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Abstract 

Microbial fuel cell (MFC) technology has been attracting great attention recently due to its 

potential for simultaneously harvesting electric energy, removing pollutants and monitoring 

organic matter concentration at wastewater. To date, the air cathode has been the bottleneck for 

MFC development. To deepen the understanding and improve the performance of air-cathode 

MFC, the study was conducted through 3 aspects of air cathode: surface and structural 

modification, practical application and numerical modelling. 

In a surface modification study, it was found that sufficient catalyst (38 mg/cm2) was critical to 

generate high power density and coulombic efficiency (CE) and maintain good performance at 

long-term operation. As to blended material, Ti-blended reactors obtained slightly higher 

performance than carbon black (CB)-blended MFCs in terms of power density, CE and long-term 

stability. Over short-term operation (1 month), Cu-blended reactors showed the worst 

performance due to copper ion inhibition over anode biofilm. However, Cu-blended reactors 

achieved the best performance over long-term operation (4.5 months). High pressure and 

temperature (HPT) treated by autoclave was a convenient and efficient method to modify cathode. 

With this method, the power density increased regardless of the blended material. HPT  

modification could also remove the short-term inhibition of Cu and generate much higher 

maximum power density over CB and Ti. In terms of the separator, Denim fabric (DF) had a 

similar short-term performance to that of glass fibre (GF). After the 5-months of operation, DF 

achieved much higher CE than GF due to its stability and anti-microbial growth.  

In terms of structural modification, a novel 3D cathode which could significantly increase MFC’s 

cathode specific surface area (CSSA) was developed and tested. The maximum power density 

was improved from 23 ± 2 W/m3 to 46 ± 1 W/m3 when the flat cathode – a common cathode 

widely used in MFCs - was changed to the 3D cathode. The significant improvement (increased 

by 248%) was also obtained when further increased the CSSA to 219 m2/m3. The 3D cathode also 

increased CE by 28% due to the advantages of full organic matter consumption and cathode 

biofilm inhibition. COD removal rate showed good agreement with first-order degradation kinetic 

regardless of the CSSA difference. Over long-term operation, the MFC with the low CSSA (41 

m2/m3) demonstrated a very high stability while the power of MFCs with high CSSA (104-509 

m2/m3) showed a reversible change, which was due to the mass oxygen crossover.  

Then the 3D cathode was employed to construct the configuration of cathode surrounding anode 

(CSA) with large volume. In practical application of dairy wastewater, CSA with 3D cathodes 

obtained high power generation (4.7 ± 0.2 W/m3) and 88.0%- COD and 93.9%-TN removal, 

respectively. In addition, the 3D cathode could reduce the NH3 emission significantly. It was also 

found that the current density rather than the total current played a key role in NH3 emission. The 
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3D cathode blended with Cu particles could further improve the power generation performance, 

reduce the NH3 emission and enhance the total nitrogen (TN) removal. 

In addition to treating real wastewater, MFC was also developed as a sensor to selectively test 

urine glucose. The novel structure of self-cleaning sensor (SCS), obtained quick response (6.7 ± 

0.4 minutes), large detection range (0.3-2 mM) and excellent linear relationship (R2 higher than 

0.98) between glucose concentration and peak currents. More importantly, SCS obtained up to 

the 5 months of stable operation, around 100% longer than traditional flat MFCs. In addition to 

peak current, the current increase rate was an alternative parameter to indicate the glucose 

concentration with quicker response (100 s) and larger detection range (0.3-5 mM). The 

selectivity of SCS was validated by using both synthetic and real diabetes-negative urine samples. 

In terms of accuracy, SCS showed a good agreement compared to a commercial glucose analyser 

(recovery ranged from 93.6 % to 127.9 %) when the diabetes-positive urine samples were tested. 

Due to the multiple advantages (high stability, low cost and high sensitivity and selectivity) over 

urine test strip, SCS provides a novel and reliable approach for continuous monitoring of urine 

glucose, which will greatly benefit diabetes assessment and control. 

Finally, a robust 3D model was developed to investigate the potential optimum configuration. 

The numerical results showed that most of the areas of cylindrical cathodes are active during the 

reaction, which reveals the reason for the high efficiency of the CSA configuration. In terms of 

cathode area, the study showed that 90 m2/m3-CSSA was the optimum value to maximize current 

generation, organic matter removal while keeping oxygen crossover down to an innocuous level. 

As for the control of oxygen crossover, growing a biofilm on the cathode was demonstrated to be 

a fast and zero-cost method to curb DO crossover. Finally, it was found that the ideal design is to 

fabricate the Cu-blended 3D cathode as a helical hollowed shape surrounding the anode. 
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1 Introduction 

1.1 Background 

Microbial fuel cell (MFC) technology has been attracting great attention recently due to its 

potential for simultaneously harvesting electric energy and removing pollutants from wastewater. 

Fuelled with wastewater (WW), the anode biofilm degrades organic matter and generates 

electrons and protons (Figure 1.1). The electrons flow from anode through an external resistor to 

the cathode while the excessive protons diffuse to the same location. Reacting with final electron 

acceptor-O2, both water and current are generated when this reaction is completed (Logan et al. 

2006).  

 

Figure 1.1 Schematic of typical air-cathode MFC. 

Picture sources: (Ou et al. 2016b, Wang et al. 2017b) 

While the configurations of MFC reactor could vary significantly, a typical air-cathode MFC 

generally consists of anode, anode electrogenic bacteria, cathode and the external circuit (Figure 

1.1).  
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The anode provides surface area to support the growth of electrogenic bacteria. These special 

bacteria could degrade organic matter, obtain and transfer electrons to the anode. The anode then 

collects these electrons and transfers them to the external circuit. Therefore, the anode must be  

biocompatible, electric conductive  and chemical stable. To date, the most versatile anode 

material is carbon, such as carbon cloth and graphite fiber brush (GFB).  

The cathode is where the final step of Redox reaction (Equation 1.2) completes. The air cathode 

uses oxygen from the air as the final electron acceptor, which has many advantages, such as high 

oxidation potential, low cost and sustainability. However, it has slow reduction reaction kinetics 

when the plain carbon is used cathode materials. To accelerate the reduction reaction rate, 

different types of materials such as Pt and activated carbon have been added as catalysts to the 

cathode. In fact, catalyst places a critical role for the cathode reaction (Equation 1.2). Catalyst is 

a substance which increases the chemical reaction rate while there is no consumed of this 

substance in whole process. Summarising previous reports, in addition to the precious metals, 

there were 3 substances showing the function of catalysis: activated carbon (AC), carbon black 

(CB) and cathode biofilm. AC is an excellent catalyst at cathode. Changing carbon cloth to AC, 

the maximum power density could be increased from around 50 mW/m2 to 1630 mW/m2 (Liu et 

al. 2014, Zhang et al. 2009a). CB could benefit the current generation. With the blending of CB, 

the current was achieved 21% improvement (Zhang et al. 2014b). The cathode biofilm which 

grows on the surface of cathode facing solution could promote the maximum power generation 

by around 10% (Ou et al. 2016a).  It this study, the cathode catalyst only denotes as AC.  

Cathode requires oxygen. To benefit the oxygen diffusion inside of cathode, the diffusion layer 

is employed on the cathode surface that facing the air. Some oxygen may diffuse through cathode 

to reach anode. However, the anode and the whole chamber should keep low dissolved oxygen 

concentration (such as around 0.3 mg/L) to favour the activity of anode biofilm. This oxygen 

crossover inhibits anode biofilm and reduces the power generation of MFC. To prevent the 

oxygen crossover, separator such as glass fiber paper is needed to place next to the cathode 

surface that facing the solution.  

In terms of the external circuit, it generally consists of metal wire and resistance. Connecting 

anode and cathode with external circuit, the electrons generated at anode could easily flow to 

cathode. With the flow of electron, the current is generated.    

Taking sodium acetate as an example, the anode reaction can be written as 

CH3COO- + 4H2O →2HCO3
- + 9H+ + 8e-  (1.1) 

If oxygen is used as electron acceptor, the cathode reaction can be written as 
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O2
 + 4H+ + 4e- → 2H2O (1.2) (1.2) 

The overall reaction can be written as 
 

CH3COOH + 2O2 → 2CO2 + 2H2O (1.3) 

The methodology of MFCs is similar to chemical cells, such as hydrogen cells. In 2004, the first 

single chamber air-cathode MFC was invented (Figure 1.1). Different from the previous types of 

MFC, this new configuration has only 1 chamber and the cathode directly faces air where it can 

use oxygen as an electron acceptor. Due to the low operational cost, simple configuration and 

high power generation, the single chamber air-cathode MFCs illustrate great advantages for 

practical applications. Since the first air-cathode single chamber MFC was reported in 2004, this 

paper has been recited over 1700 times (Google scholar, 30.04.19), which indicates the 

importance and popularity of this configuration. The air cathode is the core part of the air-cathode 

MFCs because it is responsible for oxygen diffusion/reduction and power generation. Compared 

with the anode, the cathode contributes 8 times more in terms of the internal resistance. With the 

multifunction, the cathode determines the performance and cost of the MFC system. To date, the 

air cathode has been the bottleneck for MFC development, especially for practical application. 

Therefore, it is very important to deepen the understanding of and improve the performance of 

the air cathode.   

1.2 Research objectives 

The main aim of this study is to modify the air cathode structure to improve the performance of 

MFCs. Specifically, the objectives of this research are: 

➢ To have a deep understanding of MFC’s startup process and current plummeting 

phenomenon, which can accelerate MFCs operation, maximize current recovery and 

promote effluent quality; 

➢ To determine the influence of cathode catalyst loading, blended materials and separator 

on MFCs’ performance;  

➢ To develop a novel 3D cathode to break through the limit of cathode specific surface area; 

➢ To develop enlarged MFCs and evaluate their performance on the treatment of real dairy 

WW;  

➢ To develop MFCs sensor to detect urine glucose concentration; 
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➢ To establish a robust 3D model to understand the current generation and oxygen diffusion 

process inside of MFCs;  

➢ To develop the optimum MFCs configuration for maximizing power generation and 

pollutants removal.  

1.3 Thesis outline 

Figure 1.2 showed a general overview of this research. This thesis is structured into seven 

subsequent chapters (Chapter 2 to Chapter 9). A comprehensive literature review was conducted 

in Chapter 2 while the relevant study parameters and methods were introduced in Chapter 3. 

Chapters 4-8 were the primary research sections of this thesis. Chapter 4 focused on the study of 

MFCs’ current startup and plummeting process while Chapters 5 and 6 explored the feasible 

methods for cathode surface and structure modification. Based on the results obtained in Chapters 

4-6, applications of MFC for wastewater treatment and urine glucose monitoring were 

investigated in Chapter 7. Finally, to obtain the optimum configuration of MFCs and visualize 

the inside reaction, a robust 3D model was developed in Chapter 8. The key conclusions and 

recommendations obtained in this study were presented in Chapter 9. 

 

 

Figure 1.2 General overview of the thesis. 
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2 Literature Review 

This chapter is divided into four primary sections. The structure evolution of air cathode in the 

past decade was comprehensively presented in Section 2.1. Practical application of MFC for WW 

treatment and pollutants monitoring was reviewed in Section 2.2. In addition, the numerical 

studies of air-cathode MFCs were summarized and compared in Section 2.3. Finally, the 

challenges of MFCs development and application was discussed in the final section (Section 2.4).  

2.1 Air cathode structure development 

 MFC technology has been attracting great attention recently due to its multi-advantages, such as 

low operational cost, simple configuration and high-power generation. Since the invention of air-

cathode MFC, many efforts have been made to increase the electrodes surface area, improve the 

performance and reduce the cost. Cheap materials such as graphite plates or rods can be used as 

anode, but the current performance is relatively low. To improve the performance, different 

physical and chemical modifications have been employed: coding Mn and Fe on the anode 

surface improved electrons transfer; painting composites of polyanilins/Pt could benefit the direct 

oxidation of anode bacteria and increase power generation; heat treatment (around 450 ℃, around 

30 mins) and ammonia coating at the anode was also a feasible method to improve reactor’s 

performance (Fan et al. 2007, Logan et al. 2006, Lowy et al. 2006, Zhang 2012). However, the 

breakthrough of anode didn’t occur until 2007, when graphite fiber brush (GFB) was firstly 

invented and employed to MFCs(Logan et al. 2007). This invention increases the surface area of 

anode by 3 orders of magnitude and could provide sufficient surface area for biofilm growth 

(Feng et al. 2010, kumar et al. 2013). With simple heat pre-treatment, GFB could significantly 

increase MFCs’ power density (2400 mW/m2, normalized to cathode surface area).  Since then, 

GFB has become the most used anode at MFC study. 

The air cathode is the core part of air-cathode MFCs because it is responsible for the oxygen 

diffusion/reduction and power generation. In the past 14 years, many types of materials and 

structures have been employed at the cathode to improve MFC’s operational performance and 

reduce the cost (Figure 2.1). In 2006, a diffusion layer made by PTFE was applied to the air-

facing side of the cathode to improve the oxygen diffusion and reduction at the cathode (Cheng 

et al. 2006a). However, if oxygen further diffused to the anode, it could harm bacteria activity 

and undermine MFC performance. Then, in 2007, a J-cloth was placed in the solution-facing side 

of the cathode as a separator to limit the oxygen crossover to the anode (Fan et al. 2007). In 2009, 

activated carbon (AC) was proved to be a cost-effective catalyst material for MFC operation for 

the first time, and Ni-mesh was also novelly employed as a support and current collector (Zhang 

et al. 2009a). In 2010, the Ni-mesh was replaced by a cost-effective stainless steel mesh (SSM) 
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and very good power performance was achieved (Zhang et al. 2010a). Since then, AC and SSM 

have become the most common materials used for the air cathode (Yang et al. 2014a). In 2011, a 

single layer of CNT mat (CNTM) was directly used as the air-cathode and obtained relatively 

high power density (Wang et al. 2011a). This 1-layer cathode structure was successfully 

employed in the treatment of brewery WW(Lu et al. 2017). In 2012, the ceramic-based cathodes 

were successfully tested, which significantly reduced the MFCs cost (Ajayi and Weigele 2012). 

In 2013, a biocathode was employed as the air cathode directly and high power was obtained. 

However, this power decreased in long-term operation because of the growth of heterotrophic 

bacteria at the cathode (Xia et al. 2013). In 2014, a simple one-step, phase inversion process was 

invented to make air cathode. With this invention, the cathode structure and fabrication procedure 

was significantly simplified while the good power performance was also obtained (Yang et al. 

2014a). In 2016, a 300-litre ceramic-based MFC module was assembled. This module generated 

the maximum power of 400 mW and successfully lighted LED lights using human urine 

(Ieropoulos et al. 2016). 

In terms of the assemble of electrodes,  the anode and cathode were usually placed on the opposite 

sides of the chamber in the early stage of air-cathode MFC study. (Cheng et al. 2006b) found that 

decreasing the electrodes distance (from 2 cm to 1 cm) could improve the power density from 

811 to 1540 mW/m2. Hence, the anode and cathode were tried to placed together. And a sandwich-

like electrodes structure was developed (the J-cloth was placed in the middle of anode and 

cathode) by (Fan et al. 2007). In 2012, the double sandwiched electrodes were assembled via 

placing 2 sandwiched electrodes at opposite sides of MFC chamber (Zhang 2012). This 

sandwiched structure was  also wrapped around the perforated plastic tube to benefit the 

wastewater flow and organic matter distribution(Zhuang et al. 2009). All these structures 

significantly improved the power performance and benefited the future scale-up of MFC. 

However, when GFB is used as anode, it is very difficult to assemble anode and cathode in a 

simple shape. To some extent, the invention of GFB limits the cathode development. In order to 

sustain the intactness of GFB, the compact and high-performance configuration (such as 

sandwiched electrodes) cannot be employed in MFCs. New design, such as wrapping cathode 

around GFB, were developed to increase cathode’s surface area. However, with such design the 

CSSA would decrease with the increase of the chamber size. MFCs even with the tube chamber 

as small as 2.5 cm in radius merely has 80 m2/m3 of CSSA, not to mention the larger scale MFCs 

(Logan et al. 2015). Hence, it is very important to find an effective method to increase the CSSA 

when GFB is employed as anode in enlarged MFCs. 
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Figure 2.1 Critical development of air cathode. 

A: (Liu and Logan 2004); B:(Cheng et al. 2006a); C: (Fan et al. 2007); D: (Zhuang et al. 2009); E:(Zhang 

et al. 2009a); F:(Liu et al. 2014, Zhang et al. 2011b); G: (Wang et al. 2011a); H: (Ajayi and Weigele 

2012); I: (Xia et al. 2013); J: (Yang et al. 2014a); K:(Ieropoulos et al. 2016); L: (Lu et al. 2017). 

 

Five typical air cathode structures have been studied in the past decade: 2-layer, 1-layer, 4-layer, 

3-layer and separator support (SES) structure (Figure 2.2 and Table 2.1). The performance of 

MFCs is affected by the cathode structure. For example, compared with the 2-layer cathode, 4-

layer cathode MFC could improve coulombic efficiencies (CE) by 171% (Cheng et al. 2006a); 

Employing activated carbon, 2-layer and 3-layer cathodes could obtain the power density of 6.3 

mW/m2 and 1220 mW/m2, respectively (Liu et al. 2014, Zhang et al. 2009a). The total cost of 

MFCs is also affected by the cathode structures. The cost of the typical 4-layer cathode (made by 

brushing method) was 1814 $/m2 while 2-layer cathode was only 15 $/m2 (made by phase 

inversion method) (Yang et al. 2014a). With ceramic SES structure, the MFC cost could be 

reduced from around 6000 $/m3  to less than  2000 $/m3 because the low-cost ceramic material 

was used as MFC frame, separator and support material (Rozendal et al. 2008, Zhang and 

Angelidaki 2016).  



