In this chapter, a numerical model is developed based on the mixed 

potential theory. The numerical model is developed applying the FPMFC engineering and 

operation performance data as well as the investigated separator characteristics to estimate the 

kinetic parameters of the bio-electrochemical system, the anodic and cathodic electrode 

potentials/mixed potentials. In addition, the developed numerical model is used to investigate 

the sensitivity of the power output to the separator characteristics and the electrode spacing. 
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7.2 Methods 

7.2.1 Model development based on the mixed potential theory 

The proposed model focuses on the mixed potential theory using voltage and the charge 

balance, and mass and charge transfer limitations on the current generation. A schematic of the 

charge transfer as well as the crossover paths is presented in Figure 7-1. The mixed potentials 

at the anode are shown as the anode depolarization happening mainly due to the oxygen 

crossing from the cathode, the separator, the electrolyte (wastewater), and the biofilm. The 

mixed potentials at the cathode are shown as the cathode depolarization happening mainly due 

to the ethanol crossing from the separator. 

 

Figure 7-1 Schematic of a passive air-breathing FPMFC utilizing ethanol at the anode and 

oxygen at the cathode 
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The following assumptions were made in the FPMFC modeling: 

 To simplify the model, the MFC system was assumed to be similar to a chemical 

fuel cell, hence no terms were added to represent the growth and death rate of the 

microbial communities, the biomass generation, and the biofilm growth on the 

cathode, and the separator. 

 The anode electrode was assumed to be fully covered by the bacteria. Hence, the 

ethanol oxidation (the principle) and oxygen reduction (the side) reactions were 

catalyzed by the biofilm, and did not take place on the naked electrode. 

 Flow of ions through the biofilm was assumed not to be limiting the electro-

neutrality of the system, and the Ohmic overpotential was assumed to be due to the 

resistance towards the ion transfer between the surface of the anode and the cathode. 

 Although acetate was detected as a by-product of ethanol degradation, for further 

simplification of the model, complete ethanol oxidation to protons and CO2 and the 

oxygen reduction were assumed to be the sole anodic and cathodic reactions 

occurring in the MFC. 

 Ethanol oxidation and oxygen reduction within the biofilm were assumed to 

contribute to anode polarization/depolarization. Hence, these reactions within the 

biofilm were assumed to be fully electrochemical. 
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 The temperature and pressure variations within the anode and the cathode chambers 

were assumed to be negligible, hence the reactions were considered isothermal and 

isobaric (303 K and 1 bar [abs]). 

 The electrolyte was assumed to be stagnant15, thus no effect of the electrolyte flow 

on the concentration profile was considered. 

 The fuel (ethanol) was assumed to be well-distributed within the 3D electrode, thus 

the concentration profile was neglected. 

 The anode was assumed to be well-buffered, hence no local pH drop within the 

biofilm was considered. 

 Due to the electro-activity of the 99% of the thickness of the 3D electrode, calculated 

in Chapter 5, a uniform current and voltage distribution within the 3D electrode was 

assumed. 

Complete ethanol (EtOH) oxidation at the anode yields a 12-electron transfer reaction:  

C2H5OH + 3H2O → 12e− + 12H+ + 2CO2            Eq.7- 1 

The equilibrium potential for this reaction at the anode and the cathode can be calculated as 

follows16: 

                                                 

15 This is due to the low flow-rate of the synthetic wastewater which results in a small upwards velocity. 

16 The superscripts of a and c refer to the anodic and cathodic parameters, respectively. 
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EEtOH
a = EEtOH

0 −
R.T

nEtOH.F
ln (

CEtOH
a

PCO2
a [H+]a

nEtOH)             Eq.7- 2 

EEtOH
c = EEtOH

0 −
R.T

nEtOH.F
ln (

CEtOH
c

PCO2
c [H+]c

nEtOH)           Eq.7- 3 

where EEtOH
0  is the standard half-cell potential (V vs. SHE) of the ethanol oxidation reaction at 

298 K and 1 bar (abs), R is the universal gas constant (J/mol/K), T is the temperature (K), 

nEtOH is the number of electrons transferred during the complete ethanol oxidation, F is the 

Faraday constant (C/mol), CEtOH
a  and CEtOH

c  are the concentration of ethanol (M) at the anode 

and the cathode, respectively, PCO2

a  and PCO2

c  are the partial pressure of carbon dioxide (bar) at 

the anode and the cathode (assumed to be 1 bar), respectively, and [H+]a and [H+]c are the 

concentration of protons (M) at the anode and the cathode, respectively. The oxygen reduction 

reaction is a 4-electron transfer reaction and in neutral and alkaline solutions is represented by: 

O2 + 4e− +  2H2O → 4OH−           Eq.7- 4 

The equilibrium potential for this reaction at the anode and the cathode can be calculated as 

follows: 

EO2

a = EO2

0 −
R.T

nO2 .F
ln (

[OH−]a
nO2

CO2
a )           Eq.7- 5 

EO2

c = EO2

0 −
R.T

nO2 .F
ln (

[OH−]c
nO2

PO2

)           Eq.7- 6 

where EO2

0  is the standard half-cell potential (V vs. SHE) of the oxygen reduction reaction 

at 298 K and 1 bar (abs), nO2
 is the number of the electrons transferred during the oxygen 
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reduction, CO2

a  and PO2
 are the concentration (M) and partial pressure (atm) of oxygen at the 

anode and the cathode, respectively, and [OH−]a and [OH−]c are the concentration of 

hydroxyls (M) at the anode and the cathode, respectively. The overall FPMFC voltage balance 

can be written as: 

Ecell = Ec − Ea − EOhm           Eq.7- 7 

where Ec and Ea are the cathode and the anode operating potentials, respectively, and EOhm is 

the Ohmic overpotential. The anodic and the cathodic overpotentials due to each reaction and 

the Ohmic overpotential can be calculated using the following equations: 

ηEtOH
a = Ea − EEtOH

a            Eq.7- 8 

ηO2

a = Ea − EO2

a            Eq.7- 9 

ηEtOH
c = Ec − EEtOH

c          Eq.7- 10 

ηO2

c = Ec − EO2

c          Eq.7- 11 

Eohm = J(RS +
d

κE
)         Eq.7- 12 

where ηEtOH
a  and ηEtOH

c  are the anodic and the cathode overpotentials (V) of the ethanol 

oxidation reaction, ηO2

a  and ηO2

a  are the anodic and the cathodic overpotentials (V) of the 

oxygen reduction reaction, RS is the ionic resistivity of the separator (Ω.m2), d is the electrode 

spacing of the FPMFC (m), κE is the ionic conductivity of the electrolyte (S/m), and J is the 

current density (A/m2) which can be calculated as follows: 
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J = JEtOH
a − JO2

a = JO2

c − JEtOH
c          Eq.7- 13 

1

JEtOH
a =

1

JEtOH
amt +

1

JEtOH
act          Eq.7- 14 

1

JO2
a =

1

JO2
amt +

1

JO2
act         Eq.7- 15 

1

JO2
c =

1

JO2
cmt +

1

JO2
cct         Eq.7- 16 

1

JEtOH
c =

1

JEtOH
cmt +

1

JEtOH
cct          Eq.7- 17 

where amt and cmt refer to the anodic and cathodic mass transfer controlled (limiting) current 

densities, and act and cct refer to the anodic and cathodic charge transfer (kinetic) controlled 

current densities, respectively, and JEtOH
a , JO2

a , JEtOH
c , and JO2

c are the current densities (A/m2) of 

ethanol oxidation and oxygen reduction at the anode and the cathode, respectively. Eq. 7- 13 

indicates that anodic and the cathodic current densities must be equal. The mass transfer 

controlled current densities for ethanol oxidation and oxygen reduction at the anode and the 

cathode can be calculated using Eq.7-18 through Eq.7-21: 

JEtOH
amt = nEtOHFKEtOH

a CEtOH         Eq.7- 18 

JEtOH
cmt = nEtOHFKEtOH

c CEtOH         Eq.7- 19 

JO2

amt = nO2
FKO2

a CO2
         Eq.7- 20 

JO2

cmt = nO2
FKO2

c CO2
         Eq.7- 21 
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where KEtOH
a , KO2

a , KEtOH
c , and KO2

c  are the effective mass transfer coefficients (m/s) at the 

anode side and at the cathode side of ethanol and oxygen, respectively, and can be calculated 

using Eq.7-22 through Eq.7-25: 

1

KEtOH
a =

1

KEtOH
B          Eq.7- 22 

1

KO2
a =

1

KO2
B +

d

DO2
E +

Y

DO2

+
1

KO2
C          Eq.7- 23 

1

KEtOH
c =

Y

DEtOH
         Eq.7- 24 

1

KO2
c =

1

KO2
C          Eq.7- 25 

where KEtOH
B  and KO2

B  the mass transfer coefficients (m/s) of are ethanol and oxygen in the 

biofilm, DO2

E  is the diffusion coefficient (m2/s) of oxygen in the electrolyte, DO2
 and DEtOH are 

the diffusion coefficients (m2/s) of oxygen and ethanol in the separator, KO2

C  is the mass transfer 

coefficient (m/s) of oxygen in the cathode, d is the electrode spacing (m), and Y is the separator 

thickness (m). The charge transfer (kinetic) controlled current densities for the ethanol 

oxidation and oxygen reduction reactions at the anode and the cathode are calculated using the 

Erdey-Gruz-Volmer-Butler equation: 

JEtOH
act = jB

0
EtOH

[exp [
αAEtOH

A nEtOHF(Ea−EEtOH
a )

RT
] − exp [

−(1−αAEtOH
A )nEtOHF(Ea−EEtOH

a )

RT
]]  

 Eq.7- 26 
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JEtOH
cct = jEtOH

0 [exp [
αAEtOH

C nEtOHF(Ec−EEtOH
c )

RT
] − exp [

−(1−αAEtOH
C )nEtOHF(Ec−EEtOH

c )

RT
]]  

Eq.7- 27 

JO2

act = jB
0

O2
[exp [

(1−αCO2

A )nO2F(Ea−EO2
a )

RT
] − exp [

−αCO2
A nEtOHF(Ea−EO2

a )

RT
]]  

Eq.7- 28 

JO2

cct = jO2

0 [exp [
(1−αCO2

C )nO2F(Ec−EO2
c )

RT
] − exp [

−αCO2
C nO2F(Ec−EO2

c )

RT
]]  

Eq.7- 29 

where jB
0

EtOH
 and jB

0
O2

 are the exchange current densities (A/m2) of ethanol oxidation and 

oxygen reduction in the biofilm, jEtOH
0  and jO2

0  are the exchange current densities (A/m2) of 

ethanol oxidation and oxygen reduction at the cathode, αAEtOH
A  and αCO2

A  are the charge transfer 

coefficients of ethanol oxidation and oxygen reduction at the anode, and αAEtOH
C  and αCO2

C  are 

the charge transfer coefficients of ethanol oxidation and oxygen reduction at the cathode. The 

average ethanol concentration within and alongside the anode electrode is estimated by 

calculating the logarithmic mean of the inlet and the outlet concentration using: 

CEtOH =
Cin−Cout

lnCin−lnCout
         Eq.7- 30 
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The pH of the cathode is estimated taking into account the proton transport number of the 

separator and calculating the protons concentration at the cathode during the current generation 

[75]: 

pH = −log (
10−14

10(pHin−14)+(1−nH+)
10

0.05.F

)         Eq.7- 31 

7.2.2 Parameter estimation 

Table 7-1 presents the operating conditions, constants, and parameters of the experimental 

setup for the model system of Eq. 7-1 through Eq. 7-31. Table 7-2 lists the characteristics of the 

separators investigated previously in Chapter 6. The 8 model parameters listed in  

Table 7-3 cannot be determined from the experimental data, hence are estimated through an 

iterative optimization algorithm using a sequential quadratic programming (SQP) method for 

solving the constrained non-linear optimization problem [127] using the experimental results 

reported in Table 6-3 (except for the J-cloth). These parameters are estimated by minimizing 

the summation of the square roots of the difference between the measured and the predicted 

current densities, minimizing an objective function defined as: 

Fobj = ∑ ∑ ∑ (Ji,j,k
′ − Ji,j,k)2K

k=1
M
j=1

N
i=1          Eq.7- 32 

where N, M, and K represent the number of the separators, the data points, and the FPMFCs 

used for the optimization problem. Integration of model equations into the optimization 

problem is performed in MATLAB (The Mathworks Inc., Natick, MA, USA). The estimated 

parameters are then used to solve the model equations during the sensitivity analysis and 
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electrode potentials estimation. The characteristics data of one of the separators (J-cloth) are 

used for the model validation. 

Table 7-1 Parameters of operation and the constants of the ethanol-air MFC model 

Symbol Definition Value Unit 

R Universal gas constant 8.314 J/mol/K 

T Temperature 303 K 

F Faraday constant 96485.3 C/mol 

nEtOH Number of electrons transferred in ethanol full oxidation 12 - 

nO2
 Number of electrons transferred in oxygen full reduction 4 - 

pHout Outlet pH 7 - 

pHin Inlet pH 8.5 - 

jO2

0  Exchange current density of oxygen reduction on Pt  0.015 A/m2 

jEtOH
0  Exchange current density of ethanol oxidation on Pt 0.003 A/m2 

KO2

c  Mass transfer coefficient of oxygen in the air cathode 2.7×10-5 m/s 

DO2

E  Diffusion coefficient of oxygen in the electrolyte 2×10-9 m2/s 

Cin Ethanol concentration in the inlet stream 0.085 M 

EEtOH
0  Standard half-cell potential of ethanol oxidation at 298 K 0.084 V vs. SHE 

EO2

0  Standard half-cell potential of oxygen reduction at 298 K 0.401 V vs. SHE 

PO2
 Partial pressure of oxygen in the air 0.21 Atm 

CO2
 Oxygen concentration at the cathode 8.3 mol/ m3 

κE Ionic conductivity of the synthetic wastewater  0.5 S/m 
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Table 7-2 Characteristics of the separators measured in the non-inoculated setups. Error values 

represent the standard deviation between the measurements of three experiments. 

Separator 
Thickness 

(×10-6 m) 

kO 

(×10-6 m/s) 

kE 

(×10-6 m/s) 

RS 

(×10-4 Ω.m2) 
nH+ 

Nafion®117 178 0.29±0.02 0.49±0.01 5.4±0.1 0.59±0.01 

Aquivion® 30 0.77±0.05 0.98±0.01 0.8±0.1 0.72±0.01 

Celgard® 200 1.20±0.06 0.84±0.01 4.4±0.2 0.92±0.01 

Zirfon® 500 1.47±0.06 0.58±0.01 14±0.4 0.92±0.01 

Nylon mesh 55 2.19±0.08 2.2±0.2 1.4±0.1 0.89±0.03 

Glass fiber 380 0.87±0.06 1.02±0.05 7.8±0.2 0.62±0.02 

SciMat® 144 2.6±0.1 1.93±0.08 3.1±0.1 0.66±0.03 

J-cloth 300 9.5±0.6 33±3 6.2±0.2 0.78±0.02 

7.3 Results and discussion 

7.3.1 Parameters estimation and model validation 

Table 7-3 lists the estimated kinetic and mass transfer parameters. The estimated exchange 

current densities in the biofilm were 0.36 A/m2 and 0.40 A/m2 for ethanol oxidation and oxygen 

reduction which were within the range of the values reported in the literature [128–132]. The 

charge transfer coefficients were estimated by assuming transfer of 2 electrons at the rate-

determining step for both ethanol oxidation and oxygen reduction reactions. The estimated 

exchange current density and mass transfer coefficients in the biofilm suggested that ethanol 
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oxidation within the biofilm was kinetically controlled while oxygen reduction was limited by 

the oxygen diffusion through the separator towards the anaerobic anode. 

Oxidation of ethanol and reduction of oxygen in the biofilm were assumed to happen at the 

biofilm-electrode interface, hence the mass transfer coefficients of ethanol and oxygen in the 

biofilm estimated by the model are virtual. This is because both ethanol and oxygen were being 

consumed within the biofilm. Also, the experimentally measured CE values of lower than 15% 

indicated that only up to ca. 15% of the ethanol content of wastewater degraded yielding 

electrical current and over 85% of the ethanol was consumed by the communities not using the 

anode as the final electron acceptor. This ethanol degradation was likely accompanied by 

oxygen reduction (up to 3 moles of oxygen per mole of ethanol), as the methanogenic activities 

were inhibited by addition of 2-bromoethanesulfonate. 

Table 7-3 Estimated kinetic parameters of the ethanol-air passive air-breathing FPMFC 

Parameter Definition Value Unit 

jB
o

O2
 Exchange current density of oxygen reduction in the biofilm 0.36 A/m2 

jB
o

EtOH
 Exchange current density of ethanol reduction in the biofilm 0.40 A/m2 

KO2

B  Mass transfer coefficient of oxygen in the biofiom 2.7×10-6 m/s 

KEtOH
B  Mass transfer coefficient of ethanol in the biofilm 9.3×10-6 m/s 

αAEtOH
A  Anodic charge transfer coefficient of ethanol oxidation 7×10-2 - 

αCO2

A  Anodic charge transfer coefficient of oxygen reduction 0.24 - 

αAEtOH
C  Cathodic charge transfer coefficient of ethanol oxidation 3×10-3 - 

αCO2

C  Cathodic charge transfer coefficient of oxygen reduction 0.11 - 
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Figure 7-2 Polarization and power density curves predicted by the model, using different 

separators (red) and model validation (black) in the 2 mm FPMFC. Error bars represent the 

standard deviation between three experiments done in chapter 6. 
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Figure 7-3 Polarization and power density curves predicted by the model, using different 

separators (green) and model validation (black) in the 4 mm FPMFC. Error bars represent the 

standard deviation between three experiments done in chapter 6. 
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Figure 7-4 Polarization and power density curves predicted by the model, using different 

separators (blue) and model validation (black) in the 8 mm FPMFC. Error bars represent the 

standard deviation between three experiments done in chapter 6. 
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The average deviation of the predicted current density by the model from the measured 

current density values was 0.08 A/m2. The model was further validated by solving the 

equations of the voltage and charge balance for the three FPMFCs using J-cloth (Figure 7-2, 

Figure 7-3, Figure 7-4 (black)). 

The electrode potentials estimated by the model showed the critical role of the oxygen 

crossover on the anodic mixed potentials and the resulted anode depolarization. The oxygen 

crossover yielded a positive shift in the anode potential when the mass transfer coefficient of 

oxygen in the separators increased (Figure 7-5). In the 2 mm FPMFC, the anode depolarization 

increased more significantly as separators with larger coefficients were used. The effect of the 

oxygen crossover on the anode potential became less significant as the electrode spacing 

increased (in the 4 mm and 8 mm FPMFCs), due to decreased concentration of oxygen at the 

anode. 

Nafion®117 gave the lowest anode potential values in all three FPMFCs (ca. -0.3 V vs. SHE 

at open circuit), similar to the values reported in the MFCs using ferricyanide and ferric iron 

as the oxidant [36, 133], as well as the passive air-breathing MFCs with electrode spacing of 

0.02 m and larger [31, 80]. This indicated that the extent of the anode depolarization matched 

that reported for the passive air-breathing MFCs with larger electrode spacing, as a result of 

the lower susceptibility of the polymeric Nafion®117 membrane to oxygen diffusion. At the 

largest electrode spacing applied (ca. 6.5×10-3 m) in the 8 mm FPMFC, the applied diaphragms 

and the Aquivion® membrane indicated relatively similar anode depolarization. The estimated 

low anode depolarization by oxygen for the FPMFCs using Nafion®117 and Aquivion® could 

be an indicator that the low CEs of the FPMFCs using these membranes was due to the 
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oxidation of ethanol by the communities using electron acceptors other than oxygen (e.g., 

sulfate).  

           

 

Figure 7-5 Estimated electrode potentials using different separators in the 2 mm, 4 mm, and 8 

mm FPMFCs 
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The variation of the cathode potential using different separators was ca. 0.04 V in all three 

FPMFCs, as predicted previously in Chapter 6, attributed to the variation in the proton transport 

number of the selected separators. Ethanol oxidation at the cathode, on the other hand, was 

most likely limited by its slow kinetics; hence a possible variation in the extent of the ethanol 

crossover using different separators did not seem to be affecting the cathode activity, in the 

short-term. In reality, the permeability of the applied diaphragms to the electrolyte can likely 

improve the proton transport number of the diaphragms in the FPMFC environment, yielding 

more stable pH values at the cathode. In the long-term, however, it exposes the cathode to the 

synthetic wastewater as well as the suspended bacterial cells. 