10 

 

In order to promote MFC performance and practical application, it is important to understand 

the development and evolution of the air cathodes and the benefits and drawbacks of different 

air cathode designs.   

 

Figure 2.2 Typical making procedures of different cathode structures. 

A: 1-layer cathode; B: 3-layer cathode; C: 2-layer cathode; D: separator support structure cathode; E: 4-

layer cathode; e: 4-layer cathode. 

2.1.1 Original two-layer structure 

The first air cathode for the single chamber MFC was a typical two-layer structure cathode 

(Figure 2.1A). This cathode consisted of a carbon paper (acted as a support layer, SUL) and Pt 

(0.35 mg/cm2, acted as a catalyst layer, CL) (Liu and Logan 2004). The power density of this air 

cathode MFC reached a maximum of 494 ± 21 mW/m2 using glucose, much greater than the 

typical value reported for aqueous-cathode MFCs. Liu and Logan 2004 proved that the air-

cathode single chamber MFC was an effective approach to achieve high power densities. 

However, the cost of both Pt and carbon cloth are very high, which could limit the MFC’s 

practical application. Since then, many cheaper materials have been tested as the air cathode 

catalysts and the support layers. Many studies focused on using metal oxides and transition metal 

oxide composite as catalyst materials. Using PbO2 as a cathode catalyst, the MFC produced 

between 2 and 4 times more power than Pt cathodes. As a cheaper material, PbO2 cathodes 
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produced between 2 and 17 times more power per initial fabrication or purchase cost than the Pt 

cathodes(Morris et al. 2007). However, PbO2 is not feasible for MFC scale-up application due to 

its potential biological toxicity. Three manganese dioxide materials, α-MnO2, β-MnO2, γ-MnO2 

were also tested as alternative cathodic catalysts to Pt. β-MnO2 appeared to have the highest 

catalytic activity due to its highest surface area (Zhang et al. 2009b). With a comparable power 

production, MnO2 coated cathode costs less than 5% of the previously reported membrane 

cathode assembly (Zhuang et al. 2009). The transition metal oxide composite, which is cheap and 

stable, is also considered as an alternative catalyst to Pt (Hernández-Fernández et al. 2015). With 

air saturated electrolyte solution, the performance of FePc and CoTMPP was very similar to Pt 

oxygen electrodes (Cheng et al. 2006c, Zhao et al. 2005, Zuo et al. 2007). Increasing salinity was 

a feasible method to improve the performance of CoTMPP. When 250 mM NaCl was added, the 

power density reached up to 1062 ± 9 mW/m2, which was 25 ± 1% higher than that achieved with 

Pt on carbon cloth(Wang et al. 2011c). CoNPc and PFeEDTA also demonstrated good properties 

when they were employed as catalysts (Kim et al. 2011a, Wang et al. 2011b). Although the metal 

oxide and transition metal oxide composition are competitive over Pt, they are still too expensive 

to be used in practice and alternative low-cost cathode catalyst materials are needed for the MFC 

application. In 2009, activated carbon (AC) was proved to be a cost-effective material for MFC 

operation for the first time(Zhang et al. 2009a). Since then, AC has been widely recognised as 

the most suitable catalyst for the air cathode and many studies have been carried out to find the 

right support materials that suit carbon catalyst as well as having low cost. 

Double-side cloth (DSC) coated with conductive nickel-copper alloy was proved to be a suitable 

support layer and current collector for air cathode. Using Pt as a catalyst, the maximum power 

density (MPD) obtained from DSC was 700 ± 20 mW/m2. Using carbon powder as the catalyst 

at DSC, the MPD was 410 ± 10 mW/m2, which was much lower than Pt catalyst. However, the 

total cost of DSC with carbon powder was 22 $/W, only 2% of DSC with Pt, showing that DSC 

with carbon powder is a low-cost and promising structure for air cathode (Liu et al. 2011b). Metal 

mesh is another low-cost supporting material for the carbon catalyst. Employing a titanium mesh 

as the  support and current collector, Liu et al (2011b) used four inexpensive carbon-based 

materials as catalysts to build packed-bed air cathodes and found that the cathodes made from 

AC produced the largest MPD of 676 ± 93 mw/m2, followed by semi-coke (376 ± 47 mW/ m2), 

graphite (122 ± 14 mW/m2) and carbon felt (60 ± 43 mW/m2). Stainless steel mesh (SSM) was 

also employed as the support material and current collector in the cathode(Liu et al. 2014). The 

MFC with SSM/granular AC cathode achieved much higher power output than that with 

SSM/CC. 
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Table 2.1 Summary of different air cathode structures. 

Cathode 

Structure 

Catalyst 

Layer 

Diffusion 

Layer 

Support 

Layer 

Current 

Collecto

r 

Separato

r 
CSSA/substrate 

MPD 

(mW/m2

) 

CE 

(%) 
Ref 

Original 2-layer 

 

 

Pt  NA CC NA PEM 25/Glucose 262±10 40-55 (Liu and Logan 2004) 

 Pt NA CP NA NA 25/Glucose 494±21 9-12 

Pt+CNT NA CNTM NA NA 
25/Sodium 

Acetate 
1118 NR (Wang et al. 2011a) 

Pt NA DC NA NA 25/Acetate 700±20 18±1 

(Liu et al. 2011b) 

CP NA DC NA NA 25/Acetate 410±10 
13.9±0.

5 

1-layer 

SSM* SSM* SSM* SSM* NA 5.6/Glucose 
4.33±0.3

2 
NR (Liu et al. 2014) 

CNTM* CNTM* CNTM* NA NA 
25/Sodium 

Acetate 
329 NR (Wang et al. 2011a) 

MOC* MOC* MOC* NA IEM 15.7/Acetate 318.5 55-71 (Kim et al. 2009). 

4-layer 

Pt  PTFE+CP CC CP NA 25/Glucose 766 32 (Cheng et al. 2006a) 

Pt  PTFE+CP CC CP JC 58/ Acetate 1217 64 

(Fan et al. 2007) 

Pt  PTFE+CP CC CP JC 117/ Acetate 1460 NR 

Pt+C  PTFE+CP CC CP PS 55/ Glucose 455±73 NR 

(You et al. 2008) 

Pt+C  PTFE+CP CC CP PS 110/ Glucose 445±27 NR 

Pt  PTFE+CP CC NA NA ~25/Acetate 1253±45 NR 

(Xia et al. 2013) 

Biocathode  PTFE+CP CC NA NA ~25/Acetate 199±0 NR 

3-layer 

MnO2+COP

* 
PVDF CAC 

MnO2+ 

COP* 
PVC 14/BW 25-86 

19.5-

30.2 
(Zhuang et al. 2009) 

AC PTFE Ni mesh* 
Ni 

mesh* 
NA 25/Acetate 1220±46 15-55 

(Zhang et al. 2009a) 

AC+Pt+Pd PTFE Ni mesh* 
Ni 

mesh* 
NA 25/Acetate 1415 

NR 

Pt  
PDMS+C

B 
CC NA NA ~25/Acetate 1635±62 14-51 

(Zhang et al. 2010a) 

Pt  
PDMS+C

B 
SSM* SSM* NA ~25/Acetate 1610±56 15-67 

Mixed 2-layer  

AC+CB+ 

PVDF* 

AC+CB+ 

PVDF* 
SSM* SSM* NA 

~25/Sodium 

Acetate 
1470±50 13±1 

(Yang et al. 2014a) 
AC+CB+ 

PTFE* 

AC+CB+ 

PTFE* 
SSM* SSM* NA 

~25/Sodium 

Acetate 
1450±10 20±5 

AC+CB+ 

PVDF* 

AC+CB+ 

PVDF* 
SSM* SSM* Textile 40/wastewater 300 

18±2-

36±2 
(Kim et al. 2015) 

AC+CB+ 

PVDF* 

AC+CB+ 

PVDF* 
SSM* SSM* Textile 57/wastewater 209 

18±5-

29±3 

SES 

GP PUR TC Ti wire TC ~23/ Acetate 33.13 21±5 
(Ajayi and Weigele 

2012) 

GP PUR MU 
NiCr 

mesh 
MU 322/urine 3.94 NR 

(Pasternak et al. 2016) 

GP PUR PYR 
NiCr 

mesh 
PYR 151/urine 6.16 NR 

GP PUR EAR 
NiCr 

mesh 
EAR 212/urine 5.43 NR 

GP PUR ALU 
NiCr 

mesh 
ALU 231/urine 2.06 NR 
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*: a combined layer undertook at least 2 functions at cathode; CSSA: cathode specific surface area; MPD: 

maximum power density; CE: coulombic efficiency; NA: Not Adopted; NR: not reported; C: carbon; CC: 

carbon cloth; CP: carbon powder; COP: Conductive paint; CAC: canvas cloth; GG: graphite granules; PS: 

plastic sieves; PVC: polyvinyl chloride plastic; GFE: graphite felt; BW: brewery wastewater; CoTMPP: 

Co-tetra-methyl phenylporphyrin; UM: ultrafiltration membrane; GP: graphite paint; CNT: carbon 

nanotubes; CNTM: carbon nanotube mat; CB: carbon black; SSM: stainless steel mesh; TC: terracotta; 

PUR: polyurethane; CV: carbon veil; MUL: mullite; EAR: earthenware; PYR: pyrophyllite; ALU: alumina; 

SOA: sodium acetate; ww: wastewater; SES: separator support; IEM: ion exchange membrane; MOC: 

monolith carbon. 

 

2.1.2 One-layer structure 

One-layer structural cathodes have been used in MFCs successfully. These cathodes undertake 

the combined function of oxygen reduction and current collection. Materials such as SSM, 

Carbon nanotubes mat (CNTM) and monolith carbon (MOC) have been used in one-layer 

structural cathodes (Table 2.1). When SSM was employed at bed-packed MFC reactors, the 

MPDs for submerged and half submerged SSM cathodes were 1.23 ± 0.21 and 4.33±0.32 mW/m2, 

respectively (Liu et al. 2014). These results (around 100-101 mW/m2) are much lower than the 

values (around 102-103 mW/m2) obtained from the original 2-layer structure cathode MFCs, 

which could be due to the fact that the SSM and raw carbon material (such as CB) were not 

effective catalysts for oxygen reduction. Carbon nanotubes (CNTs) have great potential to be 

used as electrode materials in MFCs because of the high surface-to-volume ratio and unique 

electrical and mechanical properties (Lamp et al. 2011, Xie et al. 2010, Yazdi et al. 2016). CNTM 

that contains more than 90% CNTs has been used as the air-cathode directly. Without any other 

catalyst coating, CNTM reactor showed an MPD of 329 mW/m2, more than twice of the peak 

power obtained from CC reactor(Wang et al. 2011a). Multi-channel monolith carbon was also 

employed as a single-layer cathode (Kim et al. 2009). This material was heated at 1600 °C to 

improve the electrical conductivity. In order to avoid water leakage, this tubular cathode was 

covered by an exchange membrane. The volumetric MPD of 5 W/m3 was generated based on 

reactor volume. When hydrogel was employed on the cathode surface, this value increased to 6.1 

W/m3. 

In conclusion, the MPD of the one-layer structure is significantly lower than that generated from 

the Pt-coated two-layer structure. In addition, water loss and oxygen diffusion in the anode area 

are also the main drawbacks for single layer construction (Cheng et al. 2006a). 

2.1.3 Four-layer structure 

In 2006, a diffusion layer (DL) made by PTFE was first employed at the air cathode to benefit air 

diffusion and avoid water leakage (Cheng et al. 2006a). In addition, a carbon-based layer was 

added as a current collector (CUC). As a result, the cathode consisted of four layers: CL (0.5 
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mg/cm2 Pt mixed with Nafion), SUL (carbon cloth), CUC (a mixture of carbon powder and PTFE) 

and DL (PTFE) (Figure 2.1B). In the MFC test, 4 times’ brushing was found to be the optimum 

number of DL, resulting in a 171% increase in the CE (from 19.1% to 32%) and a 42% increase 

in MPD (from 538 to 766 mW/m2) and significant water loss was prevented (Cheng et al. 2006a). 

The order of CL and DL influenced the performance of the MFC. When CL was changed from 

the air facing-side of the cathode to the anode chamber solution facing side the maximum power 

outputs and the maximum voltage outputs increased from 0.144 mW and 0.4V to 1.16 mW, and 

0.5 V, respectively (Yang et al. 2009). Similar results were also obtained in other studies, 

indicating that placing CL in the solution facing side of 4-layer structure cathode could increase 

power generation significantly (Cheng et al. 2006a, Yang et al. 2009, Zuo et al. 2008). 

Due to the number of layers, the cost of a 4-layer cathode could be much higher than previous 

cathodes. Therefore, it is important to find low-cost alternative materials for each layer. Nafion 

which has been used as a binder for the catalyst is expensive. To reduce the cost, PTFE was tested 

as a binder. It was reported that MPD reduced from 400 ± 10 ~ 480±20 mW/m2 to 331 ± 3 ~ 360 

±10 mW/m2 when the Nafion binder was replaced by PTFE (Dong et al. 2012b, Wang et al. 

2010). In another study, PDMS was also tested as an alternative to Nafion (Zhang et al. 2012). 

With PDMS as a binder, MFCs produced MPDs of 1680 ±12 ~ 1710±1 mW/m2, which were 

comparable to the Nafion binder. Furthermore, after 15 days (15 cycles) of operation, the power 

generation reduced by 40% for MFCs with Nafion as a blinder, while it reduced less than 20% 

for PDMS blinder. More importantly, the cost of PDMS is only 0.23% of Nafion (Zhang et al., 

2012).  

Different non-precious metal oxide catalysts, such as MnO2 and CoTMPP were employed in the 

4-layer structure cathode. The power density obtained by using these catalysts were very close to 

that produced by Pt (Cheng et al. 2006c, Li et al. 2010). Biofilm was also investigated as a catalyst 

in a four-layer cathode, which was named as a biocathode (Xia et al. 2013). Before the 

experiment, the first 3 layers (without CL) were made. To grow biofilm at the surface, this 3-

layer cathode was placed and operated as the cathode of a two-chamber MFC. After the biofilm 

was well grown, this cathode was moved to the single-chamber MFCs. Initially, MFCs with this 

biocathode produced voltages of up to 609 ± 42 mV which was higher than those with the Pt 

catalyst (557 ± 1 mV). However, the catalytic capacity was lost after several cycles, which was 

due to the growth of heterotrophic bacteria after direct exposure of a biocathode to solutions 

containing a high concentration of organic matter in the single-chamber configuration (Liu et al. 

2014, Rabaey et al. 2008, Xia et al. 2013). Combined with a wetland, the bio-cathode was 

successfully operated with relatively low COD concentration of 250 mg/L (Liu et al. 2014). These 
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results show that controling the heterotrophic growth of microorganisms on cathodes is a key step 

for biocathode application in air-cathode MFCs.  

Carbon mesh (CM) has been adopted as an alternative for CUC (Luo et al. 2011). With a study 

showing that both the maximum voltage outputs and MPD achieved from the MFCs with CM 

were similar to that for CC with 1000 Ω. However, the CEs obtained by CM were significantly 

higher than CC (Luo et al. 2011). Nickel foam was also employed as a support and CUC for the 

cathode. The nickel foam cathode MFC produced an MPD of 1355 ± 62 mW/m2, which was 

comparable with 1320 mW/m2 from a typical carbon cloth Pt cathode MFC(Cheng and Wu 2013). 

Furthermore, the metal mesh could also be applied to avoid cathode membrane deformation 

(Zhang et al. 2010b). When SSM was used to press the membrane flat against the cathode, the 

MFC performance could be increased from 32 ± 2 to 46 ± 4 W/m3 (volumetric power density). 

Different materials have been used to make the DL. When fluorinated ethylene propylene (FEP) 

was brushed as DL, 4 times’ brushing was also found to be the optimum number for oxygen 

diffusion. The MPD obtained was 1679 ± 265 mW/m2 while the maximum CE was 80%. In long-

term operation, the voltage of FEP-coated MFCs was slightly higher compared to PTFE-coated 

MFCs. Polyvinylidene fluorine (PVDF) is a semi-crystalline fluoropolymer that exhibits good 

physical stability and chemical resistance. It has been used as a binder in the electrodes of 

batteries, fuel cells and capacitors (Barsykov and Khomenko 2001). Many studies have employed 

PVDF as DL in air cathode and obtained good performances (Huang et al. 2010, Yang et al. 

2014a, Zhuang et al. 2009). Many other materials, such as poly dimethylsiloxane (PDMS) and 

polyurethane(PUR) also have been adopted as DLs in MFC, and relatively high performances 

have been obtained (Zhang et al. 2010a).  

With a 4-layer cathode employed, the power density is significantly increased from around 102 

(typical 1-layer and 2-layer cathodes) to around 103 mW/m2. However, fabricating such structures 

is complicated and time-consuming, and most importantly, it is very expensive (1814 $/m2) 

(Cheng and Wu 2013, Yang et al. 2014b). 

2.1.4 Three-layer structure 

In 2009, activated carbon (AC) and metal mesh were firstly employed at air cathode(Zhang et al. 

2009a). Initially, AC was cold-pressed with a PTFE binder to form the cathode around a Ni mesh 

the current collector; A PTFE diffusion layer was then added to the air side of cathode, which 

formed a typical cathode with three layers - CL of AC, support and current collector of Ni mesh 

(at middle) and DL of PTFE. MFCs with AC cathode produced an MPD of 1220 mW/m2 

compared to 1060 mW/m2 obtained by CC-Pt cathode. Meanwhile, the CE of MFCs with 3-layer 
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cathodes ranged from 15% to 55% (Zhang et al. 2009a). This study proved that AC was a cost-

effective material for oxygen reduction in air cathode MFCs. Because of the low cost and good 

performance, AC has become the most widely used CL material to date in MFC studies (Wang 

et al. 2017b). Similar to the four-layer cathode, different diffusion materials, such as PVDF and 

PDMS, were also tested as the alternative in DL and obtained a comparable power density (Huang 

et al. 2010, Yang et al. 2014a, Zhang et al. 2010a). 