The estimated cathode potentials were similar at the open circuit to those reported for the  

ferrcyanide and ferric iron cathodes (ca. 0.5 V vs. SHE), followed by a substantial drop at the 

kinetic region (Figure 7-5), which resulted in lower values compared to the ferricyanide and 

ferric iron cathodes [36, 133] with the circuit connected. This was due to the sluggish kinetic 

of oxygen reduction over Pt [134–136], whereas a smaller kinetic overpotential has been 

reported for the ferricyanide and ferric iron cathodes. The mass transfer limitations and the 

resulted local oxygen starvation were also likely to decrease the air-breathing cathode 

performance. 

7.3.2 Sensitivity analysis 

7.3.2.1 Performance sensitivity to separator characteristics 

A preliminary analysis was performed to investigate the sensitivity of the power output with 

respect to the separator characteristics, by changing one of the investigated separator 
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characteristics at a time while leaving the remaining unchanged, and solving the voltage and 

charge balance equations. The sensitivity analysis was performed for Nafion®117, as an 

insensitive separator to the electrode spacing and for J-cloth, as one of the most sensitive 

separators to the electrode spacing. Table 7-4and Table 7-5 present the percentage change in the 

peak power density in the FPMFCs when multiplying the separator characteristics by the 

indicated ratios, one at a time. 

The sensitivity analysis results indicated that the power output of the passive air-breathing 

FPMFCs using Nafion®117 was more sensitive to the oxygen crossover compared to its other 

characteristics (Figure 7-6). Decreasing the oxygen crossover by 95% resulted in an increase 

by 49%, 45%, and 40% in peak power density of the 2 mm, 4 mm, and 8 mm FPMFCs, 

respectively. Hence, at a very low extent of oxygen crossover, the superficial peak power 

density was still relatively insensitive to a change in the electrode spacing. In addition, the 

increased peak power densities due to the decreased oxygen crossover suggested that even 

using Nafion®117, which was the least susceptible separator to oxygen, the performance was 

still being affected by the oxygen crossover. 

Increasing the oxygen crossover by 100%, on the other hand, affected the peak power less 

significantly resulting in 25%, 19%, and 13% decrease in the peak power of the 2 mm, 4 mm, 

and 8 mm FPMFCs, respectively. The sensitivity of the peak power density to the electrode 

spacing, however, increased. A further increase in the oxygen crossover by 1000% decreased 

the peak power density by 70%, 54%, and 34% in the 2 mm, 4 mm, and 8 mm FPMFCs, 

respectively. 
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The proton transport number affected the peak power through affecting the cathode potential 

[28, 71]. A 60% increase in proton transport number of Nafion®117 (from 0.59 to 0.94) was 

estimated to increase the peak power similarly in all three FPMFCs by 23-24% (Figure 7-7). 

The same percentage of decrease in the proton transport number (from 0.59 to 0.24), on the 

other hand, slightly decreases the peak power (6-7%). 

The peak power density did not indicate any sensitivity to the variation in neither the mass 

transfer coefficient of ethanol nor the ionic resistivity within the measured ranges. Ethanol 

oxidation on the cathode was controlled by its slow kinetics, thus a potential increase in the 

ethanol crossover did not reflect on the cathodic mixed potentials. Although the experimental 

results indicated that the performance was hindered when separators with greater ethanol 

crossover were used, the model showed that this performance drop was due to the increased 

oxygen crossover that came along with the increased ethanol crossover. The ionic resistivity, 

on the other hand, was an indicator of the Ohmic resistance of the separator which was small 

compared to the Ohmic resistance of the cell. 
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Table 7-4 Percentage change in the superficial peak power density of the 2 mm, 4 mm, and 8 

mm FPMFCs with one at a time change of the characteristics of Nafion®117 

Characteristics/Value Ratio 

Change in the superficial peak power density 

2 mm 4 mm 8 mm 

kO = 0.29×10-6 m/s 

0.05 49% 45% 40% 

2 -25% -19% -13% 

11 -70% -54% -34% 

kE = 0.49×10-6 m/s 

0.05 0 0 0 

2 0 0 0 

nH+ = 0.59 

0.4 -7% -7% -6% 

1.6 24% 23% 23% 

RS = 5.4×10-4 Ω.m2 

0.05 0 0 0 

2 0 0 0 
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Figure 7-6 Sensitivity of the polarization and power density curves and electrode potentials to 

the oxygen crossover in Nafion®117 
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Figure 7-7 Sensitivity of the polarization and power density curves and electrode potentials to 

the proton transport number in Nafion®117 
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The sensitivity analysis using J-cloth characteristics indicated that the power output of the 

passive air-breathing FPMFCs were more sensitive to the mass transfer coefficient of oxygen 

(Figure 7-8) compared to Nafion®117. The sensitivity of the peak power density decreased as 

the electrode spacing increased, resulting in an increase of 286%, 121%, and 48% in the peak 

power density of the 2 mm, 4 mm, and 8 mm FPMFCs, respectively, when decreasing the 

oxygen crossover by 95%. The increase in the peak power density of the 2 mm FPMFC using 

J-cloth was ca. 6 times higher than that using Nafion®117, which was an indicator of the 

excessive flux of oxygen towards the anaerobic anode using J-cloth. The predicted electrode 

potentials also showed that all three FPMFCs were suffering from anodic mixed potentials. 

The increase of the oxygen crossover by 100% decreased the peak power much less 

significantly resulting in less than 10% of a decrease in the peak power density. The 10% 

decrease in the peak power density with a 100% increase in the oxygen crossover using J-cloth 

was an interesting observation, indicating that a separator-free FPMFC would likely yield a 

slightly lower peak power density compared to that using J-cloth. This questions functionality 

of 1 layer of J-cloth in the passive air-breathing FPMFCs. 

Similar to Nafion®117, a variation in the proton transport number of the J-cloth altered the 

peak power density through affecting the cathode potential [31, 80]. For example, a 20% 

increase in the proton transport number was estimated to increase the peak power density by 

31%, 25%, and 20% in the FPMFCs (Figure 7-9). The same percentage of decrease in the 

proton transport number slightly decreased the peak power (less than 10%). 

The peak power density was not sensitive to the variation in neither the mass transfer 

coefficient of ethanol nor the ionic resistivity within the measured ranges, due to the kinetically 
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controlled ethanol oxidation at the cathode as well as the overshadowing effect of the oxygen 

crossover. Ethanol crossover may not affect the peak power significantly, but it could result in 

cathodic biofilm development in the long-term. 

Table 7-5 Percentage change in the superficial peak power density of the 2 mm, 4 mm, 8 mm 

FPMFCs with one at a time change of the characteristics of J-cloth 

Characteristics/Value Ratio 

Change in the superficial peak power density 

2 mm 4 mm 8 mm 

kO = 9.5×10-6 m/s 

0.05 286% 121% 48% 

2 -10% -5% -2% 

kE = 32.8×10-6 m/s 

0.05 0 0 0 

2 0 0 0 

nH+ = 0.78 

0.8 -10% -9% -8% 

1.2 31% 25% 20% 

RS = 6.2×10-4 Ω.m2 

0.05 0 0 0 

2 0 0 0 
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Figure 7-8 Sensitivity of the polarization and power density curves and the electrode potentials 

to the oxygen crossover in J-cloth     
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Figure 7-9 Sensitivity of the polarization and power density curves and the electrode potentials 

to the proton transport number in J-cloth 
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7.3.2.2 Performance sensitivity to electrode spacing 

The electrode spacing was increased in the model to investigate the sensitivity of the 

superficial peak power density, using different separators. Increasing the electrode spacing up 

to 0.02 m using J-cloth increased the peak power density from 0.05 W/m2 to 0.2 W/m2, as a 

result of the decreased oxygen concentration at the anode (Figure 7-10). The decreased anodic 

mixed potentials likely alleviated the negative effect of the increased Ohmic overpotential that 

was attributed to the increased electrode spacing. The peak power density decreased at the 

electrode spacing larger than 0.02 m, where the Ohmic overpotential of the system became 

critical. The peak power density using Nafion®117 slightly increased as the electrode spacing 

increased, and similar to J-cloth, dropped at the electrode spacing of over 0.02 m. 

  

Figure 7-10 Sensitivity of the polarization and power density curves to the electrode spacing 

using Nafion®117 and J-cloth 
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As the electrode spacing increased, the effect of the oxygen crossover became less 

significant resulting in a more significant role played by the proton transport number of the 

separator. At the electrode spacing of 0.02 m, Celgard® and Zirfon® gave the highest peak 

power densities, as a result of their higher proton transport number (Figure 7-11). SciMat® and 

J-cloth, on the other hand, produced the lowest peak power densities showing that the oxygen 

crossover was still hindering the performance. Overall, it is concluded that the appropriate 

characteristics of the separator component for the passive air-breathing MFCs are dependent 

on the MFC configuration. Hence, while in the configuration with a small electrode spacing, 

the oxygen crossover can be critical for the sustainable power generation, in the configurations 

with larger electrode spacing, the pH splitting as well as the high Ohmic overpotential issues 

play a detrimental role on the performance. 

 

Figure 7-11 Predicted polarization and power density curves of an FPMFC with an electrode 

spacing of 0.02 m using the selected separators  
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7.4 Conclusions 

A numerical model was developed to estimate the kinetic parameters of the bio-

electrochemical system, predict the anodic and cathodic mixed potentials, and polarization and 

power density curves of the passive air-breathing FPMFCs using different separators. The 

principle anodic and cathodic reactions were predicted to be controlled purely by the slow 

kinetics. Thus, the mass transfer was not indicated to be an issue in the current generation. The 

oxygen crossover played a critical role on the anode performance, causing mixed potentials 

especially at the small electrode spacing. The significance of the oxygen crossover on the peak 

power density decreased as the electrode spacing increased. This was due to the decreased 

anodic mixed potentials. The performance was also affected by the proton transport number of 

the separator. The cathode potential increased as the proton transport number of the separator 

increased resulting in an increased peak power density. 

The ethanol crossover and the separator ionic resistivity did not play significant roles on the 

performance, mainly due to the combined effect of the slow kinetics of ethanol oxidation at 

the cathode, the relatively high Ohmic overpotential of the synthetic wastewater used as the 

electrolyte, and the oxygen crossover overshadowing the effect of the resistivity. Although the 

power output was not sensitive to the ethanol crossover in the short-term, it could be affected 

in the long-term, when a biofilm is developed on the cathode. For the present cell configuration, 

increasing the electrode spacing beyond 0.02 m decreased the peak power density, due to the 

increased Ohmic overpotential, but below 0.02 m it increased the peak power density as a result 

of the decreased anodic mixed potentials. 
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Chapter 8: Economic considerations 

8.1 Introduction 

To be able to implement the MFCs into the current wastewater systems, it is critical to 

reduce the capital cost while increasing the power output so that this technology can be 

considered a viable alternative. Currently, PEMs and the Pt-based cathodes contribute to up to 

90% of the capital cost of the MFCs in lab-scale setups (resulting in a capital cost of ca. $15/kg 

COD, Figure 8-1, [26]). At this stage, the capital cost of the MFCs can hardly compete with the 

AS (ca. $0.2/kg COD) and the AD (ca. $0.02/kg COD) processes (assuming a reactor lifetime 

of 25 years) [5, 137]. A major step in commercializing MFCs, therefore, seems to be the 

replacement of the currently used expensive polymeric membranes as well as the Pt-based 

cathodes with less expensive alternatives. In this section, a simple cost analysis was performed 

based on the cost of the FPMFC components and the performance data presented in previous 

chapters to evaluate the economic viability of the selected separators. 

 

Figure 8-1 Contribution of each MFC component to the total capital cost, estimated based on 

the materials used in lab-scale setups [26] 
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8.2 Capital cost of the FPMFC 

The cost of the separators as well as the cost of the other MFC components such as the Pt-

based cathode, graphite felt anode, end plates, and current collectors are estimated based on 

the material used in the laboratory scale setup used in this research as well as some literature 

data (Table 8-1 and Table 8-2). The costs of the separators have been collected in some cases 

from the suppliers and in some other cases, from the literature, hence these are rough estimates. 

A lifetime of 5 years is assumed for the MFC components such as the separator (except for 

J-cloth with a lifetime of 1 year), anode, cathode, and current collectors, with no significant 

performance degradation, whereas a longer lifetime (ca. 25 years) is considered for the MFC 

end plates. The annual costs of the MFC components are calculated based on the lifetime of 

the different components and an annual interest rate of 6% in a 25-year period.  

The configuration of the MFC clearly determines the output power, and thus, the cost of the 

separator per unit power (Table 8-2). Because of the decreased oxygen concentration at the 

anode, increasing the anode chamber depth (from 2×10-3 m to 8×10-3 m) increases the power 

output and consequently decreases the separator cost per unit power. The removal efficiency, 

on the other hand, decreases as the anode chamber depth increases, since the portion of 

wastewater bypassing the anode increases. 
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Table 8-1 Annual cost of the MFC components estimated based on the lab-scale material, 

assuming a lifetime of 5 years for the anode, cathode, and current collectors, and 25 years for 

the end plates, with an interest rate of 6% over a 25-year period  

Component Cost Source Estimated annual cost 

Graphite felt anode 200 $/m2 This research 170 $/m2 

Pt-based cathode 500 $/m2 This research 430 $/m2 

Current collectors 50 $/m2 [26] 40 $/m2 

End plates 7000 $/m3 [138] 1200 $/m3 

Other costs 2000 $/m3 [26] 340 $/m3 

Table 8-2 Annual cost of the separator per watt of power output, based on a lifetime of 1 year 

for J-cloth and 5 years for the other separators with an interest rate of 6% in a 25-year period 

Separator Cost ($/m2) Source Annual cost ($/m2) 
Annual cost ($/W) 

2mm 4mm 8mm 

Nafion®117 500 [138] 430 1800 1800 1700 

Aquivion®E79-03 500 Supplier 430 2500 2400 2400 

Celgard®5511 20 Supplier 20 120 100 80 

Zirfon®Perl 200 Supplier 170 1200 1000 900 

Nylon mesh 5 Supplier 5 40 30 20 

Glass fiber filter 5 [80] 5 30 30 20 

SciMat®700/20 20 Supplier 20 210 170 120 

J-cloth 5 Supplier 20 540 240 140 
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8.3 Cost of energy production 

The cost imposed by the separator per kWh of the energy produced, the energy density, and 

the revenue produced per unit area of the separator within 5 years of continuous FPMFC 

operation is presented in Table 8-3. The revenue per unit area of the separator was calculated 

taking into account the business energy rate of $0.1/kWh from BC Hydro. Since the costs of 

the other MFC components do not vary when different separators are used, the costs of the 

separators were compared only. The analysis was also performed based on the assumption that 

the superficial power density would remain the same when scaling up the FPMFC, which in 

reality is not the case. 

Overall, Nafion®117, Aquivion®, and Zirfon® impose the highest costs to the FPMFC 

construction per kWh of the energy produced. When the estimated revenue values using these 

separators are compared to their cost per unit area, it is clear that it is not economically viable 

to use these separators in the FPMFC construction in large-scale applications. The cost of the 

porous diaphragms, on the other hand, indicates that there is a higher possibility for a positive 

offset (product revenue minus the capital cost) using these separators. The application of the 

micro-porous diaphragms, which yield higher power output than the coarse-pore diaphragms, 

is a necessary step for this technology to become practically viable. 

Assuming an FPMFC setup with an anode chamber depth and volume of 0.008 m and 1 m3 

using a Pt-based cathode and glass fiber separator, the capital cost of the FPMFC sums up to 

ca. $650/m2/year. The 8 mm FPMFC using the glass fiber filter can produce an energy density 

of ca. 2 kWh/m2/yr, therefore an energy price of at least ca. $330/kWh is required for this 

technology to be profitable. It is worth noting that a high loading of Pt was adopted here to 
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assure that the cathode was not limiting the FPMFC performance, whereas expensive catalysts 

like Pt are not going to be adopted in large-scale applications such as wastewater treatment. 

Eliminating the Pt-cathode with a less expensive bio-cathode will reduce the energy price to 

ca. $200/kWh. This is still significantly higher than the energy price in Canada, without even 

taking into account the additional costs such as the cost of the design and engineering, 

installation, pumps, etc. This indicates that the power output requires a substantial 

improvement before it can be profitable. 
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Table 8-3 Cost of the separator, energy density, and revenue of the energy produced over 5 years, estimated based on an interest rate of 

6% in a 25-year period and the business energy rate of $0.1/kWh from BC Hydro 

Separator Cost ($/m2) 
Energy density (kWh/m2) Separator cost ($/kWh) Revenue ($/m2) 

2mm 4mm 8mm 2mm 4mm 8mm 2mm 4mm 8mm 

Nafion®117 2150 10 10 11 200 200 200 1.0 1.0 1.0 

Aquivion®E79-03 2150 7 8 8 290 270 270 0.7 0.8 0.8 

Celgard®5511 100 6 8 10 10 10 10 0.6 0.8 1.0 

Zirfon®Perl 850 6 7 8 140 110 100 0.6 0.7 0.8 

Nylon mesh 30 5 6 7 5 5 5 0.5 0.6 0.7 

Glass fiber filter 30 7 7 8 5 5 5 0.7 0.7 0.8 

SciMat®700/20 100 4 4 6 20 20 10 0.4 0.4 0.6 

J-cloth 30 2 4 7 60 30 20 0.2 0.4 0.7 
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Chapter 9: Conclusions 

9.1 Overall conclusions 

The goal of this work was to systematically study the separator and its complex effect on 

the performance of passive air-breathing flat-plate microbial fuel cells (FPMFC). A brief 

description of each chapter along with the highlights of its conclusions is presented as follows: 

1. A passive air-breathing FPMFC was developed using a 3D GF anode, Pt-based 

cathode, and Nafion®117 membrane, and operated utilizing synthetic wastewater containing 

ethanol. The preliminary results of the FPMFC engineering and operation indicated that: 

 The presence of a proton exchange membrane (Nafion®117) is necessary during the 

inoculation of the FPMFC, to act as a barrier to the oxygen diffusing through the air-

breathing cathode towards the anaerobic anode. The application of an open structure 

diaphragm such as J-cloth yields a much lower OCV and peak power density. 

 The continuous operation of FPMFC indicates better stability and peak power 

density compared to the batch operation, due to a more controlled feed composition 

and slower biomass accumulation within the 3D anode matrix during the continuous 

operation. 

2. Operation of three passive air-breathing FPMFCs with different depth of the anode 

chamber (and hence, different electrode spacing) utilizing synthetic wastewater containing 

ethanol indicated that: 
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 Activating the surface of the GF substrate, using a boiling solution of HNO3, results 

in superior performance over the entire polarization curve, compared to that using 

an inactivated electrode. The performance using the activated GF indicates major 

improvement, especially in the kinetic region, due to the increased hydrophilicity 

and therefore the increased active surface area of the GF substrate. The passive air-

breathing FPMFCs using activated GF electrodes produced a peak power density of 

ca. 0.25 W/m2, which matched that achieved in the active air flow FPMFCs reported 

in the literature. 

 The effectiveness values of the 3D GF electrode thicknesses of 2×10-3 m, 4×10-3 m, 

and 6×10-3 m are calculated to be 0.99, 0.98, and 0.96, respectively, indicating that 

the electrodes are electro-active over 96% of the applied thicknesses. This shows 

that up to a thickness of 6×10-3 m, uniform distribution of current and voltage can 

be assumed for the GF electrode. 

 Increasing the surface area of the anode (through increasing the thickness of the GF 

substrate) increases the superficial peak power density and the CE, due to an increase 

in the population of the microbial community contributing to current generation. The 

peak power densities of ca. 0.35 W/m2 and ca. 0.52 W/m2 achieved with 2 and 3 

packed layers of GF in the 4 mm and 8 mm FPMFCs, respectively, is higher than 

those achieved in the active air flow FPMFCs reported in the literature. 

 The improved COD removal efficiencies using 2 and 3 layers instead of only 1 layer 

of GF in the 4 mm and 8 mm FPMFCs is a result of the more efficient utilization of 
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the anode chamber space, which reduces the portion of wastewater bypassing the 

3D GF anode. 