A metal/carbon mesh also plays a crucial role as support layer and current collector for the three-

layer structure cathode. Suitability of using different materials to make the mesh for the cathode 

was investigated. Studies showed that cathodes with different mesh materials (Ni, Cu, stainless 

steel, carbon) produced similar results (Luo et al. 2011, Wang et al. 2017b, Zhang et al. 2012, 

Zhang et al. 2009a, Zhang et al. 2011a). Due to the relatively low cost, SSM has been widely 

used as mesh material in the three-layer structure cathodes. Mesh size has a great effect on power 

generation. Cathodes made from the coarsest mesh (30-mesh) achieved the highest MPD of 

1616±25 mW/m2, while the finest mesh (120-mesh) obtained the lowest MPD (599±57 mW/m2). 

This was due to the fact that the fine mesh has low oxygen transfer coefficients (Zhang et al. 

2011a).  

Compared with the 4-layer cathode, the 3-layer cathode is much easier to develop. Furthermore, 

the order of these 3 layers is changeable.  CL can be put at the middle while DL and SUL located 

at each side of CL. The structure of DL facing the air while SUL facing to the solution was first 

invented in 2010 in Belgium, and called VITO structure (Pant et al. 2010). With this type of 

cathode, most MFCs achieved very higher power density (Pant et al. 2010, Yang and Logan 

2016b, Zhang et al. 2016, Zhang et al. 2014a). This is probably because oxygen diffusion rather 

than mass transfer is the main limiting factor for MFC operation. Moving CL forward to air side 

could avoid the metal mesh block and reduce the diffusion difficulty.  

In terms of the material AC, many modifications and treatment methods, such as heat, mixing 

and immobilization have been applied to improve its catalyst ability and longevity (Liu et al. 

2015a, Yang and Logan 2016b, Zhang et al. 2016, Zhang et al. 2014a). Mixing CB with AC is a 

simple but effective method to enhance the cathode performance in MFC (Zhang et al. 2014b). 

The research has found that the optimal CB: AC ratio was 10% and that the MPD could increase 

by 16% compared with AC alone catalyst. Furthermore, this mixture can improve the longevity 

of air cathode. After 5 months of operation, the MPD of the cathode with CB/AC decreased 7% 

while the AC alone reduced 61%(Zhang et al. 2014b). Zhang et al. 2014a further compared 

different modified methods (AC, AC+CB, AC+Fe, AC+heat) over long-term operation. After 16 

months of operation, AC-CB and AC-heat still generated 960-970 mW/m2 while AC produced 
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only 860 mW/m2. Immobilizing Fe-N-C catalyst on AC is so far probably the most effective 

method to boost power generation, With the highest peak power density of 4700±200 mW/m2 

reported for the air-cathode MFC (Yang and Logan 2016b). In order to control the biofilm growth 

and biofouling, antibiotic materials, such as silver nanoparticles, enrofloxacin and quaternary 

ammonium compound have been employed at the cathode (Li et al. 2014a, Liu et al. 2015b, Pu 

et al. 2014). By employing such antibiotic materials, the biofilm mass growth on the cathode was 

significantly reduced and the long-term operation of MFCs became more stable while the power 

density was also improved.  No negative influence caused by these antibiotic materials on anode 

electrogenic bacteria has been reported. 

The 3-layer cathode has shown great performances, with the power density of around 103 mW/m2. 

The highest power density reported in air-cathode MFCs studies was also obtained by using this 

structure. However, the 3-layer cathode is still relatively complicated to make. A special machine 

is needed to press CL and DL on the surface of the metal mesh.  

2.1.5 Mixed two-layer structure 

In a typical 3-layer cathode the VITO structure cathode, CL and DL contact directly. By 

combining DL and CL to form one layer, the VITO 3-layer cathode can be further simplified to 

a 2-layer cathode. In 2014, the phase invention method (PIM) was invented to make the air 

cathode (Yang et al. 2014a). The cathode produced by PIM consists of 2 layers: the first layer 

which combined CL and DL (a mixture of AC, CB and PVDF) and a second layer which 

combined SUL and CUC (SSM) (shown in Figure 2.1J). The AC, CB and PVDF mixture was 

blended at the optimum ratio of 30:3:10 and spread directly onto the surface of the SSM. After 

15 min soak in deionized water and 8 h dry at room temperature, this cathode was ready for use.  

Compared with the 3-layer and 4-layer cathode, this mixed 2-layer cathode is very easy to make 

while the operation performance is very competitive. MFCs with the mixture2-layer cathode 

produced a maximum power density of 1470 ± 50 mW/m2 with acetate as a substrate, and 230 ± 

10 mW/m2 with domestic wastewater. These power densities were similar to those obtained by 

using 3-layer and 4-layer cathodes (Yang et al. 2014a).  

In the mixed 2-layer cathode, when the CL was changed from facing from air to the anode 

solution, the MPD decreased from 1470 ± 50 to 1170 ± 10 mW/m2, while in the 4-layer cathode, 

when the CL facing the solution yielded power outputs much higher than when facing the air 

(Cheng et al. 2006a, Yang et al. 2009, Zuo et al. 2008). This difference could be due to the 

hydrophobic skin layer formed on the mixed 2-layer cathode surface (Yang et al. 2014a) and the 

size of metal mesh used in the mixture 2-layer cathode. It has been showed that metal mesh size 
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could influence oxygen diffusion and power generation (Zhang et al. 2011a) while there was no 

similar report about CC material.  

The mixed 2-layer cathode is very different from the original 2-layer cathode. Technically, the 

mixed 2-layer cathode can be made with a single step. This structure can withstand as high as 

1.22 ± 0.04 m of water head without leakage. In addition, the power density of this cathode 

(around 103 mW/m2) is much higher than the original 2-layer cathode (around 102 mW/m2). More 

importantly, the cost of this cathode (15 $/m2) is significantly lower than the 2-layer cathode 

made by the brushing method (1814 $/m2) (Yang et al. 2014a). 

So far there are four main methods (brushing/painting, pressing, rolling and PIM) that have been 

used to make air cathodes. Brushing methods are commonly used for the original 2-layer and 4-

layer cathodes. However, there are 3 significant drawbacks for brushing method: high-cost, time-

consuming and low- reproducibility. The pressing method was applied to make a 3-layer cathode 

with AC and metal mesh material (Zhang et al. 2009a, Zhang et al. 2016). Different materials 

were pressed on the mesh surface with specific pressure and time, such as 4.5 MPa and 1 min.  

The cathode made by such a pressing method usually has good performance for power generation. 

However, a bench manual press is needed for cathode fabrication. In order to enhance the 

reproducibility, the rolling method was invented in 2012 to make 3-layer cathodes (Dong et al. 

2012a, Dong et al. 2012b). The CL and DL material was blended by ultrasonic treatment and 

rolled to be a film. Then this film was rolled on the surface of metal mesh and sintered at a high 

temperature (such as 340 °C) (Dong et al. 2012a, Dong et al. 2012b, He et al. 2014). With the 

rolling method, an AC/PTFE ratio of 6 was found to be the optimum mixed condition. The rolling 

method has high accuracy. Compared with cathodes made by brushing method, the standard 

deviation of cathodes made by the rolling method was much lower in both weight increments and 

potential performances (Dong et al. 2012b). PIM is the latest method for mixed 2-layer cathode 

fabrication. Compared with previous technologies, PIM has significant advantages such as simple 

structure, quick fabrication, labour saving, low cost and without the need for special equipment. 

Therefore, PIM has great potential for MFC development and practical application.  

MFCs with mixed 2-layer cathode showed good performance in real WW treatment. Using high 

strength swine WW, the MPD reached 750 ± 70 mW/m2, which was comparable to results 

obtained from acetate (Kim et al. 2016). However, for low concentration domestic WW, power 

generation was unstable and severe power overshoot appeared in polarisation tests. 

Supplementing high concentration acetate (1g/L) to the low concentration domestic WW 

generated stable performance and there was no power overshoot appeared (Stager et al. 2017). 

The study showed that the GFB and cathode location has a significant influence on power 
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generation (Kang et al. 2017, Wu et al. 2017). The horizontal GFB with closest distance (12mm) 

to the cathode produced much higher power and current than when the GFB was vertically placed 

to the cathode (Kang et al. 2017). MFC with a mixed 2-layer cathode has been successfully 

developed for arsenic contamination removal from groundwater and the energy consumption 

(17.0±0.7 Wh log-1m-3) from this novel system was only one-fourth of traditional methods 

(67.8±0.9 Wh log-1m-3) (Si et al. 2016). Cathode fouling is a great challenge for long-term 

operation of MFCs. For example, when treating with swine WW, cathode fouling decreased 80% 

of the MPD after 185 days operation (Kim et al. 2016). This fouling would lead to pore blocking 

at the cathode surface and reduce the total surface area of AC. The study also found that salt 

precipitation is possibly the main contributor to long-term fouling in MFC cathode (Yang et al. 

2017, Yang et al. 2016). In order to control this fouling, a separator layer was added at the 

cathode. Using the mixed 2-layer cathode fabrication procedure, a wipe cloth was applied onto 

the carbon surface before soaking the cathode in deionized water. MFCs with this cathode 

produced an MPD of 190±30 mW/m2 after 2 months domestic WW operation. This value was 

around 220% higher than that obtained from the ordinary mixed 2-layer cathode (Yang et al. 

2017).  

2.1.6 Separator support (SES) structure 

The separator is an optional layer which is placed very close to the cathode in air-cathode MFCs. 

The first air-cathode separator (proton exchange membrane) appeared with the invention of a 

single chamber air-cathode MFC (Liu and Logan 2004). Initially, the main purpose of the 

separator was to control oxygen crossover and increase the CE of MFCs system (Zhang et al. 

2009c). However, with the development of the cathodes, different kinds of cheap and hard 

materials, such as ceramic materials and plastic grids were employed as a separator (Ajayi and 

Weigele 2012, Oliot et al. 2017). These hard separator materials have the potential to become 

cathode support layers and the MFC mainframe simultaneously. In this review, if there is a layer 

which has the multifunction of both separator and support in the cathode, it is classified as a 

separator support (SES) structure cathode.  

In the early stages of air-cathode MFC development, different kinds of high-cost membrane 

material were used as a separator (Liu and Logan 2004, Zuo et al. 2007). In order to improve the 

CE and decrease the cost, a J-cloth layer was then employed as a separator in the single chamber 

MFC in 2007(Fan et al. 2007). Due to the significant reduction of oxygen diffusion by the J-

Cloth, the MFCs with two-layers of J-Cloth demonstrated an over 100% increase in CE compared 

with those without J-Cloth with the same current density of 0.6mA cm−2. However, because of 

biodegradability, a J-Cloth is not suitable for long-term operation. Since then, more stable and 
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low-cost separated materials were investigated. In 2009, glass fibre mats with different 

thicknesses were tested in the MFCs with various configurations(Zhang et al. 2009c). Due to the 

low oxygen mass transfer coefficient, the CE of MFC with grass fibre (1.0 mm) was much higher 

than the J-Cloth. Another advantage of grass fibre was its low biodegradability, which benefited 

long-term power production. With the development of separators, the first SES cathode was made 

in 2007 (Zuo et al. 2007). The CL (a mixture of CoTMPP, carbon and Nafion) was applied on 

the surface of an ultrafiltration hydrophilic tubular membrane. Compared with the normal flat 

cathode, the total power output of the SES cathode was much higher (0.83 VS 0.51 mW). 

However, this soft cathode is not suitable for the practical application. 

In 2012, Terracotta (a type of hard ceramic material) pots were first used as the separator, SUL 

and MFC frame (shown in Figure 2.1H). Other layers of cathode were directly coated on the pot’s 

surface (Ajayi and Weigele 2012). This special air cathode is the real start of the SES cathode, 

and paved a new way for MFCs development. The terracotta MFCs gave an average OCV of 0.56 

V ± 0.02, CE of 21 ± 5%, and peak power of 1.06 ± 0.01 mW. Because of the low cost, high 

performance and wide distribution, many other ceramic materials, such as earthenware, mullite, 

alumina and pyrophyllite have been widely employed as a separated membranes (Pasternak et al. 

2016, Winfield et al. 2013). In 2017, some new types of separators, such as mixed cellulose ester 

filter and plastic grid were also used as separators and obtained good performance (Oliot et al. 

2017, Wang and Lim 2017). With plastic grid SES, a removable cathode was developed. Without 

pouring out the MFC solution, this structure allows the cathode to be replaced easily (Oliot et al. 

2016, Oliot et al. 2017). In conclusion, the separator experienced a development from using 

expensive and soft materials to the cheap and hard materials. This development has significantly 

promotes the cathode structure modification.  

With the application of the J-Cloth, the sandwiched configuration (sandwiching the cloth between 

anode and cathode) was invented in 2007 (Fan et al. 2007). This configuration could not only 

increase CE significantly, but also extend the electrode area 2 times by its double sandwiched 

structure. The power density obtained by this configuration was 15 times higher than the original 

2-layer cathode MFCs(Fan et al. 2007). In 2009, the first tubular sandwiched electrodes were 

developed (Zhuang et al. 2009). The separator was polyvinyl chloride (PVC) plastic tube with 

evenly distributed holes. The graphite felt anode was nested inside while the canvas cloth based 

cathode covered the surface of the PVC tube. This tube was also used as an MFC frame. A 

relatively high volumetric power density was achieved by this structure (9.87 W/m3) (Zhuang et 

al. 2009). The tubular sandwiched MFCs are widely used due to its simple structure and good 

hydraulic conditions, (Kim et al. 2009, Zhao et al. 2016). However, the separator such as PVC is 
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not suitable for proton permeation which limits its operation performance. In 2012, a permeable 

ceramic material was applied as the separator to make a tubular sandwiched MFCs. This separator 

is labour saving due to the fact that no holes drilling are needed (Ajayi and Weigele 2012, 

Pasternak et al. 2016, Winfield et al. 2013).  Because of the low cost and high performance, this 

ceramic-based MFC has good potential for practical application. In 2016, a 300 litres ceramic-

based MFC was developed and generated a maximum power of 400 mW which successfully 

lighted LED lights without supercapacitors (Ieropoulos et al. 2016, Zhang et al. 2009c).  

By comparing different cathode structures, it is noticeable that the 1-layer cathode produced the 

lowest power density and the highest power density was obtained by the 3-layer cathode. The 2-

layer cathode performance is lower than but comparable with the 3-layer cathode. However, with 

the benefits of simple structure and easy fabrication, the 2-layer cathode has great potential for 

MFCs practical application. The advantages of SES included simple configuration and low cost 

(combined SAL and SUL, sometimes used as MFC frame). In addition, the materials are widely 

spreading and environmental-friendly which can avoid secondary pollution. 

2.2 Practical application of air-cathode MFCs 

2.2.1 Real wastewater treatment 

In this review, studies where the air-cathode MFCs with ~1 litre or larger have been classified as 

practical applications (Figure 2.3).  A total of 23 practical applications were found and the details 

were listed in Table 2.2. 
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Figure 2.3 Practical application with different volumes. 

A: (Cheng and Logan 2011);  B:(Zhuang et al. 2012a); C:(Dong et al. 2015); D: (Ge and He 2016); E: 

(Ieropoulos et al. 2016); F: (Feng et al. 2014). 
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Table 2.2 Summary of practical applications of MFCs 

Cathode 

structur
e 

Volum

e 

Cathode catalyst/ 

Anode 
Substrate CSSA 

Maximum 

Power 
AMPD 

V 

MPD 
 ref 

 Litre   m2/m3 mW 
mW/m

2 

W/m
3 

  

1-layer 

 

1 Pt/Carbon veil 
Synthetic 

WW-sucrose 

43 5.6 130 5.6 
 

(Kim et al. 

2011b) 

2.7 
carbon veil 

/carbon veil 

Landfill 

leachate 

40 0.19 1.8 0.07 
 

(Galvez et al. 

2009) 

18.8 
Carbon cloth/ 

Carbon cloth 
Brewery WW 

273.3 8.27 1.61 0.44 
 (Lu et al. 2017) 

2-layer 

1.5 
MnO2/graphite 

felt 
Swine WW 

12.5 16.5 175 11 
 

(Zhuang et al. 

2012b) 

2 
Pt+ activated 

carbon / Graphite 

fiber brush 

Domestic 

WW 

78.5 0.74 4.71 0.37 
 

(Zhang et al. 

2013a) 

3.6 
Pt/ Graphite fiber 

brush 
Sludge 

73.3 34.56 130 9.6 
 

(Ge et al. 

2013) 

7.5 
Carbon felt or 
biocathode/ 

Granular graphite 

Synthetic 

WW 

25.2 45 238.1 6 
 

(Clauwaert et 

al. 2009) 

4 

activated carbon 
with or without 

Pt/ Graphite fiber 

brush 

Domestic 

WW 

78 4.56 14.61 1.14 
 

(Zhang et al. 

2013b) 

      192 

activated carbon / 

Graphite fiber 

brush 

Domestic 
WW 

78.3 129.6 17.25 1.35 
 

(Ge et al. 

2015) 

192 

activated carbon / 

Graphite fiber 

brush 

Domestic 
WW 

78.3 161.28 10.74 0.84 
 

(Ge and He 

2016) 

3-layer 

1.4 

activated carbon / 

Graphite fiber 

brush 

Domestic 
WW+NaAC 

29 44.8 1100 32 
 

(He et al. 