3. Characterization of 8 separators (selected from the two category of IEMs and 

diaphragms) in passive air-breathing and aqueous non-inoculated setups indicated that: 

 Oxygen, ethanol, and acetate crossover through the separators are directly related to 

the pore size of the separators. Hence, the crossover increases as the pore size of the 

diaphragms increases. The polymeric membranes show the lowest crossover of 

oxygen, ethanol, and acetate, as opposed to the porous diaphragms. 

 The ionic resistivity of the separators is dependant mainly on their thickness and 

pore size. Overall, the resistivity of the separators increases as their thickness 

increases. The pore size of the diaphragms, on the other hand, indicates an inverse 

relationship with the resistivity, that is, there is an increase in the resistivity with a 

decrease in the pore size. 

 Nafion®117 gives the lowest proton transport number of 0.59, and Celgard® and 

Zirfon® give the highest (0.92), corresponding to an anodic and cathodic pH of 2.9-

11 using Nafion®117 and 3.3-10.2 using Celgard® and Zirfon®. The presence of 

cations other than protons and the neutral pH of the electrolyte are the reasons why 

a CEM such as Nafion®117 does not conduct protons as efficient as it does in a 

chemical fuel cell, compared to a diaphragm that is permeable to the electrolyte. 

 The equilibrium potential of the oxygen reduction reaction (ORR) increases ca. 0.04 

V moving from Nafion®117 to Celgard® and Zirfon®, due to an increase in the 
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proton transport number of the separator. The increase in the equilibrium potential 

of ORR is ca. 0.14 V when the cathode is exposed to the PBS with a pH of ca. 8.5. 

This indicates that even with high proton transport number of 0.92 in the Celgard® 

and Zirfon®, cathode pH can locally rise up to 10, hindering the ORR. 

 All separators, except the Nylon mesh filter, have a hydrophilic surface. The 

hydrophobic surface of the Nylon can potentially affect its ionic resistivity by 

trapping the produced gases within the mesh matrix, especially at high current 

densities. 

4. Evaluation of the selected separators in three passive air-breathing FPMFCs with 

different electrode spacing indicated that: 

 The oxygen and ethanol crossover through the separators seem to play a more 

important role than the other separator characteristics on the FPMFC performance, 

as they can cause mixed potentials and consequently, electrodes depolarization. The 

superficial peak power density using diaphragms indicates a direct relationship with 

the electrode spacing and increases as the electrode spacing increases. The peak 

power density using different IEMs, however, indicates a relatively independent 

trend from the electrode spacing within the applied range. Nafion®117 gives the 

highest peak power in all three FPMFCs, due to its low mass transfer coefficient for 

oxygen and ethanol. Celgard® indicates comparable performance to Nafion®117 in 

the 8 mm FPMFC, due to its high proton transport number. 
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 In general, no significant trend in the performance is observed with the proton 

transport number and the resistivity of the separator. The effect of the oxygen and 

fuel crossover seems to be overshadowing the effect of other separator 

characteristics. 

 The hydrophilicity of the separators works in favor of the biofilm growth on their 

surface. The SEM images from the surface of the (bio)fouled separators show 

significant biofilm growth on the surface of the hydrophilic separators after 4 weeks 

of operation. Biofilm growth is observed mainly on the surface of the cathode when 

using the hydrophobic Nylon mesh, advancing through the pores of the mesh. 

Biofilm growth is observed on the surface of the cathode when using the 

diaphragms, whereas no visible biofilm growth on the cathode is observed when 

using the IEMs, during the operation period. 

 The analysis of the cost of the FPMFC indicates that, with the materials used in the 

laboratory scale, the annual capital cost to construct a passive air-breathing FPMFC 

(not including the cost of installation, pumps, etc.) with an electrode spacing of 

0.008 m, using glass fiber filter as the separator, can be ca. $650/m2. The produced 

power, therefore, requires to be sold at least for ca. $330/kWh for this technology to 

be profitable. Replacing the Pt-cathode with a less expensive bio-cathode can reduce 

the cost; however, other MFC components have to be replaced with less expensive 

alternatives as well. In addition, the power output of the FPMFC has to increase 

substantially, for this technology to be a viable alternative in wastewater treatment. 
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5. Modeling of the passive air-breathing FPMFC based on the mixed potential theory 

indicated that: 

 Ethanol oxidation reaction by the biofilm is kinetically controlled while oxygen 

reduction reaction by the biofilm is mainly controlled by the transfer of oxygen 

through the separator. 

 Oxygen crossover plays the most important role on the FPMFC performance 

within the applied range of the electrode spacing. The estimated electrode 

potentials by the model indicate significant anodic mixed potentials and anode 

depolarization using the separators with high oxygen crossover. The mixed 

potentials decrease as the electrode spacing increases. 

 The estimated electrode potentials indicate that due to the slow kinetics of the 

ethanol oxidation reaction on Pt, the mixed potentials at the cathode and the extent 

of the cathode depolarization does not vary as separators with greater ethanol 

crossover are used. 

 The proton transport number of the separators affects the FPMFC performance 

through adjusting the cathode potential. The larger estimated cathode potentials by 

the model using the separators with greater proton transport numbers indicate the 

importance of the separator ability in transferring protons, as opposed to the other 

cations present in the MFC environment. 
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 The peak power densities of the FPMFCs show the greatest sensitivity to the 

oxygen crossover through the separator. The sensitivity of the peak power to the 

oxygen crossover decreases as the electrode spacing increases, as the extent of the 

mixed potentials caused by oxygen at the anode decreases. 

 The peak power is relatively less sensitive to the proton transport number of the 

separator within the measured range. The peak power also shows no sensitivity to 

the ethanol crossover and the ionic resistivity of the separator, due to kinetically 

controlled ethanol oxidation on Pt, low ionic conductivity of the electrolyte, and 

the overshadowing effect of the anodic mixed potentials, caused by oxygen 

crossover, on the peak power. 

 Increasing the electrode spacing beyond the tested values using the model predicts 

an increase in the peak power density, for the electrode spacing up to 0.02 m. When 

using electrode spacing larger than 0.02 m, the Ohmic overpotential becomes 

critical resulting in a decrease in the peak power. 

9.2 Significance of research 

This research intended to systematically study a variety of applicable separators for the 

application in the passive air-breathing FPMFC configuration. For this purpose, a novel 

passive air-breathing FPMFC was developed which offered a high specific surface area and a 

low Ohmic overpotential. In addition, unlike the FPMFCs reported in the literature developed 

in two-chamber configurations, the FPMFC developed here consisted of a single chamber 

offering a simplified configuration with a reduced volume as well as a reduced operating cost 
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due to the passive supplementation of the oxidant (air) to the cathode. Furthermore, the 

efficient utilization of the space in the anode chamber and the consequent improved wastewater 

treatment efficiency is another advantage that the FPMFC configuration using a 3D anode 

offers over the MFC configurations with large electrode spacing. The passive air-breathing 

FPMFCs developed here indicate peak power densities that match and are even higher than 

those reported for the active air flow FPMFCs in the literature [13], [37]. 

The investigated characteristics of the separators in the non-inoculated passive air-breathing 

setups can be generalized to any passive air-breathing MFC design using oxygen as the 

oxidant, as they represent the separators when exposed to air on one side, and the electrolyte 

on the other side. The evaluation of a variety of separators in the FPMFCs with different 

electrode spacing, on the other hand, specifies the separator characteristics that are detrimental 

for the successful operation of a passive air-breathing FPMFC within the applied range of the 

electrode spacing. 

Of high potential application in this study is the developed model. The numerical model 

developed here is the first model describing the MFC based on the mixed potential theory, 

which estimates the electrode potentials based on more than one redox reaction happening at 

the electrodes with the net electrode current of zero. It simply describes a microbial fuel cell 

as chemical fuel cell and provides valuable information on the anodic and cathodic mixed 

potentials as well as the electrical current generation controlled by the mass transfer and the 

kinetics of the redox reactions. This model can be generalized to any MFC system, provided 

that the appropriate redox reactions as well as the proper kinetic parameters are applied. It also 

provides valuable insight into the effect of the separator characteristics and the electrode 



145 

 

spacing on the performance of each MFC component as well as the power output. While testing 

different separator alternatives in the MFC can be time-consuming and costly, plugging the 

separator characteristics into the developed model can potentially predict the power output of 

the planar MFC configurations with different electrode spacing. 

9.3 Future work and recommendations 

In practice, a real MFC system is much more complex than a chemical fuel cell. Hence, it 

should be noted that the kinetic parameters estimated by the model here are virtual, meaning 

that all the biological activities of the microbial communities such as the growth and death rate 

of the cells are ulterior in the estimated parameters. The actual values of the exchange current 

densities and charge transfer coefficients as well as the mass transfer coefficients can be 

estimated incorporating biological terms into the applied model, which can provide more 

accurate information on the bio-electrochemical system while making it more complicated. A 

more complex model can also provide valuable information on the active thickness of the 

biofilm and the activity of the biofilm in the formation of byproducts such as the volatile fatty 

acids (VFA), which is the case in reality. The developed model can also be refined to 

investigate the optimal combination of the separator characteristics and the electrode spacing 

that can yield an optimized peak power density and capital cost. 

In addition, the developed model here provides a short-term prediction of the peak power 

and does not consider the long-term stability of the separator, anode, and cathode. Aside from 

the developed knowledge on the important separator characteristics and their effect on the 

performance of the passive air-breathing MFC components, extensive material study is also 



146 

 

necessary to further proceed in designing appropriate separators that are proton-specific while 

insusceptible to oxygen diffusion.  

Also, operation of the FPMFC in active mode (through aeration of the cathode) could 

provide useful information on energy efficiency of an active system in terms of the balance 

between the operating cost and power output. Although active aeration may affect the 

performance negatively when coarse pore diaphragms are applied, it can potentially improve 

the cathode performance when polymeric membranes that are less susceptible to oxygen are 

applied.   

In addition, the time dependant performance of the passive air-breathing FPMFC using 

different separators is of great importance and needs to be studied in a practical period of time. 

This is due to the long-term transformation of the bio-catalytic activities as well as the long-

term changes in the separator matrix. The bio-catalytic activities of the biofilm can transform 

over time, due to the characteristics of the separator which alters the DO and cations 

concentration of the anode compartment, and consequently may alter the build-up of 

metabolites and sludge within the electrode matrix. The separator itself can suffer from a 

performance decay due to the (bio)fouling and biodegradation of its matrix over time. 

Furthermore, like chemical fuel cells, the local impedance and polarization studies using a 

segmented test cell (multi-channel synchronized characterization devices) are strongly 

recommended for further development of the passive air-breathing FPMFCs, as they can 

provide valuable information on the mass transfer limitations within the biofilm due to 

inhomogeneous electrode conditions such as local fuel concentration, potential, and current 

generation.
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Appendices 

Appendix A  Experimental procedures 

A.1 Cathode preparation 

The air cathode consisted of a carbon cloth substrate (projected surface area: 0.05 m × 0.10 

m; 50 wt.% wet-proofing, E-TEK, USA) coated on one side with Pt catalyst facing the 

membrane and on the other side, with three layers of a 60 wt.% PTFE suspension [98]. A high 

loading of Pt was adopted to assure that the cathode was not limiting the performance. A carbon 

base layer ink was prepared by mixing carbon powder (Vulcan XC-72), 60 wt.% PTFE solution 

(weight ratio of carbon powder to PTFE: 4), and isopropyl alcohol together, and sonicating the 

ink for 1 hour. The carbon base layer was applied onto one side of the carbon cloth using the 

CNC sprayer, placed on top of a hot-plate at 323 K. The electrode was further heated in a 

furnace at 643 K for 30 minutes. The resulting base layer loading was 0.025 kg/m2 (2.5 

mg/cm2). 

Three layers of the 60% PTFE suspension were then applied onto the carbon base layer 

using a brush. Application of each layer was followed by 10 minutes of air-drying and 10 

minutes of heating at 643 K. The catalyst ink was prepared by addition of Pt (Platinum/XC72R, 

40 wt.%, Johnson Matthey, USA) and Nafion solution (0.05 kg per kg of catalyst powder) into 

a mixture of methanol and water (0.05 m3 of each per kg of catalyst powder), followed by 

vigorous mixing and sonication, each for 1 hour. The ink was then applied onto the other side 

of the carbon cloth using the CNC sprayer. The resulting Pt loading was 0.01 kg/m2 (1 

mg/cm2). 
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A.2 Nafion®117 treatment 

Nafion®117 (DuPont, USA) was used as the PEM. Nafion®117 was soaked in a 3 wt.% 

boiling solution of H2O2 for 30 minutes, and rinsed with DI water. It was then soaked in a 0.5 

M boiling solution of H2SO4 for 30 minutes, rinsed with DI water, and was stored in DI water 

prior to being used. 

A.3 Synthetic wastewater preparation 

A nutrient medium containing mineral and vitamin solutions (0.0125 m3/m3 of the medium 

solution) in 0.05 M phosphate buffer solution (PBS) was prepared as the synthetic wastewater. 

Ethanol was added as the fuel (0.085 M). Table A- 1 through A-3 present the composition of 

the nutrient medium, mineral, and vitamin solutions. The synthetic wastewater was autoclaved 

at 393 K for 20 minutes prior being utilized to the FPMFC. 

Table A- 1 Composition of the nutrient solution representing the synthetic wastewater [133] 

Compound Concentration (kg/m3) 

KCL 0.13 

NaHCO3 3.13 

NH4Cl 1.0 

NaH2PO4.H2O 2.92 

Na2HPO4.7H2O 7.73 

Yeast extract 1.0 

  



161 

 

Table A- 2 Composition of the mineral solution [139] 

Compound Concentration (kg/m3) 

Nitrilotriacetic acid 1.5 

MgSO4.7H2O 3.0 

MnSO4.H2O 0.5 

NaCl 1.0 

FeSO4.7H2O 0.1 

CoCl2.6H2O 0.1 

CaCl2 0.1 

ZnSO4.7H2O 0.1 

CuSO4.5H2O 0.01 

KAl(SO4)2.12H2O 0.01 

H3BO3 0.01 

Na2MoO4.2H2O 0.01 

Table A- 3 Composition of the vitamin solution [139] 

Compound Concentration ×10-3 (kg/m3) 

Biotin 2.0 

Folic acid 2.0 

Pyridoxine HCl 10.0 

Thiamine HCl 5.0 

Riboflavin 5.0 

Nicotinic acid 5.0 

Calcium D-(+)-pantothenate 5.0 

Cyanocobalamine 0.1 

P-Aminobenzoic acid 5.0 

Thioctic acid 5.0 
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A.4 Development of the polarization and power density curves 

A Potentiostat (VERSASTATE 3, Princeton Applied Research, USA) was used to develop 

the polarization curves. Chronoamperometry was used to obtain the curves allowing 1 hour for 

the stabilization of each step. The superficial current and power densities were calculated by 

dividing the current and power, respectively, by the geometrical surface area of the membrane 

(50×10-4 m2). The volumetric current and power densities were calculated by dividing the 

current and power, respectively, by the empty anode chamber volume (10-5 m3, 2×10-5 m3, and 

4×10-5 m3 in the 2 mm, 4 mm , and 8 mm FPMFCs, respectively). 

A.5 Electrochemical impedance spectroscopy 

The Potentiostat was used for the impedance measurements. The internal resistance was 

measured using the electrochemical impedance spectroscopy (EIS) technique, which consisted 

of superimposing, at open circuit, a sinusoidal signal with an amplitude of 0.01 V and a 

frequency varying from 100 KHz to 0.005 Hz. The internal resistance values were then 

extracted from the intersection of the Nyquist plot and the axis of the real component of the 

impedance (Zre). 

A.6 Organic content measurements 

The COD of the samples was investigated by oxidizing the organic contents through 

digestion with an acid-dichromate solution in the presence of a silver sulfate catalyst. The COD 

measurements were carried out according to the standard method 5220 [140] (Hach COD 

system, Hach Company, Canada). Absorbance measurement was carried out using a UV-vis 

spectrophotometer (Shimadzu UV-Mini 1240). The COD removal efficiency values were then 
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calculated by dividing the COD removed by the inlet COD content. In addition to COD 

measurements, the total organic carbon (TOC) of the collected samples was analyzed using a 

UV/persulfate oxidation TOC analyzer (Shimadzu TOC-VCPH). The results were in 

agreement with the COD values and hence, were not presented here.   



164 

 

Appendix B  Model programming code from MATLAB 

B.1 Parameter estimation 

clear all 

close all 

clc 

format long 

global Ea Ec joa jea Koa_b Kea_b Po Eoc0 Eoa0 Eec0 Eea0 alfaea alfaec alfaoa alfaoc jec joc 

global N M K R T ne no F Co d S RR Ce pHa pHc Doa_s Koc Koa Kea Jexp Jpred Eexp Eohm Jmtea 

Jmtoa Jmtec Jmtoc Jctea Jctoa Jctec Jctoc Jao Jae Jce Jco  

Parameters and variables 

N=7;    % # of membranes 

M=8;    % # of data points for each membrane 

K=3;    % # of fuel cells 

R=8.314; % Universal gas constant (J/mol/K)      

T=303; % Temperature (K) 

ne=12; % # of electrons transferred in EtOH oxidation  

no=4;  % # of electrons transferred in oxygen reduction 

F=96485.3; % Faraday constant (C/mol) 

Co=8.3; % Oxygen concentration at the cathode (mol/m3) 

Po=0.21; % Oxygen pressure at the cathode (atm) 

S=0.5; % Ionic conductivity of synthetic wastewater (S/m) 

pHa=8.5; % Anode pH 
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Doa_s=2.06e-9; % Oxygen diffusion coefficient in water (m2/s) 

Koc=3e-5;  % Oxygen mass transfer coefficient in cathode (m/s) 

jec=0.003;  % Exchange current density of EtOH on Pt/C (A/m2) 

joc=0.015;  % Exchange current density of oxygen on Pt/C (A/m2) 

Cin=85;  % EtOH concentration in the inlet (mol/m3) 

Cout=[29.8 20.4 17.9 16.2 17.0 27.2 15.3];  

  % EtOH concentration in the outlet (mol/m3)  

d=[0.0005 0.0025 0.0065];  % Electrode spacing (m) 

RR=[5.4e-4 0.8e-4 4.4e-4 14e-4 1.4e-4 7.8e-4 3.1e-4];  

  % Separator resistivity (Ω.m2)  

nH=[0.59 0.72 0.92 0.92 0.89 0.62 0.66];  

  % Separator Proton transport number 

Ko=[0.29e-6 0.57e-6 0.80e-6 0.97e-6 1.19e-6 0.57e-6 1.87e-6];  

  % Oxygen mass transfer coefficient in the separator (m/s) 

Ke=[0.49e-6 0.97e-6 0.84e-6 0.59e-6 2.22e-6 1.02e-6 1.93e-6];  

  % EtOH mass transfer coefficient in the separator (m/s) 

Calculation of the cathode pH 

for i=1:N 

    deltaCOH(i)=(1-nH(i))*10/(0.05*F); 

    COH(i)=10^(-5.5)+deltaCOH(i); 

    pHc(i)=-log10(10^(-14)/COH(i)); 

end 
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Calculation of the average ethanol concentration 

for i=1:N        

    Ce(i)=(Cin-Cout(i))/(log(Cin)-log(Cout(i))); 

end 

Experimental data 

Jexp(:,:,1)=[ 1.5   1.35  1.15  0.74  0.43  0.16  0.05  0.02;... 

              1.17  1.00  0.83  0.39  0.15  0.09  0.03  0.01;... 

              1.01  0.87  0.69  0.34  0.17  0.05  0.04  0.01;... 

              1.10  0.88  0.67  0.49  0.31  0.12  0.02  0.01;... 

              0.89  0.7   0.53  0.38  0.23  0.13  0.03  0.01;... 

              1.20  1.01  0.81  0.41  0.17  0.09  0.04  0.01;... 

              0.67  0.52  0.38  0.28  0.19  0.12  0.03  0.01]; 

Jexp(:,:,2)=[ 1.59  1.45  1.21  0.69  0.33  0.12  0.04  0.02;... 

              1.32  1.15  0.91  0.42  0.20  0.11  0.05  0.02;... 