2016) 

2.9 

Pt/carbon 

cloth+graphite 

granule 

Domestic 
WW 

29.2 7.4 87.28 2.55 
 

(Lefebvre et al. 

2011) 

10 
MnO2/graphite 

felt 
Brewery WW 

62 60 93 6 
 

(Zhuang et al. 

2012a) 

90 

activated carbon / 

Graphite fiber 

brush 

Brewery WW 
6.3 90 159 1 

 
(Dong et al. 

2015) 

4-layer 

0.93 Pt / graphite rod 
Landfill 

leachate 

78.3 0.6 31 0.82 
 

(Damiano et al. 

2014) 

1 
Pt /Graphite fiber 

brush 

sodium 

acetate 

13 4.3 330 4.3 
 

(Cheng and 

Logan 2011) 

1.83 Pt / graphite plate 
Landfill 

leachate 

78.3 1.19 24 0.65 
 

(Damiano et al. 

2014) 

5.7 Pt/graphite felt 
Domestic 

WW 

3.6 3.02 149 0.53 
 

(Yu et al. 

2012) 

20 

Pt or 
MnO2/Graphite 

rod + activated 

carbon 

Domestic 

WW 

0.3 4 380 0.2 
 

(Jiang et al. 

2011) 

1000 
Pt/ Graphite fiber 

brush 
Domestic 

WW 

8 116 14.5 0.12 
 

(Feng et al. 

2014) 

SES 
 

0.5 
graphite paint / 

carbon felt 
MMM 

78.3 1.06 33.13 2.12 
 

(Ajayi and 

Weigele 2012) 

200 
activated carbon / 
carbon fiber veil 

urine 
78.3 62 11.83 0.31 

 
(Ieropoulos et 

al. 2016) 

300 
activated carbon / 
carbon fiber veil 

urine 
78.3 400 50.88 1.3 

 
(Ieropoulos et 

al. 2016) 

CSSA: cathode specific surface area; AMPD: areal maximum power density; VMPD: volumetric maximum power 

density; MMM: M9 minimal medium; WW: wastewater 
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The 2-layer cathode was the most widely used cathode in practical applications (7 cases), 

followed by the 4-layer cathode (6 cases). There were 4 cases of the 3-layer cathode while 1-layer 

cathode cases number was equal to SES (3 cases). In terms of maximum power generation, no 

significant difference was found among the 2-layer, 3-layer, 4-layer and SES cathodes (~102 

mW), while the maximum power generated by 1-layer MFCs (8.3 mW) was much lower. In terms 

of cathode catalyst material, Pt and activated carbon were the most widely used in all these cases 

(Table 2.2). Both maximum power and power density obtained from activated carbon were higher 

than those obtained from Pt. The high power generation not only makes a high profit to offset the 

MFC system cost, but also increases the organic matter removal rate which could reduce the 

design volume of future MFC-based WW treatment plants. Hence, the low-cost activated carbon 

has greater potential than Pt for future practical applications. 

All the data from these cases were submitted to PCA (analysed by OriginPro 8.6) and PCA biplot 

showed in Figure 2.4. These cases were separated into 2 clusters. Most MFCs employed with 1-

layer, 3-layer and 4-layer cathodes projected in the left cluster. It is noticeable that the maximum 

power obtained from these MFCs was at a low level regardless of cathode specific surface area 

(CSSA), areal power density (AMPD) and volumetric maximum power density (VMPD). The 

right cluster contained most SES and some 2-layer structure MFCs. Different from the left cluster, 

MFCs projected in this cluster demonstrated a strong and positive correlation between the vectors 

of MFC volume, cathode area and maximum power generation. This result indicates the structural 

advantage of 2-layer and SES cathodes in terms of power generation. It is also noticeable that 

both AMPD and VMPD showed very weak correlations with maximum power in the practical 

cases. This indicates that improving power density (the most important parameter in lab-scale 

MFCs study) is maybe not an effective method at MFCs practical application if boosting 

maximum power generation is the primary target.  
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Figure 2.4 PCA biplot for all cases of MFCs’ practical application. 

(AMPD=areal maximum power density, VMPD=volumetric maximum power density, CSSA= cathode 

specific surface area, MP=maximum power, V=volume, CA=cathode area, the red points represent 

practical application cases, for example, 3L1 represents case 1 of MFC with 3-layer cathode, SES3 

represents case 3 of MFC with SES cathode) 

The high cost is the primary barrier limiting MFC practical application. The materials and 

configurations of different MFCs vary significantly. Figure 2.5 showed the cost analysis results. 

The total cost of 1-layer and 4-layer cathode MFCs was much higher than other MFCs, which 

was due to the use of high-cost materials such as carbon cloth and Pt. Employed with the mixed 

2-layer cathode, the MFC cost (11724 $/m3) was slightly lower than the MFC with 3-layer 

cathode (12079 $/m3). The cost of the SES based MFC with 8400 $/m3 is the lowest, which was 

due to the use of cheap ceramic materials as a separator and reactor frame (around 4680 $/m3). 

The capital costs (25-year lifetime) of 4-layer and 1-layer cathode MFC are 5.5 and 2.2 $/kg 

COD, which are much higher than the traditional activated sludge WW treatment technologies of 

0.47 $/kg COD (Rozendal et al. 2008). However, with the low cost of 2-layer and SES cathode, 

the MFC system’s costs are becoming competitive (0.5 and 0.2 VS 0.47 based on $/kg COD). 

Considering other benefits of MFCs such as clean electricity output and low sludge production, 

this technology is not very far from practical application.  
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Figure 2.5 Cost analysis of MFCs employed with different cathodes 

 

2.2.2 Air-cathode MFCs based sensor development 

Biochemical oxygen demand (BOD) is a measure of the biodegradable organic matter content in 

water. The conventional test method of BOD is to determine the dissolved oxygen (DO) 

concentration of samples before and after 5 or 7 days incubation at 20 °C (Federation and 

Association 2005). Because BOD is strongly related to the DO concentration and biological 

metabolic activity, it is normally regarded as a critical parameter for water quality (Abrevaya et 

al. 2015, Modin and Wilén 2012). However, the typical test method for BOD is time-consuming 

(around 5-7 days) and well-trained personnel are needed for precise results. In addition, plenty of 

energy is required to keep a stable temperature at a long time. Therefore, the fast, simple and 

accurate test method is needed. In recent years, an MFC based sensor has shown great potential 

to be an alternative and ideal method for BOD testing. Table 2.3 summarized the BOD sensors 

made by single chamber air-cathode MFC.  

 

Table 2.3 Summary of BOD sensor made by single chamber air-cathode MFC. 

Volume 
(mL) 

Cathode Anode 
Electrode 
structure 

Detection 
Range 
BOD, 
mg/L 

Measurement 
Time  

Saturation 
Signal 
(mA) 

reference 

2 Carbon cloth/PEM 
Carbon 
cloth 

Flat-
opposite 

3-164 2.8min 0.033 
(Di Lorenzo et al. 

2014) 

11.8 
Carbon paper/carbon 

nanoparticles/PTFE/SM 
graphite 

rod  
Flat-

opposite 
32-1280a 5-20h ND 

(Modin and Wilén 
2012) 

12.6/50 Carbon paper/Pt/PEM 
Carbon 
cloth 

Flat-
opposite 

50-350 40-120min 0.4 
(Di Lorenzo et al. 

2009a) 

15 
Carbon cloth/FePO4 

NPs carbon black/PTFE 
Carbon 

felt 
Flat-

opposite 
0.1-100b  10 min ND (Zeng et al. 2017) 

0

10000

20000

30000

40000

50000

60000

70000

80000

1-layer 2-layer 3-layer 4-layer SES

M
F

C
 s

y
st

em
 c

o
st

 (
$
/m

3
)

Cathode

Anode

Reactor

Membrane

Others



27 

 

37.5 Carbon paper/Pt/PEM 

Carbon 
granule 
/titanium 
net 

Flat-
opposite 

ND 4.5±0.1h ND 
(Di Lorenzo et al. 

2009b) 

50 Carbon cloth/Pt/PEM 
Carbon 
cloth 

Flat-
opposite 

100-650 Around 50h 0.88 
(Ayyaru and 

Dharmalingam 
2014) 

73 ND 
Carbon 

felt 
Flat-

opposite 
5-120 132min ND (Yang et al. 2013) 

PEM: proton exchange membrane; ND: no data available in original work; a: obtained by charge; b: µg/L, 

target was levofloxacin; PTFE: polytetrafluoroethylene; SM: separated material, Whatman filter. 

The first study of a MFC based BOD sensor was reported by Karube et al. (1977). Immobilized 

Clostridium butyricum bacteria and Pt were employed as an electrode of the first 2-chamber MFC 

sensor. Fueled with glucose and glutamic acid, a linear relationship between steady current and 

BOD was obtained within 15 minutes. Targeting industrial wastewater, this device also showed 

a good linear relationship within 30-40 minutes at 37 °C. Many microbial BOD sensors have been 

invented since the then. Most sensors had the cells enclosed in polymers or immobilized on 

membranes close to the surface of the electrode(Karube et al. 2009). The current output of these 

sensors were around µA, and the current amplifier was employed to make the current detectable. 

With the development of MFCs, the new generation of MFC-based sensor is appeared in 2003 

(Kim et al. 2003). This 2-chamber MFC was separated by a cation exchange membrane and 

graphite felt was used as the electrode in each chamber. When synthetic wastewater was fed to 

the MFC, the current and coulombic yield were found to be dependent on BOD5 of the synthetic 

wastewater. Feeding with the real wastewater, a highly linear correlation between coulombic 

yield and BOD5 was also observed. This new 2-chamber MFC based sensor was simplified and 

the amplifier was unnecessary due to the relatively high current output (around 0.1-0.5 mA).  

With the invention of the single chamber air-cathode MFC, the single chamber air-cathode MFC-

based BOD sensors were developed (details showed in Table 2.3 and Figure 2.6) (Di Lorenzo et 

al. 2009a). Compared with previous MFC-based sensors, the single chamber air-cathode MFC-

based sensor has many advantages: the operation cost is low due to no cathode pumping or air 

purging needed; it has the simplest structure; and it is very handy, compact and convenient to 

enlarge further or miniaturise. Fueled with artificial wastewater, the first air-cathode sensor 

showed a linear relationship with the BOD concentration up to 350 mg/L (Di Lorenzo et al. 

2009a). It also had very long duration (over 7 months) and good reproducibility (better than 1% 

of CV). By decreasing the volume from 50 to 12.6 mL, the response time was improved from 4.5 

h to 40 minutes. With higher anode specific area (1 cm granule layer), the response time could 

further decreased by approximately 65% in comparison to carbon cloth under high external 

resistance (500Ω). A mini air-cathode sensor (2 mL) which was also developed by using rapid 

prototyping layer-by-layer 3D printing (Di Lorenzo et al. 2009a) had the low detection limit of 3 
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mg/L and the response time of 2.8 minutes. A larger volume (73 mL) MFC-based sensor was 

developed by (Yang et al. 2013). However, it had a small linear range, with the low detection 

limit of  120 mg/L-BOD. These results indicate that a mini sensor has great potential for practical 

application. 

New separated materials have also been employed to improve the sensor performance. Compared 

with the Nafion membrane, the sensors with sulfonated poly ether ether ketone (SPEEK) 

membrane as the separator increased the detection range by 62.5% wider, improved the response 

time from 190-420 to 79-240 minutes, and increased the upper testing limitation improved from 

650 to 750 mg/L.  

In addition to the MFCs current, the coulombic charge can also be considered as a sensor signal 

for BOD detection. Di Lorenzo et al. (2009a) found a linear response between the charge and 

BOD of up to 500 mg/L, which was much higher than the current response upper limit with the 

same sensor (350 mg/L). By applying an external voltage, a novel air-cathode sensor was 

constructed without external resistance and exchange membrane (Modin and Wilén 2012). It was 

found that the charge had linear correlation with BOD in the range between 32 and 1280 mg/L. 

Different kinds of organic matters (acetate, propionate, glucose and ethanol) were tested and 

robust performance were obtained from all of them (all R2 higher than 0.97). Although the linear 

results based on charge signal are quite robust, the testing is time-consuming (20 hours), and 

further improvement and balance of testing time, charge value and CE are required.  

The MFC-based sensor can also be used to detect the toxicants in water, such as heavy metals, 

volatile fatty acids (VFAs) and antibiotics. The current in MFCs is generated by the metabolic 

activity of electrochemical bacteria in the anode. When the target toxicant presents in the feeding 

solution, the metabolic activity can be potentially inhibited and the current output would be 

reduced. This shear effect is used to determine the concentration of toxicants (Shen et al. 2013). 

With saturating acetate, the mini air-cathode senor could rapidly detect the presence of cadmium 

with high sensitivity and low detection limit of 1 µg/L (Di Lorenzo et al. 2014). An air-cathode 

sensor was also successfully developed to detect Cu (II) (Shen et al. 2013). The sensitivity of the 

sensor was improved by enriching the anode biofilm with a low flow rate. In addition, scattered 

nitrogen sparging could decrease extracellular polymeric substances (EPS) level and enhance 

testing sensitivity. Employing FePO4 nanoparticles (NPs) as the cathode, the levofloxacin (LEV) 

was successfully detected by the air-cathode sensor (Zeng et al. 2017), with the fast response of 

around 10 minutes and a good linear correlation with the range of 0.1-100 µg/L. Air-cathode 

sensors have been presented a great potential for fast and low-cost monitoring of toxicants. 
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Figure 2.6 Typical bio-sensor made by air-cathode MFC  

a: (Di Lorenzo et al. 2009a); b: (Di Lorenzo et al. 2014); c: (Modin and Wilén 2012); d: (Ayyaru and 

Dharmalingam 2014); e: (Zeng et al. 2017). 

 

2.3 Modelling the development of air-cathode MFCs 

As a powerful tool, mathematical modelling can be used to conduct experiments, understand the 

critical reaction and visualize the whole process of MFCs (Table 2.4). In 2009, probably the first 

simple model of a single chamber air-cathode was developed to study the overpotential losses 

(Wen et al. 2009). The model showed that the reaction kinetic and mass transport losses (both 

0.248 V) were much higher than the ohmic loss (0.046 V) with a current density of 1.79 A/m2. In 

2010, the first complicated and comprehensive air-cathode MFC model was developed using 

MATLAB (Pinto et al. 2010). With experimental validation, this model showed how the 

operating conditions (various resistances and organic loads) affected the MFC performance and 

how to improve MFC power output. The model showed that with the periodical change of external 

resistance, the proliferation of methanogens can be avoided. Another comprehensive model was 

developed by Sirinutsomboon (2014) which included  inputs such as initial amount of molasses, 

biofilm condition and chamber dimensions, and outputs such as molasses/oxygen concentration 

and open circuit voltage. The model showed that increasing the anode biofilm thickness rather 

than reducing the cathode thickness was a feasible method to improve voltage output. However, 

the model was not validated by using experiment results. In 2014, a new air-cathode MFC 

modelling was developed by using C++ and OpenMP, which included the gas-phase transport, 
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biofilm growth and whole MFC performance (Ou et al. 2016b). Two gas mixtures were used to 

study the oxygen transport in the cathode. It was found that the MFC with helium-oxygen mixture 

generated higher power output than the MFC face to air or a nitrogen-oxygen mixture. The model 

was successfully applied to demonstrate the biofilm growth and mass transfer over 15 days. 

According to the simulation, the DO concentration and diffusion were found to be the key factors 

affecting the power generation. With the increase of DO in the cathode, the power and biomass 

at cathode would be improved. However, these results were not validated by any experiment.  

 

Table 2.4 Summary of models used in air-cathode MFCs. 

Software for 
Modelling? 

Anode of 
Validated MFC 

Cathode of 
Validated MFC 

Membran
e? 

Main purposes/concludes reference 

No carbon fibers 
Carbon 
powder 
/Pt/PTFE 

PEM overpotential loss 
(Wen et al. 

2009) 

MATLAB Carbon felt GDEa J-cloth 
Microbial population and corresponding bio-

electrochemical reaction 
(Pinto et al. 

2010) 

COMSOL 
Graphite fiber 

brush 
Carbon cloth 

/Pt/PTFE 
Textile  

separator 
Substrate flux into each brush 

(Ahn et al. 
2014) 

MFC 
simulation 
programb 

no no no Mass distribution and OCV output 
(Sirinutsomb

oon 2014) 

COMSOL Carbon paper   
Carbon paper  

/Pt/PTFE 
no Catalyst performance 

(Ou et al. 
2016a) 

COMSOL-
CFDc 

carbon cloth 
carbon cloth 

/Pt/C 
AEM hydrodynamics and species transport 

(Zhao et al. 
2016) 

C++/OpenM
P 

Carbon cloth   
Carbon cloth  
/Pt/C/PTFE 

no Catalyst performance 
(Ou et al. 
2016b) 

a: made by company, the structure details unavailable; b: computational simulation made by the 

author; c: computational fluid dynamics;  
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 Figure 2.7 Typical simulation results from different models  

a: (Wen et al. 2009); b:(Pinto et al. 2010); c:(Sirinutsomboon 2014); d:(Ou et al. 2016b) 

 

The modelling results mentioned above can significantly improve the understanding of the MFC 

system. However this requires an expert background to master and develop such models. In 

addition, most of these results so far have not been visualized and are difficult to read, especially 

for the layman. To date, the most current model applied in air-cathode MFCs study is probably 

COMSOL Multiphysics software (Ahn et al. 2014, Ou et al. 2016a, Picioreanu et al. 2010, Zhao 

et al. 2016). The drag-and-drop tools significantly benefit users who lack professional 

programming background. This software contains many modules and can be used to model 

current density distributions, electrochemical reactions mechanisms and mass transport (working 

windows of COMSOL showed in Figure 2.9). Most importantly, the simulated results can be 

visualized and are intelligible.  The typical simulated results obtained from COMSOL are showed 

in Figure 2.8. COMSOL simulation results from different electrode configurations (separator 

electrode assembly-SEA and closely spaced electrodes-SPA) showed that hindered oxygen 

diffusion of SEA was the primary cause of increased treatment time. As a result, SEA design can 

capture energy with a high efficiency (Ahn et al. 2014). COMSOL was also used to study the 

influence of solution ionic conductivity and anode location to MFC system performance (Lacroix 

et al. 2014).  The low conductivity showed a strongly negative impact on power generation while 

the anode perpendicular to the cathode demonstrated a positive influence. This simulation also 

showed that increasing the surface area by multiplying anode plates would reduce the 

electrochemical condition in the anode. Using a combined metabolic flux analysis (MFA) with 

COMSOL, the maximum potential and positive mutants (cysA, cysP and rpoS) could be 

predicted. 
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Experiments indicated that the power density obtained from rpoS was increased by 35 times 

(Mejía et al. 2013). In addition to the electrochemistry module in COMSOL, a computational 

fluid dynamics (CFD) module was also employed to simulate the hydrodynamics and species 

transport of the MFC system (Kim et al. 2014, Michie et al. 2014, Zhao et al. 2016). The cubic-

shaped MFCs with different anode structures were simulated by the CFD model. The theoretical 

maximum power density (0.54 W/m2 with 0.57 m2 working space) was obtained by modelling 

(Kim et al. 2014). Coupling with the multi-order Butler–Volmer reaction model, CFD was used 

to understand the chemical reaction inside of MFC (Zhao et al. 2016). This numerical result 

showed that the reaction order on the anodic surface was 6.4, with this result well matched against 

experimental results. 

 

 

 Figure 2.8 Typical simulation results from COMSOL  

a:(Ahn et al. 2014); b:(Lacroix et al. 2014);c:(Ou et al. 2016a); d:(Zhao et al. 2016). 

 

Due to the great advantages, COMSOL Multiphysics software will be used here to understand 

the power generation and pollutants removal process in MFCs with different operation conditions. 

With the modelling, the details of new configuration MFCs will be visualized and the 

optimization method will be discussed and determined. 
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Figure 2.9 The working window of COMSOL 

 

2.4 The bottlenecks of MFCs study and application 

The literature reviewed mentioned above indicated that MFC technology is becoming more 

competitive than the traditional wastewater treatment method. The practical application of the 

recovered electricity is versatile. MFC based sensor has shown great potential to be an alternative 

for BOD/COD testing. With the development of software, we could even understand the critical 

reaction and visualize the whole process of MFCs. However, there are still some critical issues 

needed to be overcome for the future application of MFC technology in large-scale . 

1) The low cathode specific surface area (CSSA) undermined the performance of large scale 

MFCs. Studies showed that the increase of CSSA could increase power density. Until 

now, the effective method to increase CSSA has not been found since the invention of 

GFN anode 10 years ago. Employing with anode brush, the maximum CSSA reported is 

156 m2/m3 with very small volume (9 mL)(Zhang et al. 2011b). When scale up the MFC, 

maintenance of CSSA becomes very difficult. CSSA is low (approximately 5-29 m2/m3) 

for most large scale MFCs (> 1 liter). 

2) The selectivity of the current MFC based technology sensors is poor. Many studies 

showed that the current produced by MFC was determined by the total amount of 

biodegradable organic matter and MFC-based biochemical oxygen demand (BOD) 

sensor has been developed  (Di Lorenzo et al. 2014, Zeng et al. 2017). MFCs could 

generate current by using many types of organic matter but no studies have been carried 

out to use it as a sensor to detect a specific organic matter in the mixed and complicated 

real liquid, such as human urine. Previous study showed that the current response of MFC 

to different organic matter were significant distinct (Modin and Wilén 2012). As a simple 
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sugar, glucose can be easily degraded by MFCs’ biofilm which will quickly produce high 

current value.  It is our hypothesis that the glucose concentration difference in the urine 

from diabetes negative and positive individuals should lead to different current response 

of MFCs, therefore MFC could be developed as a microbial glucose sensor for detection 

of glucose levels in urine. 

3) The ammonia emission could undermine the application of MFCs for wastewater 

treatment. MFCs have been successfully used for wastewater treatment. Removals of up 

to 95% of the total nitrogen (TN) by MFCs were reported (Yang et al. 2018). However, 

there is great concern about the ammonia diffusion in MFCs, especially when the high 

organic and ammonium concentrations wastewater such as animal wastewater was 

treated (Kim et al. 2008, Zhang et al. 2018). Atmospheric ammonia (NH3) is one of the 

major air pollutants, which leads to many environmental issues, such as greenhouse effect 

and acid deposition (Erisman et al. 2008, Zhang et al. 2017). More importantly, it is the 

critical material involved in secondary aerosol formation, which increases the 

concentration of fine particulate (PM2.5) in the air (Behera and Sharma 2012). Although 

the NH3 diffusion only accounted for 1% of the total ammonium removal in the typical 

activated sludge wastewater treatment plants (WWTPs),  WWTPs are the fifth biggest 

contributor of NH3 (Zhang et al. 2017). The NH3 diffusion in MFCs could be much higher 

than WWTPs. Previous study indicated that the total ammonium nitrogen removal in 

MFCs was mainly due to the NH3 diffusion (Kim et al. 2008). MFC technologies have 

been successfully used to recover NH3 from urine (Kuntke et al. 2012, Tarpeh et al. 2018, 

Zamora et al. 2017). Such high NH3 diffusion could seriously undermine the application 

of MFCs for wastewater treatment, considering the importance of NH3 in fighting climate 

change and air pollution. Therefore, to facilitate the application of MFCs for wastewater 

treatments, an in-depth understanding of ammonium removal and NH3 

diffusion/emission mechanisms in MFCs is very necessary. However, there were very 

few relevant studies and these studies obtained contrary conclusions.   

 

To solve these problems, this study was conducted step by step (shown at Figure 2.10 ). Firstly, 

the current start up and plummeting process of MFCs were investigated. Then, this study focused 

on cathode surface and structure modification. After that, the modified MFC was applied for real 

WW treatment, ammonia emission control and glucose sensor development. Finally, COMSOL 

software was used to visualized the internal reaction and further improve MFC design. 
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Figure 2.10   Research contents of this study 
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Chapter 3 

 

Materials and Methods 
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3 Materials and Methods 

3.1 Introduction to the experimental system 

The MFC systems studied consisted of MFCs reactors, resistors, a multimeter (USB 6000, 

National Instruments, USA) and a computer (Figure 3.1). The voltage obtained from the MFCs’ 

circuit was monitored by a multimeter and then transferred and recorded by the software of 

LabVIEW (National Instruments).  

 

Figure 3.1 MFCs study system 

 

The LabVIEW program was built in the “DAQ Assistant module” by adding 8 voltage sensors. 

The data was tested and recorded at a 50 s time step except as noted. One of the major advantages 

of this program is the real-time visualization for the recording (Figure 3.2), which is critical to 

check that the MFC systems work normally.   

 

 

 

 

USB 6000 

MFCs 
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 Figure 3.2 LabVIEW interface of data acquisition window (left) and block diagram (right) 

 

3.2 MFC construction and operation  

The MFC is the core part of the study. There were 2 major types of MFCs used for the research 

for different purposes (Figure 3.3). 

 

Figure 3.3 MFCs used at study (left) and block diagram (right). 

 

The typical MFCs used in this study were of cubic single-chamber design (Figure 3.3 A). The 

cylindrical chamber had a diameter of 30 mm and a length of 40 mm. The anodes were graphite 

fiber brushes (30 mm in both diameter and length). Before use, the brushes were heat treated at 

450 ºC for 30 min, then placed into each MFC horizontally. Each brush was placed in the middle 

of the chamber. The typical cathode used in this study is the flat air-cathode MFC. The flat 
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cathode was made as previous described (Kim et al. 2016, Yang et al. 2014a). A stainless steel 

mesh (60 × 60, type 304, Belleville wire cloth, USA) was projected by a mixture of activated 

carbon (AC, Norit SX plus, Cabot Corporation, USA), carbon black (CB, Vulcan XC-72, Cabot 

Corporation, USA) and poly (vinylidene fluoride, PVDF, Sigma Aldrich). The mixed ratio was 

30:3:10 and the loading of the mixture on the cathode was 38 mg/cm2. The total projected area 

was 11.3 cm2 while the actual working area was 7 cm2. One layer of glass microfiber filter was 

placed on the cathode surface (solution side) as a separator. The medium contained 1 g/L sodium 

acetate dissolved in 50 mM PBS buffer modified by 5 mL/L vitamins and 12.5 mL/L minerals 

(Yang et al. 2015). The operating temperature for the experiment was 22 ± 2 ºC except as noted.  

 

Figure 3.4 Flat cathode (Left) and cylindrical cathode (Right) 

 

Based on study results obtained from a small-scale study, large-scale MFCs were developed and 

tested with dairy WW. There were 2 types of large MFCs: cylindrical cathode surrounded anode 

(CSA) and cylindrical cathode interlocked by the anode (CIA). For CSA, there were 4 hollowed 

cylindrical cathodes (each with 28.3 cm2 working area, Figure 3.4B) placed around a small GFB 

(30 mm in both diameter and length). For CIA, 4 large GFBs (50 mm-diameter and 60 mm-length, 

also heat treated at 450 ºC) were placed together to fully occupy chamber space. 4 cylindrical 

cathodes (identical cathodes as CSA) was inserted and fully buried by GFBs. Both designs had 

net volume of 0.25 L. It is noticeable that both the small and large MFCs had some modifications 

during the study. The detail of modified cathode and MFC configuration will be described in the 

relative sections.    
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3.3 The collection, storage and test of wastewater & urine samples 

At the start up test, the wastewater and activated sludge was collected from the Ringsend 

Wastewater Treatment plant in Dublin. The alum sludge was collected from a long-term operating 

reactor (Dooge centre, University College Dublin). These samples were stored at room 

temperature and used to inoculate the MFCs within 24 h.  At first, the MFCs were fed with the 

wastewater or sludge mixing with 2 g/L Sodium Acetate (NaAC) synthetic wastewater, 

respectively. After 3 days, half of the solution (10mL) inside the MFCs was replace by 2 g/L 

Sodium NaAC wastewater. During this process, when the current generation was higher than 0.1 

V, the MFCs startup was considered as successful. If the voltage was lower than 0.1V, the half 

replacement would continue until the voltage reaching 0.1V. After the success of inoculation, the 

feeding solution of MFC was renewed by 1g/L NaAC (around 20 mL) when the voltage was 

lower 50 mV.  For the synthetic NaAC wastewater, before feeding MFCs, it was disinfected by 

autoclave (115 ℃, 15 mins) and stored at fridge to avoid the consumption by other bacteria.   

The dairy wastewater was collected from Aurivo Dairy Ingredients, Ireland. It was filtered 

through 0.6 mm stainless steel mesh to remove the coarse particles. The dairy wastewater was 

stored at glass bottles at room temperature. To keep the influent consistence, the dairy wastewater 

feeding MFCs was diluted to the concentration of 600 ± 161mg-COD/L and 70 ± 15 mg-N/L of 

NH4
+-N, except as noted. 

The healthy urine samples were collected from 4 different healthy individuals and mixed for test. 

It was store at fridge (4 ℃) and tested as soon as possible. The glucose concentration of this mixed 

urine was less than 0.2 mM, tested by commercial detector (Konelab 2.0XT). The diabetes’ urine 

samples were made by sparkling glucose to real urine sample collected as earlier description and 

stored at fridge (4 ℃). The true glucose concentrations of all urine samples were tested by 

Konelab 2.0XT. The concentration values obtained from MFCs were compared with the true 

values to determine the accuracy of MFC based sensor.  

In terms of the operation temperature, the study of chapter 4-6 was conducted at room temperature 

(22 ± 3 ℃) while chapter 7 was conducted at 30 ± 2 ℃ (controlled by Incubator), respectively. 

3.4 Ammonia collection and control  

In the NH3 diffusion test, two types of air chambers were made to collect emission ammonia 

(Figure 3.5 and Figure 3.6). After 4-months of operation with dairy wastewater, 4 identical 1Flat 

MFCs, CSA1C and 2C were used to test NH3 diffusion.  For these MFCs, 2Flats were replaced 

by new cathode to test diffusion without biofilm. The rest 2 Flats (kept old cathode with mature 

biofilm) were used to test current, influent concentration influence on NH3 diffusion. In addition, 
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CSA1C and 2C were used to test novel structure influence on NH3 diffusion. The NH3 

contribution of air flow was also measured and deducted at the final calculation. Dairy wastewater 

was used at both enlarged MFCs and NH3 diffusion test.  

 

 

 

Figure 3.5 Schematic diagrams of NH3 collection air chamber for 1Flat (up) and CSA (down). 
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Figure 3.6 NH3 collection air chambers: 1Flat (up) and CSA (down).  

 

In the pathway study, 2 identical MFCs of 1Flat (cathode with biofilm) were fueled with synthetic 

wastewater (1 g/L sodium acetate dissolved with 60 mg-N/L of NH4Cl, 5 mL/L vitamins and 12.5 

mL/L minerals) for 1 week. At the second week, nitrite-oxidizing bacteria (NOB) selective 

inhibitor modified wastewater (60 mg-S/L Na2S•xH2O) was filled in MFCs. NH3 diffusion and N 

pollutants concentration in MFCs was investigated before and after Na2S•xH2O adding. 

To control NH3 diffusion, Cu particles (10-40 mesh, Sigma-Aldrich. Loading of 13.3 mg/cm2) 

was used as blended material (replacing carbon black with the same volume) to make cylindrical 

cathode. 1-4 Cu-blended cathodes were assembled with small anode brush (CSA configuration) 

and fueled with dairy wastewater.  

3.5 Measurement and analysis 

 The most widely used data for MFCs performance assessment include: Electrode potential, 

current/current density, power/power density, polarization curves, power density curves, 

Air pump 

Air flow meter 

Air chamber 

H2SO4 

Air chamber 

H2SO4 
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maximum power density, treatment efficiency and coulombic efficiency (CE).  Dissolved oxygen 

(DO) was also monitored to indicate the oxygen diffusion in MFCs. 

The voltage data were monitored by a digital handheld multimeter mentioned above (the external 

resistance was 1000 Ω except as noted). Current, power and other parameters were calculated by 

basic electrical calculations. The MFCs power curves were obtained by varying the external 

resistance, and CE was calculated at different current based on the change of COD concentration, 

as previously described (Logan et al. 2006).  

The internal resistance of MFCs was determined by 2 methods: linear sweep voltammetry (LSV, 

conducted by Gamry, Reference 3000) and power density curves. LSV tests were conducted by 

connecting the anode as a working electrode while the connecting cathode as the counter and 

reference electrode, and scanning the voltage from -515 mV to -180 mV at the rate of -0.1 mV/s. 

The internal resistance was determined from the linear portion using the polarization slope 

method (Logan 2008).  In terms of the power density curves method, the maximum power density 

was obtained when internal resistance is equal to the external resistance. Hence, the internal 

resistance can be determined at the peak point of the power density curves. DO concentration was 

monitored by a mini-sensor (Unisense OX-500) with ignorable oxygen consumption. The COD 

test was undertaken according to the test methods specified in Standard Methods for the 

Examination of Water and Wastewater (Federation and Association 2005). All the measurements 

mentioned above were conducted at least two times for each experiment.      
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Figure 3.7 Potentiostat for LSV test (left) and mini-sensor for DO monitoring (right) 

In terms of NH3 diffusion analysis, 2 parameters were calculated: concentration and percentage 

(equation 1-2).  

𝐶𝑑𝑓𝑁𝐻3 =
𝐶𝑎𝑠𝑁𝐻3𝑉𝑎𝑠 − 𝑅𝑎𝑖𝑟𝑡

𝑉𝑎𝑛𝑜𝑑𝑒
 (3.1) 

𝑃𝑑𝑓𝑁𝐻3 =
𝐶𝑎𝑠𝑁𝐻3𝑉𝑎𝑠 − 𝑅𝑎𝑖𝑟𝑡

𝑉𝑎𝑛𝑜𝑑𝑒∆𝐶𝑁𝐻4−𝑎𝑛𝑜𝑑𝑒
× 100% (3.2) 

  Where 𝐶𝑑𝑓𝑁𝐻3 is the emission NH3 concentration as N (mg/L); 𝐶𝑎𝑠𝑁𝐻3 is NH3 concentration as 

N (mg/L) at absorption solution; 𝑉𝑎𝑠 is the volume of absorption solution (mL); 𝑅𝑎𝑖𝑟 is the NH3 

increase rate due to air background, ug/h; t is the collection duration, h; 𝑉𝑎𝑛𝑜𝑑𝑒 is the  wastewater 

volume at MFC anode chamber, mL; 𝑃𝑑𝑓𝑁𝐻3 is the emission NH3 percentage accounting for 

ammonium removal at  wastewater, %;  ∆𝐶𝑁𝐻4−𝑎𝑛𝑜𝑑𝑒 is the change of ammonium concentration 

as N at MFC anode, mg/L. 

3.6 The MFC based Model development 

COMSOL Multiphysics is a cross-platform finite element analysis (FEA) software to simulate 

different complex Multiphysics problems. It has different types of interfaces (such as secondary 

current distribution-SCD interface for current generation simulation and transport of diluted 

species-TDS interface for substance transport) with different states (steady state or time 

dependent). For the reactors, it could simulate 1D, 2D and 3D structures with different types of 
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complex geometry. The structure is easily deducted, emerged or hidden. Due to the significant 

advantages, COMSOL Multiphysics software will be used here to understand the power 

generation and pollutants removal process in MFCs with different operation conditions. At this 

study, there were 5 typical steps used to simulate the inside reactions of MFCs.  