              1.31  1.15  0.92  0.52  0.28  0.09  0.04  0.02;... 

              1.16  0.99  0.83  0.53  0.22  0.08  0.04  0.01;... 

              1.02  0.84  0.64  0.45  0.25  0.06  0.03  0.03;... 

              1.22  1.00  0.80  0.43  0.20  0.13  0.08  0.03;... 

              0.89  0.70  0.48  0.33  0.18  0.13  0.03  0.01]; 

  



167 

 

Jexp(:,:,3)=[ 1.74  1.57  1.25  0.62  0.30  0.13  0.05  0.02;... 

              1.31  1.16  0.92  0.48  0.22  0.09  0.03  0.02;... 

              0.84  0.72  0.57  0.31  0.17  0.10  0.05  0.02;... 

              1.32  1.15  0.93  0.74  0.55  0.21  0.05  0.01;... 

              1.25  1.08  0.85  0.64  0.44  0.24  0.05  0.03;... 

              1.46  1.19  0.90  0.44  0.22  0.06  0.03  0.01;... 

              1.54  1.38  1.12  0.60  0.21  0.05  0.03  0.01]; 

Eexp(:,:,1)=[0.1  0.15  0.2   0.3   0.4   0.5   0.6   0.7;...                 0.1  0.15  0.2   0.3   0.4   

0.5   0.6   0.65;... 

             0.1  0.15  0.2   0.3   0.4   0.45  0.5   0.54;... 

             0.1  0.15  0.2   0.25  0.3   0.4   0.5   0.54;... 

             0.1  0.15  0.2   0.25  0.3   0.35  0.4   0.46;... 

             0.1  0.15  0.2   0.3   0.4   0.5   0.55  0.57;... 

             0.1  0.15  0.2   0.25  0.3   0.35  0.4   0.44]; 

Eexp(:,:,2)=[0.1  0.15  0.2   0.3   0.4   0.5   0.6   0.7;... 

             0.1  0.15  0.2   0.3   0.4   0.5   0.6   0.7;... 

             0.1  0.15  0.2   0.3   0.4   0.5   0.55  0.57;... 

             0.1  0.15  0.2   0.3   0.4   0.5   0.55  0.57;... 

             0.1  0.15  0.2   0.25  0.3   0.35  0.4   0.47;... 

             0.1  0.15  0.2   0.3   0.4   0.5   0.55  0.6;... 

             0.1  0.15  0.2   0.25  0.3   0.35  0.41  0.45]; 
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Eexp(:,:,3)=[0.1  0.15  0.2   0.3   0.4   0.5   0.6   0.7;... 

             0.1  0.15  0.2   0.3   0.4   0.5   0.6   0.7;... 

             0.1  0.15  0.2   0.3   0.4   0.5   0.6   0.62;... 

             0.1  0.15  0.2   0.3   0.4   0.5   0.54  0.58;... 

             0.1  0.15  0.2   0.25  0.3   0.4   0.45  0.49;... 

             0.1  0.15  0.2   0.3   0.4   0.5   0.55  0.6;... 

             0.1  0.15  0.2   0.25  0.3   0.4   0.45  0.47];        

Initial values for the anode potential 

Ea0(:,:,1)=[-0.05 -0.07 -0.08 -0.12 -0.15 -0.18 -0.22 -0.25;... 

            -0.05 -0.06 -0.08 -0.11 -0.14 -0.18 -0.21 -0.24;... 

            -0.04 -0.05 -0.06 -0.08 -0.11 -0.13 -0.16 -0.18;... 

            -0.03 -0.04 -0.06 -0.08 -0.10 -0.12 -0.14 -0.16;... 

            -0.03 -0.04 -0.05 -0.07 -0.09 -0.12 -0.14 -0.16;... 

            -0.05 -0.06 -0.08 -0.11 -0.14 -0.18 -0.21 -0.24;... 

            -0.03 -0.04 -0.05 -0.07 -0.08 -0.10 -0.12 -0.14];  

Ea0(:,:,2)=[-0.06 -0.07 -0.09 -0.13 -0.17 -0.20 -0.24 -0.28;... 

            -0.05 -0.07 -0.09 -0.12 -0.16 -0.19 -0.23 -0.26;... 

            -0.05 -0.07 -0.08 -0.12 -0.15 -0.18 -0.22 -0.25;... 

            -0.05 -0.06 -0.08 -0.11 -0.14 -0.17 -0.12 -0.23;... 

            -0.04 -0.06 -0.07 -0.10 -0.13 -0.16 -0.19 -0.22;... 

            -0.05 -0.07 -0.09 -0.12 -0.16 -0.19 -0.23 -0.26;... 

            -0.04 -0.05 -0.07 -0.09 -0.12 -0.14 -0.17 -0.20]; 
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Ea0(:,:,3)=[-0.06 -0.09 -0.13 -0.16 -0.19 -0.22 -0.25 -0.29;... 

            -0.05 -0.08 -0.11 -0.15 -0.18 -0.21 -0.24 -0.27;... 

            -0.04 -0.08 -0.11 -0.14 -0.18 -0.21 -0.24 -0.27;... 

            -0.04 -0.07 -0.11 -0.14 -0.17 -0.21 -0.24 -0.28;... 

            -0.04 -0.07 -0.11 -0.14 -0.17 -0.21 -0.24 -0.27;... 

            -0.05 -0.08 -0.11 -0.15 -0.18 -0.21 -0.24 -0.27;... 

            -0.03 -0.07 -0.10 -0.14 -0.17 -0.20 -0.24 -0.27];     

The optimization loop 

x0=zeros(1,1:8+N*M*K);     

x0(1,1:8)=[1e-3 1e-3 1e-5 1e-5 1e-4 1e-4 1e-4 1e-4]; 

mel=0; 

for i=1:N 

    for j=1:M 

        for k=1:K 

            mel=mel+1; 

            x0(1,8+mel)=Ea0(i,j,k); 

        end 

    end 

end 

options = optimset('Display','iter'); 

tic 
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[x,fval] = fmincon('myfun',x0,[],[],[],[],[1e-4 1e-4 1e-6 1e-6 1e-4 1e-4 1e-4 1e-4 -

0.4.*ones(1,N*M*K)],[1 1 1e-4 1e-4 0.999 0.999 0.999 0.999 0*ones(1,N*M*K)],[],options); 

toc 

end 

save data joa jea Koa_b Kea_b Ea Ec Jpred jec joc alfaea alfaec alfaoa alfaoc  

 

Voltage and charge balance equations 

function f = myfun(x) 

global Ea joa jea Koa_b Kea_b Ec Jae Jao Jco Jce Po Eoc0 Eoa0 Eec0 Eea0 alfaea alfaec alfaoa 

alfaoc jec joc  

global N M K R T ne no F Co d Ce pHa pHc Doa_s Kea_s Ko Jexp Jpred RR Ke Koc  S Eexp Eohm 

Jmtea Jmtoa Jmtec Jmtoc Jctea Jctoa Jctec Jctoc 

joa=x(1); 

joa=x(1); 

jea=x(2); 

Koa_b=x(3); 

Kea_b=x(4); 

alfaea=x(5); 

alfaec=x(6); 

alfaoa=x(7); 

alfaoc=x(8); 

mel=0; 
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for i=1:N 

    for j=1:M 

        for k=1:K 

            mel=mel+1; 

            Ea(i,j,k)=x(8+mel); 

        end 

    end 

end 

for k = 1:K 

    for j=1:M 

        for i=1:N 

Jmtea(i,j,k)=ne*F*Kea_b*Ce(i); 

 % Limiting current of EtOH oxidation at the anode (A/m2) 

Jmtoa(i,j,k)=no*F*(1/(1/Koc+1/Koa(i)+d(k)/Doa_s+1/Koa_b))*Co; 

 % Limiting current of oxygen reduction at the anode (A/m2) 

Eea0(i,j,k)=0.084-R*T/(ne*F)*log(Ce(i)/1000/(10^(-pHa))^ne); 

 % Equilibrium potential of ethanol oxidation at the anode (V vs. SHE) 

Eec0(i,j,k)=0.084-R*T/(ne*F)*log(Ce(i)/1000/(10^(-pHc(i)))^ne); 

 % Equilibrium potential of ethanol oxidation at the cathode (V vs. SHE) 

Eoc0(i,j,k)=0.401-R*T/(no*F)*log((10^(pHc(i)-14))^no/Po); 

 % Equilibrium potential of oxygen reduction at the cathode (V vs. SHE) 

Eoa0(i,j,k)=0.401-R*T/(no*F)*log((10^(-14+pHa))^no/Co/1000); 

 % Equilibrium potential of oxygen reduction at the anode (V vs. SHE) 
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Jctea(i,j,k)=jea*(exp(alfaea*2*F*(Ea(i,j,k)-Eea0(i,j,k))/R/T)-exp((-(1-alfaea))*2*F*(Ea(i,j,k)-

Eea0(i,j,k))/R/T)); 

 % Kinetically-controlled current of ethanol oxidation at the anode (A/m2) 

Jctoa(i,j,k)=joa*(exp(alfaoa*2*F*(Ea(i,j,k)-Eoa0(i,j,k))/R/T)-exp((-(1-alfaoa))*2*F*(Ea(i,j,k)-

Eoa0(i,j,k))/R/T)); 

 % Kinetically-controlled current density of oxygen reduction at the anode (A/m2) 

Jae(i,j,k)=((Jmtea(i,j,k))*abs(Jctea(i,j,k)))/((Jmtea(i,j,k))+abs(Jctea(i,j,k))); 

 % Current density of EtOH oxidation at the anode (A/m2) 

Jao(i,j,k)=((Jmtoa(i,j,k))*abs(Jctoa(i,j,k)))/((Jmtoa(i,j,k))+abs(Jctoa(i,j,k))); 

 % Current density of oxygen reduction at the anode (A/m2) 

Jpred(i,j,k)=(Jae(i,j,k)-Jao(i,j,k)); 

 % Current density predicted by the model (A/m2) 

rr(i)=RR(i)+d(k)/S; 

 % Resistivity of the MFC (Ω.m2) 

Eohm(i,j,k)=Jpred(i,j,k).*rr(i); 

 % Ohmic overpotential of the MFC (Ω.m2) 

Ec(i,j,k)=Ea(i,j,k)+Eexp(i,j,k)+Eohm(i,j,k); 