1) Selecting the inferences of the model (typically, TDS and SCD combined Multiphysics 

with steady state was used to study the current distribution and oxygen crossover 

simultaneously)  

2) Creating the 3D geometry of MFCs. The brush anode was usually simplified as a solid 

cylindrical shape.  

3) Defining the relevant parameters and equations. Boundary and initial conditions were 

assigned to different parts of 3D geometry. 

4) Generating the mesh of different domains and setting the parameters of study. Generally, 

the final study took 20-30 mins.  

Experiments were carried out to validate the relevant paraments. Then the validated model was 

used to simulate the power performance and oxygen crossover with new geometry.  
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Chapter 4 

 

Understanding the startup process and the 

current plummeting phenomenon of MFCs 
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4 Understanding the startup process and current plummeting of 

MFCs 

The current startup is the first step of MFCs’ study. Normally, the effluent of mature MFCs is 

widely used as an inoculum source to start the new reactor.  However, it is time-consuming to 

obtain the effluent of MFCs, especially for new researchers. Primary WW and activated sludge 

were also employed to inoculate MFCs. By contrast, the reported startup times vary depending 

on many factors, such as inoculum type and cathode configuration (Hutchinson et al. 2011, Liu 

et al. 2011a, Wang et al. 2009). Some previous cases of startup time could get even up to a few 

months. Hence, an understanding of the startup process is critical to accelerate MFC study and 

application.   

For fed-batch MFCs, current plummeting is the most significant phenomenon which appears at 

the end stage of each cycle. During the operation, when the organic matter concentrations reduce 

below certain levels, the current production dramatically decreases and both current production 

rate and organic matter removal rate also reduce significantly (Zhang et al. 2015). Therefore, the 

MFC current plummeting point (CPP) largely determines its performance in both energy recovery 

and pollutant removal. In fact, CPP is considered as the end point of functional energy recovery. 

CPP can also be used to assess whether WW is suitable for MFCs treatment. For example, if the 

organic matter concentration of WW is lower than the COD concentration at CPP (CODCPP) for 

a given MFC, no stable power output will be achieved.   

 

Figure 4.1 typical current plummeting at the operation of MFCs 
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To understand the start and end of MFCs’ current generation, the MFC startup process with 

different inoculum types and cathode configurations as well as the factors caused current 

plummeting phenomenon were investigated and discussed in Sections 4.1 and 4.2, respectively. 

  

4.1 Startup process of MFCs 

In this section, 8 cubic single-chamber MFCs were assembled. Six identical MFCs were 

employed with a separator (glass fiber) while the other 2 reactors has no separator. Three different 

inoculum sources (mixed with 2g/L NaAC at the ratio of 1:1) were added into the first 6 reactors 

(2 MFCs for each inoculum): alum sludge (AS-Sep) from a long-term lab simulated wastewater 

treatment plant (WWTP), primary wastewater (WW-Sep) and activated sludge (WS-Sep) from a 

real WWTP. To understand the influence of the separator for the MFC startup process, the last 2 

identical MFCs without a separator were inoculated with WS. After startup (cycle 1), the solution 

was changed to 1g/L NaAC, as described in Section 3.2. 

4.1.1 Inoculum influence on MFCs startup 

The results from the startup processes with different inoculum sources are shown in Figure 4.2. 

All 4 types of MFCs generated a relatively high current (0.05-0.1 mA) when filled with the mixed 

solutions of inoculum and sodium acetate. However, this current quickly decreased to less than 

0.01 mA in 3 h. All MFCs sustained low or no current for a long time (over 50 h) before a sudden 

and fast current increase appeared. The first current peak reached at around 0.1-0.3 mA after 

around 100-200 h. After the first slow current generation cycle, MFCs could quickly reach peak 

current (around 0.4 mA) in 1 h and sustained those peak values for a long period (around 24-50h) 

since the third cycle. After long-term peak value, the current plummeting appeared and decreased 

to less than 0.05 mA. This plummeting was the sign used to replenish the MFC with fresh solution 

with organic matter. In the fed-batch mode, this power generation process repeated on the next 

6-12 months (data not shown).   
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Figure 4.2 The startup of MFCs with different inoculum. 

The time needed to reach > 0.1 mA (or 0.1 V with 1000 Ω external resistance) was defined as the 

startup time (results are shown in Figure 4.2 and Figure 4.3). For the MFCs which had a separator, 

the AS inoculated MFCs required the longest startup time (165 ± 3 h). By contrast, the WW 

inoculated MFCs had a slightly quicker startup process (147 ± 18.4 h). The quickest startup was 

obtained using activated sludge from a WWTP (97.5 ± 4.9 h), only 59.1% of AS from a simulated 

WWTP. It was noticeable that both inoculums sourced from the WWTP obtained better 

performance than activated sludge from lab simulated WWTP.  The probable reason is that real 

inoculum source has better microbial abundance and diversity. A previous study has found that 

the high diversity of microbial community could promote power performance of MFCs (Zhang 

2012).    



50 

 

 

Figure 4.3 Startup time of MFCs with different conditions 

 

The study found that oxygen diffusion was negative to MFC startup. Previous studies have shown 

that separator could limit oxygen diffusion and accelerate the starting of MFCs when inoculating 

with WW (Zhang 2012, Zhang et al. 2010c, Zhang et al. 2009c, Zhang et al. 2013c). However, 

inoculating with WS, the startup time of MFCs without separator was approximately equal to 

MFCs with a separator (97.5 ± 0.5 h VS 97.5 ± 4.9 h, Figure 4.2 and Figure 4.3). This result 

indicates that activated sludge from WWTP could limit or consume the diffused oxygen and avoid 

the inhibition of oxygen diffusion in MFCs.  

Primary WW has been widely used as the inoculum for MFC startup (Heilmann and Logan 2006, 

Liu et al. 2011a, Wang et al. 2009). With high PBS solution, it was found that the startup time of 

double chamber MFC was over 10 days (240 h) (Wang et al. 2009). For single chamber air-

cathode MFCs, the same study reported that 110-181 h were required to start MFCs. These results 

are consistent with the performance obtained this study. Hence, it is concluded that WS is the 

preferable inoculum to short the startup of MFCs.  

4.1.2 Power performance after startup 

The power density test was conducted 5 cycles after startup (Figure 4.4 ). The highest maximum 

power density was obtained by the WS inoculated MFCs without a separator (728 mW/m2). The 

maximum power density of WS+Sep (648 mW/m2) was slightly higher than that of WW+Sep 

(579 mW/m2). MFCs with AS+Sep obtained the lowest maximum power density, only 307 

mW/m2. 
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It is noticeable that the maximum current density (< 2.8 A/m2) was much less than that other 

reports (5-10 A/m2) (Yang et al. 2014a, Zhang et al. 2014a). The current unstable and reversal 

phenomenon also occurred for almost all MFCs. These results indicate that the anode biofilm is 

not mature enough to generate relatively high current.   

 

Figure 4.4 MFCs’ power density curves after 16-day (5 cycles) operation. 

 

Figure 4.5 shows the power density curves after a 1.5-months of operation. Compared with the 

results obtained after a short operation duration (5 cycles), the power and current were more 

stable. There was no current reversal in any types of MFCs. This result indicates that the necessary 

operation duration (around 1.5 months) is needed for MFCs’ power performance test. By contrast, 

the maximum power density of MFCs was at the range of 705 ± 20 mW/m2 and no significant 

difference was found regardless of inoculating strategy. In terms of the anode potential, the values 

were approximately equal when the current density was less than 2.5 A/m2. These results showed 

that the anode biofilm could promote itself, and finally obtain a similar power generation capacity 

although the initial inoculums were different.  The highest maximum power density was also 

achieved by WS without a separator. This is evident because a separator could increase the 

internal resistance and lower the maximum power. These results were also obtained in other 

studies (Zhang et al. 2009c, Zhang et al. 2013c). 
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Figure 4.5 Curves of MFCs’ power density (A) and electrodes potential (B) after 1.5-months operation 

(solid symbols, anode potentials; open symbols, cathode potentials). 

 

4.2 Current Plummeting phenomenon  

Reactors 1-5 (R1-5, Table 4.1 and Figure 4.6) used in this study were cubic single-chamber MFCs 

with a cylindrical chamber of 30 mm in diameter and 5 mm - 80 mm in length. The anodes were 

graphite fibre brushes (GFBs), 30 mm in diameter and 5 mm - 80 mm in length, which could fill 

up the MFCs chambers. To minimise the influence of sampling on experiments, Reactor 6 (R6) 

with a high volume of 330 mL (8 cm × 8 cm × 6 cm) was constructed. The GFB used in R6 was 

50 mm in diameter and 60 mm in length.  
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Table 4.1 Details of MFCs used in this study. 

MFCs Net volume Anode length CSSA* GFB loading** 

 
mL cm m2/m3 % 

R1 3.1 0.5 225.8 100 

R2 9 2 77.8 100 

R3 20 4 35.0 100 

R4 30 6 23.4 100 

R5 40 8 17.5 100 

R6 330 6 5.8 35.7 

*CSSA: cathode specific surface area; **GFB loading: the ratio of the stretched volume and total 

volume.  

In R1-5, the total projected area of the cathode was 11.3 cm2 while the actual working area was 

7 cm2 (details showed at Section 3.2). In R6, a cylindrical cathode was employed to increase the 

area to 19 cm2. The medium contained 1 g/L sodium acetate dissolved in 50 mM PBS buffer and 

modified by 5 mL/L vitamins and 12.5 mL/L minerals(Yang et al. 2015). The study was 

conducted at room temperature (22 ± 3 ℃).  

 

Figure 4.6 Pictures of different types of MFCs used in this section 
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Different types of MFCs were used to investigate the impact of different components on current 

plummeting. R1 was used to investigate the external resistance influence on CPP. R1-5 were used 

to study the influence of chamber structure on CPP. A total of six R3 were assembled, and four 

of them were modified for the anode influence study: Two R3 had no modification (MFC-A); 

two had 75% of anode brush trimmed and placed close to the cathode (MFC-B), and another two 

had 75% of anode brush trimmed and placed 3 cm away from the cathode (MFC-C). In the 

cathode influence study, R2 with different loadings of mixture materials on cathodes – 38 mg/cm2 

(100% cathode loading) and 13 mg/cm2 (33% cathode loading) - were used. In the study on the 

influence of  cathode oxygen crossover, four modified types of R2 (R2 with clean cathode surface 

(naked), R2 with a separator, R2 with mature cathode biofilm and R2 with cathode biofilm and a 

hole (0.8 cm2) opened at the top of the cathode) were used. R6 was constructed to investigate the 

triggering process of current plummeting. 

4.2.1 External resistance influence on CPP 

Figure 4.7 shows sCOD at CPP (sCODCPP) with external resistance. sCODCPP concentrations 

increased from 51.8 ± 6.2 mg/L to 97.2 ± 4.3 mg/L, 107.8 ± 3.3 mg/L and 161.7 ± 10.2 mg/L, 

respectively, when the resistance decreased from 2200 Ω to 1500, 1000 and 330 Ω. A similar 

finding was reported by another study (Zhang et al. 2015). According to Ohm’s law, the lower 

resistance produced a higher current with a given voltage. Higher current requires higher organic 

matter concentrations. Therefore, lower external resistance could result in higher sCODCPP. 

Previous studies reported that external resistance had a significant impact on MFC anode biofilms 

activity (Jung and Regan 2011, Katuri et al. 2011). Increasing discharge current could increase 

the electrochemical activities of biofilm (Lean et al. 2017), which will also increase the demand 

for organic matter. 
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Figure 4.7 sCODCPP concentration change with different currents (R1 in Table 4.1). 

 

4.2.2 Chamber structure influence on CPP 

R1-5 which had different chamber volumes and lengths were used to study the impact of MFCs 

chamber on CPP. During the experiment, the currents of all 5 MFCs were approximately 0.4 mA. 

With the increase of MFC volume from 3.1 mL to 9 ml, 20 ml and 30 mL, sCODCPP decreased 

from 107.8 ± 3.3 mg/L to 58.6 ± 7.4 mg/L, 43.0 ± 5.7 mg/L and 35.9 ± 4.2 mg/L, respectively 

(Figure 4.8A). However, when the volume increased to 40 mL (R5), sCODCPP increased to 64.9 

±11.7 mg/L, which could be due to the uneven distribution of organic matter in larger MFCs 

(Figure 4.8A). 
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Figure 4.8 (A) sCODCPP concentration change with different volumes (R1-5 in Table 4.1); (B) sCODCPP 

distribution at different locations of MFCs chambers (R3-5 in Table 4.1). 

 

COD in different locations of the MFC anode chambers were measured in this study. Figure 4.8B 

shows the sCODCPP distribution at different parts of the MFCs anode chamber. In R3, which was 

widely used in many studies (Liu and Logan 2004, Zhang et al. 2016, Zhang et al. 2014a) and 

had anode length of 4 cm and net volume of 20 mL (Table 4.1), COD in different places of the 

chamber were similar (Figure 4.8B). Similarly, in R4 with the anode length of 6 cm (Table 4.1), 

COD distributed fairly even within the reactor (increased from 34 mg/L at 1 cm to 40 mg/L at 5 

cm). However, in R5 with the further increases of anode length to 8 cm, COD concentration 

increased from 36.3 ± 4.1 mg/L at the location 1 cm away from the cathode to 102.6 ± 15.6 mg/L 

at the location 7 cm away from the cathode (Figure 4.8B). This result indicated that the anode 

biofilm at the far end of the GFB (7 cm away from cathode) had lower COD removal rate, which 

could be due to uneven anode biofilm distribution. Previous study showed that the biofilm 

distribution was uneven and the most power generated from the forepart of GFB closing to 
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cathode (Hutchinson et al. 2011), indicating that the most part of active biofilm growing at the 

front part of GFB. It is understandable that the heterogeneity of biofilm would increase when 

GFB length is too large (8 cm).  

It is noticeable that the MFCs with larger anode had lower plummeting point when the MFC 

chamber width was less than 8 cm. To sustain the stable state of biofilm, a threshold organic 

concentration was needed to ensure enough organic matter to diffuse through diffusion layer and 

support biofilm growth (Rittmann and McCarty 1980, 2012), and the rate of biomass 

accumulation at least equals the rate of detachment. In addition, the thicker the biofilm, the higher 

the threshold organic concentration is. In MFCs, the current is generated by the anode biofilm 

activity. For the same type of MFCs, the higher current indicates the larger amount (or thicker) 

of active biofilm, which means the higher threshold organic concentration for stable current 

generation. For MFCs with different anode surface area, the same current indicates the 

approximately equal active biofilm amount. The larger anode surface area, the thinner biofilm. 

As a result, the MFCs with larger anode had lower plummeting point. 

4.2.3 Anode influence on CPP 

The impact of GFB location and loadings on CPP was investigated, and the results were shown 

in Figure 4.9. Although with the same volume and external resistance, the sCODCPP dramatically 

increased from 57.2 ± 5.7 mg/L to 160.0 ± 16.9 mg/L when the GFB loading decreased from 

100% (MFC-A) to 25% (MFC-B). With higher brush loading, the much more even organic matter 

distribution was obtained. The sCODCPP concentration was also affected by GFB location. With 

the loading of 25%, when GFB moved from 0.1 cm (MFC-B) to 3 cm (MFC-C) away from the 

cathode, the sCODCPP decreased by 44%. The previous study has reported that moving the GFB 

close to cathode was an effective method to decrease oxygen crossover (Ahn et al. 2014).  In 

MFC-B, GFB was close to the cathode and played as both anode and oxygen barrier while in 

MFC-C it only functioned as an anode. As a result, the coulombic efficiency (CE) obtained at 

MFC-B (22.8 ± 1.6%) was much higher than MFC-C (17.8 ± 1.4%). In MFC-A, GFB fully 

stretched at the whole chamber and CE was improved to 30.2 ± 1.6%. 

Previous study has showed that 100% GFB loading was overdesigned for high power generation 

(Hutchinson et al. 2011). This study indicated that high GFB loading would facilitate the 

achievement of low COD concentrations and high CE. When enlarging MFC reactor volumes, 

maintaining the GFB loading is critical for maintaining the performance. 
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Figure 4.9 sCODcpp distribution with different GFB loadings and location.  

(MFC-A had 100% of the chamber occupied by brush; MFC-B had 25% of the chamber occupied by 

brush and GFB close to the cathode; MFC-C had 25% of the chamber with a brush and the GFB was 3cm 

away from the cathode; external resistance was 330 Ω). 

 

4.2.4 Cathode influence on CPP 

Figure 4.10A shows the influence of the cathode loading on current plummeting. When the 

cathode material was reduced by 67%, with the cathode thickness decreased from 1.26 ± 0.06 

mm to 0.51 ± 0.04 mm, sCODCPP decreased slightly from 75.9 ± 5.3 mg/L to 67.2 ± 3.8 mg/L 

(Figure 4.10A).  
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Figure 4.10 (A) sCODcpp concentration with different cathode loading (R2 in Table 4.1, external 

resistance was 330 Ω); (B) sCODCPP concentration change with different cathode surface conditions.  

(R2 in Table 4.1; naked: new cathode replaced within 4 cycles; cathode with separator of glass microfiber 

filter; cathode with biofilm: new cathode replaced after 20 cycles; cathode with biofilm and extra O2: 

new cathode replaced after 20 cycles with 0.8 cm2-hole opened on top surface; external resistance was 

330 Ω). 

 

Reducing the thickness of the cathode could increase oxygen diffusion (Ou et al. 2016a, Ou et al. 