 % Cathode potential through cell voltage balance (V vs. SHE) 

Jmtoc(i,j,k)=no*F*Koc*Co; 

 % Limiting current density of oxygen reduction at the cathode (A/m2) 

Jmtec(i,j,k)=ne*F*Kea(i)*Ce(i); 

 % Limiting current density of EtOH oxidation at the cathode (A/m2) 

Jctec(i,j,k)=jec*(exp(alfaec*2*F*(Ec(i,j,k)-Eec0(i,j,k))/R/T)-exp((-(1-alfaec))*2*F*(Ec(i,j,k)-

Eec0(i,j,k))/R/T)); 

 % Kinetically-controlled current density of EtOH oxidation at the cathode (A/m2) 
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Jctoc(i,j,k)=joc*(exp(alfaoc*2*F*(Ec(i,j,k)-Eoc0(i,j,k))/R/T)-exp((-(1-alfaoc))*2*F*(Ec(i,j,k)-

Eoc0(i,j,k))/R/T)); 

 % Kinetically-controlled current density of oxygen reduction at the cathode (A/m2) 

Jco(i,j,k)=((Jmtoc(i,j,k))*abs(Jctoc(i,j,k)))/((Jmtoc(i,j,k))+abs(Jctoc(i,j,k))); 

 % Current density of oxygen reduction at the cathode (A/m2) 

Jce(i,j,k)=((Jmtec(i,j,k))*abs(Jctec(i,j,k)))/((Jmtec(i,j,k))+abs(Jctec(i,j,k))); 

 % Current density of EtOH oxidation at the cathode (A/m2) 

        end 

    end 

end 

f = 0; 

for i = 1:N 

    for k=1:K 

        for j=1:M 

            f = f+abs(Jae(i,j,k)-Jao(i,j,k)- 

  Jco(i,j,k)+Jce(i,j,k))^2+abs((Jexp(i,j,k)-Jpred(i,j,k)))^2; 

        end 

    end 

end 

end 

B.2 Sensitivity analysis 

clear all 

close all 
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clc 

format long 

global Ea Ec joa jea Koa_b Kea_b Po Eoc0 Eoa0 Eec0 Eea0 alfaea alfaec alfaoa alfaoc jec joc 

global N M K R T ne no F Co d S RR Ce pHa pHc Doa_s Koc Koa Kea Jexp Jpred Eexp Eohm Jmtea 

Jmtoa Jmtec Jmtoc Jctea Jctoa Jctec Jctoc Jao Jae Jce Jco  
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Parameters and variables 

N=1;    % # of membranes 

M=8;    % # of data points for each membrane 

K=1;    % # of fuel cells 

R=8.314; % Universal gas constant (J/mol/K)      

T=303; % Temperature (K) 

ne=12; % # of electrons transferred in EtOH oxidation  

no=4;  % # of electrons transferred in oxygen reduction 

F=96485.3; % Faraday constant (C/mol) 

Co=8.3; % Oxygen concentration at the cathode (mol/m3) 

Po=0.21; % Oxygen pressure at the cathode (atm) 

S=0.5; % Ionic conductivity of synthetic wastewater (S/m) 

pHa=8.5; % Anode pH 

Doa_s=2.06e-9; % Oxygen diffusion coefficient in water (m2/s) 

Koc=3e-5;  % Oxygen mass transfer coefficient in cathode (m/s) 

jec=0.003;  % Exchange current density of EtOH on Pt/C (A/m2) 

joc=0.015;  % Exchange current density of oxygen on Pt/C (A/m2) 

Cin=85;  % EtOH concentration in the inlet (mol/m3) 

Cout=[ ];   % EtOH concentration in the outlet (mol/m3) 

d=[ ]; % Electrode spacing (m) 

RR=[ ]; % Separator resistivity (Ω.m2) 

nH=[ ];  % Separator Proton transport number 

Ko=[ ];  % Oxygen mass transfer coefficient in the separator (m/s) 

Ke=[ ];  % EtOH mass transfer coefficient in the separator (m/s) 
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Calculation of the cathode pH 

deltaCOH=(1-nH)*10/(0.05*F); 

COH=10^(-5.5)+deltaCOH; 

pHc=-log10(10^(-14)/COH); 

Calculation of the average ethanol concentration 

Ce=(Cin-Cout)/(log(Cin)-log(Cout)); 

Voltage values 

Eexp(:,:,3)=[0.1   0.15   0.20   0.30   0.40   0.50   0.60   0.70]; 

Initial values for the anode potential 

Ea0(:,:,3)=[-0.05 -0.07 -0.08 -0.12 -0.15 -0.18 -0.22 -0.25];     

Calculation of the anode potential 

mel=0; 

for i=1:N; 

 for k=1:3 

      dd=d(k); 

      for j=1:M 

             mel=mel+1; 

             x0(1,mel)=Ea0(i,j,k); 

  end 

 end 
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end 

options = optimset('Display','iter'); 

[x,fval] = fsolve('myfun1',x0,options); 

Voltage and charge balance equations 

function f = myfun1(x) 

global Ea joa jea Koa_b Kea_b Ec Jae Jao Jco Jce Po Eoc0 Eoa0 Eec0 Eea0 alfaea alfaec alfaoa 

alfaoc jec joc  

global N M K R T ne no F Co d Ce pHa pHc Doa_s Kea_s Ko Jexp Jpred RR Ke Koc S Eexp Eohm 

Jmtea Jmtoa Jmtec Jmtoc Jctea Jctoa Jctec Jctoc 

for k = 1:K 

    for j=1:M 

        for i=1:N 

Jmtea(i,j,k)=ne*F*Kea_b*Ce(i); 

 % Limiting current of EtOH oxidation at the anode (A/m2) 

Jmtoa(i,j,k)=no*F*(1/(1/Koc+1/Koa(i)+d(k)/Doa_s+1/Koa_b))*Co; 

 % Limiting current of oxygen reduction at the anode (A/m2) 

Eea0(i,j,k)=0.084-R*T/(ne*F)*log(Ce(i)/1000/(10^(-pHa))^ne); 

 % Equilibrium potential of ethanol oxidation at the anode (V vs. SHE) 

Eec0(i,j,k)=0.084-R*T/(ne*F)*log(Ce(i)/1000/(10^(-pHc(i)))^ne); 

 % Equilibrium potential of ethanol oxidation at the cathode (V vs. SHE) 

Eoc0(i,j,k)=0.401-R*T/(no*F)*log((10^(pHc(i)-14))^no/Po); 

 % Equilibrium potential of oxygen reduction at the cathode (V vs. SHE) 
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Eoa0(i,j,k)=0.401-R*T/(no*F)*log((10^(-14+pHa))^no/Co/1000); 

 % Equilibrium potential of oxygen reduction at the anode (V vs. SHE) 

Jctea(i,j,k)=jea*(exp(alfaea*2*F*(Ea(i,j,k)-Eea0(i,j,k))/R/T)-exp((-(1-alfaea))*2*F*(Ea(i,j,k)-

Eea0(i,j,k))/R/T)); 

 % Kinetically-controlled current of ethanol oxidation at the anode (A/m2) 

Jctoa(i,j,k)=joa*(exp(alfaoa*2*F*(Ea(i,j,k)-Eoa0(i,j,k))/R/T)-exp((-(1-alfaoa))*2*F*(Ea(i,j,k)-

Eoa0(i,j,k))/R/T)); 

 % Kinetically-controlled current density of oxygen reduction at the anode (A/m2) 

Jae(i,j,k)=((Jmtea(i,j,k))*abs(Jctea(i,j,k)))/((Jmtea(i,j,k))+abs(Jctea(i,j,k))); 

 % Current density of EtOH oxidation at the anode (A/m2) 

Jao(i,j,k)=((Jmtoa(i,j,k))*abs(Jctoa(i,j,k)))/((Jmtoa(i,j,k))+abs(Jctoa(i,j,k))); 

 % Current density of oxygen reduction at the anode (A/m2) 

Jpred(i,j,k)=(Jae(i,j,k)-Jao(i,j,k)); 

 % Current density predicted by the model (A/m2) 

rr(i)=RR(i)+d(k)/S; 

 % Resistivity of the MFC (Ω.m2) 

Eohm(i,j,k)=Jpred(i,j,k).*rr(i); 

 % Ohmic overpotential of the MFC (Ω.m2) 

Ec(i,j,k)=Ea(i,j,k)+Eexp(i,j,k)+Eohm(i,j,k); 

 % Cathode potential through cell voltage balance (V vs. SHE) 

Jmtoc(i,j,k)=no*F*Koc*Co; 

 % Limiting current density of oxygen reduction at the cathode (A/m2) 

Jmtec(i,j,k)=ne*F*Kea(i)*Ce(i); 

 % Limiting current density of EtOH oxidation at the cathode (A/m2) 
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Jctec(i,j,k)=jec*(exp(alfaec*2*F*(Ec(i,j,k)-Eec0(i,j,k))/R/T)-exp((-(1-alfaec))*2*F*(Ec(i,j,k)-

Eec0(i,j,k))/R/T)); 

 % Kinetically-controlled current density of EtOH oxidation at the cathode (A/m2) 

Jctoc(i,j,k)=joc*(exp(alfaoc*2*F*(Ec(i,j,k)-Eoc0(i,j,k))/R/T)-exp((-(1-alfaoc))*2*F*(Ec(i,j,k)-

Eoc0(i,j,k))/R/T)); 

 % Kinetically-controlled current density of oxygen reduction at the cathode (A/m2) 

Jco(i,j,k)=((Jmtoc(i,j,k))*abs(Jctoc(i,j,k)))/((Jmtoc(i,j,k))+abs(Jctoc(i,j,k))); 

 % Current density of oxygen reduction at the cathode (A/m2) 

Jce(i,j,k)=((Jmtec(i,j,k))*abs(Jctec(i,j,k)))/((Jmtec(i,j,k))+abs(Jctec(i,j,k))); 

 % Current density of EtOH oxidation at the cathode (A/m2) 

        end 

    end 

end 

for i=1:N 

    for k=1:K 

        for j=1:M 

            f(i,j,k)=Jae(i,j,k)-Jao(i,j,k)-Jco(i,j,k)+Jce(i,j,k); 

        end 

    end 

end 

 

end 