2016b). However, the results in Figure 4.10A imply that oxygen crossover might not have a 

significant influence on sCODCPP. To study the impact of oxygen crossover on current 

plummeting further, MFCs with four different conditions (naked cathode, cathode covered by 

glass fibre separator, a cathode with biofilm and cathode with biofilm plus a hole on top of the 

cathode (with extra oxygen) ) were used. It was found that both current and sCODCPP obtained 

from these cathodes were very similar (current within the range of 0.89-1.02 mA and sCODCPP 
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within the range of 64.5-75.9 mg/L, Figure 4.10B), which further demonstrated that oxygen 

crossover had an insignificant influence on sCODCPP.  

4.2.5 The empirical equation for CPP 

The above results indicated that current plummeting was affected by the circuit current (changed 

by external resistance), chamber structure and anode brush loading. With 100% GFB loading and 

the chamber of less than 8cm in length, MFC’s sCODCPP value showed a strong positive 

correlation to circuit current (I) and negative correlation to chamber volume (V). To establish an 

empirical equation between sCODCPP and I/V, a set of experiments were carried out using R1-4 

shown in Table 4.1. The results (Figure 4.11A) indicated that the relationship between COD, I 

and V could be represented by  

𝑠𝐶𝑂𝐷𝐶𝑃𝑃 = 6.7444 × (
I𝐶𝑃𝑃  

V
)0.5490         (4. 1) 

Where sCODCPP is chemical oxygen demand at plummeting point, mg/L, within the range of 

28.2-161.7 mg/L; ICPP  is circuit current, A, within the range of 0.06-0.92 × 10-3 A; V is the net 

volume of MFC, m3, within the range of 3.1-30 × 10-6 m3; it is noticeable that this equation was 

obtained in MFCs with 100% anode brush loading and less than 8 cm chamber length. 
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Figure 4.11 (A) Empirical equation fitting result; (B) Prediction and validation of empirical equation 

(Legend: L-PL: Lower prediction limit of 95%; U-PL:  Upper prediction limit of 95%). 

 

To validate the equation, another set of experiments were carried out using newly assembled 

MFCs-reactors R1-4. During the experiments, the MFC volumes were given and its current 

production was monitored by using a multimeter. The predicted sCODCPP was calculated using 

the equation and compared with the experimental values (Figure 4.11B). A 95% prediction 

interval was set to account for the uncertainty of prediction (Peck et al. 2015). As shown in Figure 

4.11B, the predicted results were close to the experimental data. Most of the experimental results 

fell within the 95% prediction interval. The empirical equation showed good performance in 

CODCPP concentrations prediction. Also, the relative prediction error (RPE) for this equation was 

determined using equation (2) (Liu et al. 2016).  



62 

 

 

𝑅𝑃𝐸 = [
∑ (𝐶𝑂𝐷𝑖,𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑

8
𝑖=1 −𝐶𝑂𝐷𝑖,𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑)2 

∑ (𝐶𝑂𝐷𝑖,𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑
8
𝑖=1 )2 ]0.5  × 100%  (4.2) 

 

Compared with the acceptable range of ±45% in many studies (Egodawatta et al. 2013, Horwitz 

1982, Liu et al. 2016), the RPE value obtained here was low (24.7%) and the empirical equation 

can be considered well within the error limits. Hence, this equation can be considered as robust 

for future MFC design and operation when sodium acetate fed in MFCs. 

4.2.6 The triggering process of current plummeting 

Although the influence of different components of MFC on current plummeting was analysed, 

the triggering process was unclear. In this study, the COD concentrations and current change of 

MFCs were investigated (Figure 4.12A). Over the first 17 h, both tCOD and sCOD followed the 

same pattern and decreased from around 730 mg/L to 170 mg/L. However, the trends of tCOD 

and sCOD became different when the operation was approaching CPP. During the current 

plummeting period, tCOD slightly increased to about 210 mg/L while sCOD further decreased to 

about 70 mg/L. The increase of tCOD at CPP was also observed in previous studies (Liu et al. 

2017, Zhang et al. 2015). The increase of tCOD was due to biofilm detachment, which could 

decrease the mass of electrogenic bacteria and reduce the MFCs’ power generation ability. It is 

noticeable the biofilm detachment occurred few hours earlier than the current plummeting. The 

possible reason is that this process would send a starvation signal among exoelectrogenic 

microorganisms which contributed to current plummeting. It was reported that the fuel starvation 

produced a strong mutual influence within the electrogenic bacteria and triggered significant 

current reversal in the power generation process (Oh and Logan 2007).  



63 

 

 

Figure 4.12 (A) Current plummeting at the operation of MFCs (CPP: current plummeting point; external 

resistance was 100 Ω); (B) The triggering process of current plummeting. 

 

Nutrient starvation caused the biofilm detachment (Hunt et al. 2004). There was a threshold 

dissolved organic matter concentration required to maintain a stable biofilm (Kato Marcus et al. 

2007) and sustain stable current production. The threshold value could be obtained from the 

empirical equation (1) developed in this study. When the reaction was close to the CPP, sCOD 

concentration decreased to the threshold value and non-core biofilm started to detach. This 

process led to the increase of tCOD and would strongly influence power generation activity of 

other electrogenic bacteria due to mutual influence. As a result, current plummeting was triggered 

(Figure 4.12B).  

4.3 Conclusions for Chapter 4 

The inoculum sources influence on the MFC startup was investigated. Compared with simulated 

activated sludge and primary WW, activated sludge from WWTP obtained the quickest startup 

and the highest startup power density. After the 1.5-months of operation, no significant difference 

was found for power generation regardless of inoculating strategy.  
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In terms of current plummeting, it was affected by circuit current (changed by external resistance), 

chamber structure and anode brush loading. In MFCs with 100% GFB loading and chamber of 

less than the 8cm in length, the relationship between the organic matter concentration at the 

current plummeting point and the volume and current can be represented by the equation 

𝑠𝐶𝑂𝐷𝐶𝑃𝑃 = 6.7444 × (
I𝐶𝑃𝑃 

V
)0.5490    .  For the fed-batch MFC, when the COD concentration 

decreased to sCODCPP, non-core biofilm started to detach, which led to mutual starvation 

influence and triggered the current plummeting.  

In this chapter, MFCs were successfully started. It was also found that the air cathode not only 

determines power generation, but also influences effluent quality. Hence, a study to improve the 

air cathode is conducted in the following chapters.  
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Chapter 5 

 

Surface modification of air cathode 
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5 Surface modification of air cathode 

As reviewed in chapter 2 (section 2.1), the surface structure of cathode is critical for oxygen 

diffusion/crossover and power performance. In this chapter, the influences of catalyst loading, 

blended material and separator on MFC performance were investigated in Sections 5.1, 5.2 and 

5.3, respectively. By conducting this study, the feasible methods for air-cathode surface 

modification were compared and screened.   

5.1 Catalyst loading influence on MFCs performance 

In this section, 4 cubic single-chamber MFCs were assembled as per the description in Section 

3.2 except for the cathode catalyst loading. Two identical MFCs were employed with 38 mg/cm2-

cathode mixture (Section 3.2), the other 2 MFCs were employed with half cathode mixture (19 

mg/cm2-Section 3.2). All reactors operated with glass fibre separator and 1g/L NaAC described 

at Section 3.2. 

5.1.1 Catalyst loading influence on power generation 

Figure 5.1 shows the power density curves of 19 mg/cm2 and 38 mg/cm2-cathode MFCs. With 

different catalyst loadings of the cathode, the internal resistance of both MFCs was the same 

(around 75-100 Ω, obtained from power density curve). In terms of maximum power density, the 

high loading cathode (985.8 ± 78.7 mW/m2) was 30.1% higher than that of low loading cathode 

(758.0 ± 26.3 mW/m2). The maximum current density of 38 mg/cm2-cathode (6.5 A/m2) was also 

higher than that of 33%-cathode (5.5 A/m2). Compared with the electrode potential, there was no 

significant difference between the anode potentials regardless of current density variation. In 

terms of cathode potential, the 38 mg/cm2 cathode was much higher than 19 mg/cm2 cathode. For 

example, operating with the same current density (1.2 A/m2), the potential of 38 mg/cm2 cathode 

(0.18 V) was 1.7 times higher than that of 19 mg/cm2 cathode (0.049 V). These results indicate 

that sufficient catalyst (loading of 38 mg/cm2) is critical for high power generation. 
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Figure 5.1 Curves of MFCs’ power density (A) and electrodes potential (B) with different catalyst 

loading (solid symbols, anode potentials; open symbols, cathode potentials). 

 

5.1.2 Catalyst loading influence on CE and long-term performance 

The CE obtained with different catalyst loading is shown in Figure 5.2. In the 38 mg/cm2 cathode 

employed MFCs, CE increased from 22.9±1.9% to 29.3±0.5%, 38.9±1.1%, 57.8±1.1%, 

67.0±0.6% and 79.8±0.8%, respectively, when the current density increased from 0.7 mA to 1.2, 

1.6, 3.8, 5.0 and 6.5 A/m2. In terms of 19 mg/cm2 cathode, CE kept stable (around 19-27%) when 

the current density was less than 1.2 A/m2. Further increasing the current density from 3.1 A/m2 

to 4.3 and 5.6 A/m2, respectively, lead to CE increases from 50.0±1.2% to 66.6±3.0% and 

84.0±3.5%. By contrast, CE of 38 mg/cm2 cathode and 19 mg/cm2 cathode showed no significant 

difference when operating with the same current density.  
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Figure 5.2 CE of MFCs with different catalyst loading. 

After the 5-months of operation, the power density of reactors with both catalyst loadings 

decreased significantly (Figure 5.3). With the loading of 38 mg/cm2, the maximum power density 

was 590.1 ± 58.0 mW/m2, 40.1% lower than that of the first 1.5 months (985.8 ± 78.7 mW/m2). 

With loading of 19 mg/cm2, the maximum power density decreased by 49.4%, from 758.0 ± 26.3 

to 383.9 ± 36.3 mW/m2. This indicates that insufficient catalyst loading has weak resistance to 

cathode biofouling.  Previous reports found with much higher catalyst loading (76 mg/cm2), there 

was no significant improvement of power performance (Yang and Logan 2016a). These results 

indicate that 38 mg/cm2 cathode mixture could achieve good power performance while reduce 

the material cost. Hence, it is concluded that 38 mg/cm2 catalyst loading is the optimum value for 

the MFC construction and operation. 
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Figure 5.3 Long-term power density curves of MFCs with different catalyst loading. 

5.2 Blended material influence on MFCs performance 

In this section, 12 cubic single-chamber MFCs were assembled as per the description in Section 

3.2 except for the cathode blended material. 3 materials (carbon black-CB, copper-Cu and 

titanium-Ti) with the same particle size were employed to investigate the influence of blended 

material on MFC performance (2 identical MFCs for each material).  To understand the high 

pressure and temperature influence on the operation of MFCs, 6 new cathodes (2 identical 

cathodes for each blended material) were made and modified in an autoclave (HMC, HV-50L; 

modified condition: 121 ºC, 0.5 MPa, 20 mins). Then 6 MFCs were assembled by the 6 cathodes 

with high temperature and pressure (HPT) and operated with the same condition. The volume of 

each blended material employed at cathode were the same (loading of each cathode: CB-30 mg, 

Cu-160 mg and Ti-80 mg). All reactors operated with a separator and 1g/L NaAC, as described 

in Section 3.2. 

 

Figure 5.4 The blended materials (left to right: CB, Cu, Ti). 

 

A B C 
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5.2.1 Blended material influence on power generation 

Figure 5.5 shows the power density curves and electrode potentials of MFCs with different types 

of cathodes. Blending with Ti, the maximum power density of MFCs (957.4 ± 70.1 mW/m2) was 

slightly higher than that of CB (909.2 ± 61.4 mW/m2). In terms of electrode potential, the cathode 

potential of Ti was also slightly higher than that of CB. Many studies have pointed out that 

increasing electrical conductivity (EC) of the cathode could promote the power performance of 

MFCs (Zhang et al. 2011a, Zhang et al. 2014a, Zhang et al. 2014b). As shown in Table 5.1, the 

EC of Ti is almost 1000 times higher than CB. The EC increase by blending Ti therefore must be 

the reason for power enhancement. These results indicate that Ti is a competitive alternative over 

CB. Different from Ti, the maximum power density of the Cu blended cathode (762.3 ± 173.0 

mW/m2) was 15.4% lower than that of CB. For the electrode potential, the low anode potential 

and high cathode potential indicates the good power generation capacity. It is noticeable that the 

brush anode potential of MFCs with Cu was much higher than all the other anodes. This indicates 

that the copper ion released by the Cu-blended cathode could damage the anode biofilm and 

inhibit its power generation ability.  
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Figure 5.5 Curves of MFCs’ power density (A) and electrodes potential (B) with different catalyst 

loading (solid symbols, anode potentials; open symbols, cathode potentials). 

 

Figure 5.5 also shows the influence of high heat and pressure (HPT) treatment on power 

generation. All 3 types of cathodes obtained improvement when employing the HPT 

modification. For the CB cathode, the maximum power density increased by 18.1%, from 909.2 

± 61.4 mW/m2 to 1073.7 ± 23.9 mW/m2. The Ti-blended cathode obtained the lowest 

improvement, the maximum power density increasing by only 7.3%, from 957.4 ± 70.1 mW/m2 

to 1027.0 ± 47.4 mW/m2. The highest improvement was obtained by the Cu-blended cathode. 

The maximum power density increased by 48.8%, from 762.3 ± 173.0 mW/m2 to 1134.1 ± 13.0 

mW/m2. By contrast, the brush anode potential of the 3 HPT treated MFCs were approximately 

equal when current density less than 5 A/m2. This indicates that HPT treatment could reduce the 

copper ion releasing to the anode biofilm and avoid the inhibition effect of Cu-blended cathode. 

In terms of cathode potential, Cu-blended cathode showed the highest improvement, followed by 

the CB-blended cathode regardless of current density. The Ti-blended cathode obtained the 

lowest cathode. This result was consistent with the above results of maximum power density. A 
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previous study reported that the oxygen diffusion ability was critical for MFCs’ power generation. 

The large cathode pore size could promote oxygen diffusion and power generation (Zhang et al. 

2011a). Table 5.1 listed the thermal expansion coefficient (TEC) of different materials used at 

the cathode. Comparing the 3 blending materials with activated carbon (AC), Cu has the highest 

TEC value, which is 119.5% higher than AC. CB also has high TEC of 11 ×10-6[m/(m•K)], 42.9% 

higher than AC. The TEC of Ti is similar to AC, only 13.6% higher than AC.  For the HPT 

process, the large TEC difference can benefit pore size generation and promote oxygen diffusion. 

By contrast, the TEC increase showed a strongly positive relationship with the increase of 

maximum power density (Table 5.1). In terms of EC promotion, the 1000 times increase of EC 

(CB-blended cathode VS Ti-blended cathode) only achieved 6.2% increase of maximum power 

density. Therefore, pore size modification rather than EC increase has a more significant 

influence on power performance.   

Table 5.1 Thermal and electrical property of different materials. 

Material 

Electrical 

conductivity 

(EC) 

Thermal expansion 

coefficient (TEC) 

TEC increase over 

activated carbon 

Power 

improvement 

 S/m m/(m•K) % % 

Activated 

Carbon 

1-14.2(Adinaveen et 

al. 2016) 
7.7 ×10-6(Hidnert 1934) - - 

Carbon Black 
4.5 × 102(Pantea et 

al. 2003) 
11 ×10-6(Hidnert 1934) 42.9 18.1 

Copper 5.98×107 16-17.8 ×10-6 119.5 48.8 

Titanium 1.8×106 8.5-9 ×10-6 13.6 7.3 

Stainless Steel 

Mesh 
1.45×106 17.3 ×10-6 124.7 - 

Most EC from the web: http://eddy-current.com/conductivity-of-metals-sorted-by-resistivity/; most TEC 

data obtained from https://www.engineeringtoolbox.com/linear-expansion-coefficients-d_95.html 

 

5.2.2 Blended material influence on CE 

Without HPT treatment, Cu-blended MFCs obtained the highest CE value regardless of current 

density (Figure 5.6). The highest CE value obtained was 95.4% when current density was 4 A/m2 

(Cu-blended). With HPT treatment, the CE values of all MFCs showed a significant decrease. 

For example, with the current density (4 A/m2), CE of Cu-HPT reactor (82.8%) was 13.2% lower 

than that without HPT treatment (95.4%). This decrease is because HPT treatment improves 

cathode diffusion capacity and increases the organic matter consumed by crossover oxygen. This 

result indicates that blending the material without HPT could generate more electricity while HPT 

treatment could accelerate pollutant removal. 

http://eddy-current.com/conductivity-of-metals-sorted-by-resistivity/
https://www.engineeringtoolbox.com/linear-expansion-coefficients-d_95.html
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It is also noticeable that the Cu-blended MFCs showed much higher CE values than CB and Ti 

even after HPT treatment (2.5-4.5 A/m2).  These results indicate that Cu (with or without HPT 

treatment) could inhibit the biofouling caused by biofilm growth and promote MFCs’ 

performance.  

 

Figure 5.6 CEs of MFCs with the change of blended material and HPT treatment. 

 

5.2.3 Blended material influence on the long-term operation 

Figure 5.7 shows the power density curves of MFCs after the first 1.5 months (A) and 4.5 months 

(B). After long-term operation (4.5 months), the power density had a significant changed. Without 

HPT treatment, the maximum power density of CB-blended MFCs was 590.1 ± 58.0 mW/m2, 

35.1% lower than that over the first 1.5 months (909.2 ± 61.4 mW/m2). For Ti-blended MFCs, 

the maximum power density decreased by 15.5%, from 957.4 ± 70.1 to 809.4 ± 85.4 mW/m2. 

With HPT treatment, the power density had a more significant decrease. For Ti-HPT MFCs, the 

maximum power density decreased by 29.6%, from 1027.0 ± 47.4 to 722.9 ± 13.1 mW/m2. For 

Cu-HPT reactors, the maximum power density decreased by 21.0%, from 1134.1 ± 13.0 to 896.2 

± 16.1 mW/m2. The largest decrease was obtained from the CB-HPT reactors, where the 

maximum power density decreased by 46.8%, from 1073.7 to 571.4 mW/m2. The very different 

result was obtained from Cu-blended reactors, where the maximum power density increased from 

762.3 ± 173.0 to 864.4 ± 75.5 mW/m2, increased by 13.4%. In addition, the power density stability 

was highly improved, the error decreasing from 173.0 to 75.5 mW/m2. After the long-term 

operation, the power density curve of Cu-blended MFCs showed approximately the same pattern 

to that of Cu-HPT reactors. This indicates that, due to Cu oxidation and long-term operation, the 

dissolved Cu ion could reduce to a low level with no inhibition to the anode biofilm. Hence, it is 
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concluded that Cu showed evident advantages over both CB and Ti in terms of long-term 

operation.  

 

Figure 5.7 Power density curves of (A) 1.5 months and (B) 4.5 months. 

 

5.3 Separator influence on MFCs performance 

In this section, 4 cubic single-chamber MFCs were assembled as per the description at Section 

3.2 except for the cathode separators.Two identical MFCs were employed with glass fibre 

separators (1 mm of depth, 10-25 µm of pore size, obtained from AliExpress, Figure 5.13 A), the 

other 2 MFCs were employed using denim fabric (0.55-0.74 mm of depth, 29-48 µm of pore size, 

50% of cotton, 42% of poly and 3% of elastaine; obtained from Hickeys, Figure 5.13 B). All 

reactors operated with 1g/L NaAC as described in Section 3.2. 
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5.3.1 Separator influence on power generation 

By contrast, the power performance of different separators (glass fiber-GF and denim fabric-DF) 

showed a significant difference.  At a low current density (less than 2 A/m2), the cathode potential 

of DF reactors was higher than the GF reactors. Consequently, the power density of DF was 

slightly higher than the GF. However, with the increase of current density (2-5 A/m2), the 

decrease rate of DF’s cathode potential was much quicker than that of GF (blue circle of Figure 

5.8). With this change, the maximum power density of DF (745.5 ± 10.4 mW/m2) was only 73.3% 

of GF (1016.9 ± 46.3 mW/m2). Previous studies reported that a MFC with a higher voltage at the 

same external resistance could generate higher maximum power density (Yang et al. 2014a, Yang 

and Logan 2016a, Zhang et al. 2009c). The electrochemical theory can be used to understand this 

phenomenon. The maximum power density is obtained when the external resistance is equal to 

internal resistance. The value could be calculated by the following equation. 

𝑃𝑚𝑎𝑥 =
𝑂𝐶𝑃2

4𝐴𝑅𝑖𝑛𝑡
 (5.1) 

  Where OCP is open circuit potential, A is cathode area, Rint is internal resistance of MFCs. 

Fuelling with sodium acetate, the OCP of different MFCs are approximately equal. Higher 

voltage with the same external resistance indicates the lower internal resistance. Hence, the 

maximum power density is higher. However, the results obtained in this study differ from the 

previous study.  
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Figure 5.8 (A) Power density curve and (B) electrodes potential obtained from the fast test. 

 

In the above test, the power density curves were obtained by varying the external resistance over 

one cycle (20 mins for each resistor). This method was widely used because of the short time 

requirement. However, the most accurate power density curves should be obtained by changing 

the external resistance at different batch cycles. Here, the power density curve was also obtained 

in this slow method (shown in Figure 5.9). By contrast, the maximum power density of GF 

obtained in slow test (985.8 ± 78.7 mW/m2) had no significant difference to the value obtained 

in fast method (1016.9 ± 46.3 mW/m2). However, the value of DF obtained in the slow test 

(1070.9 ± 163.8 mW/m2) was 69.6% higher than the fast method (745.5 ± 10.4 mW/m2). 

Furthermore, this value was even higher than that of GF. In terms of electrode potentials, the 

GFB-anode showed approximately the same value and tendency regardless of the separator and 

test method. For the cathode potential, there was no significant differences of GF in the fast or 

slow method while the value of DF obtained in fast method was much lower than DF in slow 

method (when current density larger than 2 A/m2).  This result indicates that the fast method is 
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not suitable for some types of MFCs. In MFCs with a DF separator, the cathode needs a long time 

to obtain stable performance.  

 

Figure 5.9 MFCs’ curves of power density (A) and electrodes potential (B) with different test method 

(solid symbols, anode potentials; open symbols, cathode potentials). 

 

5.3.2 Separator influence on CE and long-term performance  

The CE obtained with different separators is shown in Figure 5.10 A. In GF employed MFCs, CE 

increased from 22.9±1.9% to 29.3±0.5%, 38.9±1.1%, 53.4±0.3%, 57.8±1.1% and 67.0±0.6%, 

when the current density increased from 0.7 A/m2 to 1.2, 1.6, 2.8, 3.8 and 5.0 A/m2, respectively. 

The MFCs with DF showed a very similar tendency. CE increased from 26.0±1.3% to 34.0±4.3%, 

44.4±8.1%, 65.5±4.7%, 69.5±4.1% and 64.3±0.7%, respectively, when the current density 

increased from 0.7 A/m2 to 1.2, 1.7, 2.8, 3.9 and 4.6 A/m2. It is noticeable that the CEs of DF was 

13.4-22.7% higher than that of GF when current density was less than 4 A/m2. With a high current 

density (larger than 4.6 A/m2), the CE of GF and DF was approximately equal. These results 
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indicate that DF has a similar influence to GF for MFC power generation. However, DF is a more 

effective material to limit oxygen crossover and promote CE.   

 

 

Figure 5.10 CEs of MFCs at (A)1.5 months and (B) 5 months. 

 

After a 5-months of operation, the power density of the reactors with both separators decreased 

significantly (Figure 5.11). With GF, the maximum power density was 590.1 ± 58.0 mW/m2, 

40.1% lower than that of the first 1.5 months (985.8 ± 78.7 mW/m2). For DF, the maximum power 

density decreased by 40.5%, from 1070.9 ± 163.8 to 636.9 ± 48.2 mW/m2. In terms of CE after a 

long-term operation, the reactors with DF were much higher than GF regardless of current density 

(Figure 5.10 B). 
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Figure 5.11 Power density curves with different operation time. 

 

5.3.3 Separator property analysis 

Scanning electron microscope (SEM) images showed the structural difference of the 2 separators 

(Figure 5.12). GF had an irregular formation with different size of glass fibres. For DF, the cotton 

and polyer mixture was fabricated to be a fine thread of similar size. These threads were weaved 

regularly. The study found that the structure of DF could promote the shape stability and the 

breaking load of DF could even keep 23.5 kg with long term water laundering (Adanur and Qi 

2008). Although the oxygen diffusion coefficient of DF (7.0 × 10-6 cm2/s) was slightly higher 

than that of GF (5.0 × 10-6 cm2/s) (Zhang et al. 2009c), the expansion and deformation of GF 

could damage the oxygen-limiting capacity. As a result, the CE obtained by GF was lower than 

that of DF (data shown in Figure 5.10 B). A previous study found that the smaller pore size of 

the GF separator could achieve higher CE (Zhang et al. 2010c, Zhang et al. 2009c). Here, the 

pore size of GF (10-25 µm) was much smaller then DF (29-48 µm), however, MFCs with DF 

obtained much higher CEs. The probable reason is property difference. GF was initially designed 

for a lead-acid battery. When employed in the battery, the expansion and deformation property 

of GF could generate abundant channels for electrolyte and oxygen transformation (also found in 

this study, Figure 5.13C). However, this property is not suitable for MFCs. Especially, when 

assembling cathode with GFB anode, the short circuit maybe occurs because of GF deformation.  
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Figure 5.12 SEM results of (A) GF and (B) DF. 

 

In MFC studies, J-cloth has been another type of textile fabric employing as a separator (Fan et 

al. 2007, Zhang 2012). However, oxygen crossover was significant due to the high porosity and 

air permeability. By contrast, the air permeability of DF was only 4.8% of J-cloth (Adanur and 

Qi 2008, Zhu et al. 2015). The oxygen diffusion coefficient of DF was (7.0 × 10-6 cm2/s) also 

much lower than the J-cloth (86.9 × 10-6 cm2/s) (Zhang et al. 2009c).  In addition to the weak 

capacity to limit oxygen crossover, the J-cloth was suitable for biofilm growth, and it could be 

degraded after a 3-months of operation. In terms of DF, its shape kept stable and well attached 

on the surface of cathode after a 5-months of operation. In addition, there was no significant 

biofilm or degradation occurring on the surface of DF (Figure 5.13). The probable reason is the 

dye in the DF. A study found that the dye at DF could inhibit microbe growth (Verma 2008). 

Hence, it is concluded that as a type of textile fabric, DF has some advantages over GF and more 

suitable for long-term operation of MFCs. 
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 Figure 5.13 Separator of glass fibre before (A) and after (C) long-term operation (5 months); denim 

fabric before (B) and after (D) long-term operation and J-cloth after long term operation (E, F, less than 3 

months). E,F from (Zhang 2012). 
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5.4 Conclusions for Chapter 5  

The cathode surface modification was conducted from 3 aspects: catalyst loading, blended 

material and separator. It was found that sufficient cathode mixture (38 mg/cm2)  was critical to 

generate high power density/CE and maintain good performance over long-term operation. By 

contrast, 100% (38 mg/cm2) catalyst loading was the optimum value for cathode operation. As to 

the blended material, Ti-blended reactors obtained slightly higher performance than CB-blended 

MFCs in terms of power density, CE and long-term stability. At short term operation (1 month), 

Cu-blended reactors showed the worst performance due to the inhibition of copper ion. However, 

Cu-blended reactors achieved the best performance at long-term operation (4.5 months). High 

pressure and temperature treated by autoclave was a convenient and efficient method to modify 

cathode. With this method, the power density increased regardless of the blended material. HPT 

modification could also remove the short-term inhibition of Cu and generate the highest 

maximum power density over CB and Ti. In terms of the separator, DF had the similar short-term 

performance to that of GF. After 5-months of operation, DF achieved much higher CE than GF 

due to its stability and anti-microbe growth. Hence, it is concluded that DF has greater potential 

than GF for long-term practical operation of MFCs.  

In addition to surface modification, structure and geometry modification of cathode is another 

method to promote MFCs performance, which is investigated in the next chapter.  
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Chapter 6 

 

Structural modification of the air cathode 
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6 Structural modification of the air cathode 

Many studies have showed that increasing the electrode specific surface area was critical for 

enhancing the energy recovery performance of MFCs (shown in Sections 2.1&2.2). Until now, 

the effective method to increase the CSSA has not been found since the breakthrough in anode 

technology occurred 10 years ago, especially for the approach suiting the GFB anode. However, 

is it necessary to keep the intactness of the GFB? A previous study has indicated that the power 

output could keep stable even with 65% removal of brush material (Hutchinson et al. 2011). 

Hence, this work focused on breaking through the limit of CSSA by employing a novel cylindrical 

cathode. Different from the traditional practice of keeping the intactness of the anode and placing 

the cathode beside/ around the anode, small-size cylindrical cathodes covered by separated 

materials were inserted into GFB to form a new configuration MFC with interlocked electrodes. 

In order to determine the performance of new configuration, MFCs with different CSSAs (up to 

509 m2/m3) were investigated in this chapter from various aspects (power output, columbic 

efficiency, COD removal and long-term operation).  

Table 6.1 Details of different MFCs. 

MFC 
Configuration 

description 
Net volume (mL) 

Cathode 

specific 

Surface 

area(m2/m3 ) 

Occupied space 

of anode 
Abbreviation 

0 
1 brush anode,  

1 flat cathode (7 cm2) 
20 35.0 0% 1Flat 

1 

1 brush anode,  

1 cylindrical cathode 

(7 cm2) 

17 41.2 22% 1Cyl 

2 

1 brush anode,  

2 cylindrical cathodes 

(14 cm2) 

13.5 103.7 45% 2Cyl 

3 

1 brush anode,  

3 cylindrical cathodes 

(21 cm2) 

9.6 218.8 67% 3Cyl 

4 

1 brush anode,  

4 cylindrical cathode 

(28 cm2) 

5.5 509.1 90% 4Cyl 

 

To conduct this study, two types of cathodes were developed: flat cathode and cylindrical 

cathode. The flat cathodes were made as previously described (Section 3.2). To make a cylindrical 

cathode, a piece of stainless steel mesh (50 mm × 32 mm) was first wrapped to form a cylinder 

with 50 mm in length and 10 mm in diameter). Then, the 50 mm cylinder was divided into 3 parts 

in length. The first 8 mm was blocked by silicon inside and wrapped by insulating tape outside. 

In order to keep the equal working area by contrast with the flat cathode, the next 22 mm was 

projected by the mixture described as previous. The last 20 mm was wrapped by insulating tape. 

Finally, one layer of glass microfiber filter was wrapped on the cylinder surface as a separator. In 
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terms of operation, first, all GFB anodes were acclimated in MFCs with the flat cathode and fixed 

external resistance, at room temperature (22 ± 3 ℃). When the anodes were fully acclimated, the 

flat cathodes of these MFCs were replaced: In 1Flat the flat cathodes was replaced by a new flat 

cathode. In MFCs 1Cyl-4Cyl, the flat cathodes were replaced by cylindrical cathodes, 1 to 4 

cylindrical cathodes were inserted into anode to form interlocked electrodes in these MFCs, 

respectively. 1Flat acted as a “controlled” MFC to determine the performances of 1Cyl-4Cyl 

(Figure 6.1). The details of MFCs used in this study are shown in Table 6.1.  

 

Figure 6.1 Configurations of interlocked MFCs (left to right: 1Cyl, 2Cyl; 3Cyl; 4Cyl). 

 

6.1 Power production  

The new cathode structure significantly improved the MFC’s power generation. With the same 

cathode working area (7 cm2), the maximum power density increased from 23.3 ± 1.5 W/m3 in 

1Flat with the flat cathode to 46 ± 0.6 W/m3 in 1Cyl with an interlocked 3D cathode (Figure 6.2 

A). With the interlocked configuration, CSSA can be conveniently increased. When CSSA 

increased to 104 and 219 m2/m3 in 2Cyl and 3Cyl, the maximum power density reached 66.0 ± 

0.4 and 81.4 ± 1.0 W/m3, respectively. However, it is noticeable that the increase rate of power 

density slowed down with the expansion of CSSA, and a sharp decrease appeared when CSSA 

increased from 219 m2/m3 (3Cyl) to 509 m2/m3 (4Cyl).  

Similar to power density, the maximum power of reactors also increased at first but then 

decreased with the increase of CSSA (Figure 6.2 B). The combined increase of occupied space 

in anode and CSSA led to the change of maximum power and power density (Table 6.1 and Figure 

6.2 C). By contrast the MFCs with a different space occupation, the anode potentials were very 
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close to each other when less than 45% anode space (2Cyl) were occupied. This indicates that 

55%-loading brush space was sufficient for the growth of anode bacteria. However, the anode 

potential started to change when 67% anode space (3Cyl) was occupied. Furthermore, the 

potential was reduced by 75% (from -0.182 V to -0.046 V at the point of maximum power) when 

the anode lost more than 90% space (4Cyl). As a result, the power production of 4Cyl collapsed. 

A previous study showed that up to 65% of the brush material could be removed without 

appreciably altering maximum power (Hutchinson et al. 2011), which is a very similar finding to 

this research. Predictably, 55% of brush space and material is a saturation point for the growth of 

anode bacteria, the maximum power cannot be improved even if more space or material were 

employed.  

The cathode potential also demonstrated an obvious change with the variation of configuration 

and cathode area. Compared with the normal structure, the interlocked structure improved the 

cathode potential by 66% (from 0.083 V to 0.138 V at the point of maximum power output). 

Figure 6.2 C also shows that the cathode potential increased with the expansion of CSSA. All the 

results obtained above showed that interlocked configuration could increase CSSA and power 

generation capacity successfully. However, more space of the anode chamber space will be 

occupied with the increase of CSSA. Therefore, the balance of electrodes must be taken into 

consideration. 
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Figure 6.2 MFCs tests: (A) power density curves; (B) power curves; (C) electrode potentials (solid 

symbols, anode potentials; open symbols, cathode potentials). 

 

6.2 Internal resistance and columbic efficiency (CE) 

Compared with the flat cathode, the 3D cathode which was interlocked with the anode reduced 

internal resistance by more than 37%, decreasing the resistance from 177.2 Ω to 111.1Ω (Figure 

6.3) which could be due to the decrease for the distance between cathode and anode. The 
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electrodes distance of the flat cathode configuration was 10 mm while the average electrodes 

distance for the interlocked configuration was ~1.7 mm.  A previous study showed that power 

production increased by 15±5% when the electrodes distance reduced from 14 mm to 4 mm 

(Hutchinson et al. 2011). However, more than 70% power improvement was obtained when the 

distance was decreased from 10 mm to ~1.7 mm. It was obvious that the distance decrease was 

not the only reason to gain such a high improvement, other affects were caused by the new 

configuration, which must be taken into consideration. For example, because of the tight contact 

of the electrodes, the oxygen mass transfer coefficient should decrease (because oxygen must 

pass through cathode and the contacted anode brush fibers and finally reaching anode biofilm) 

and benefit the growth of anode bacteria. The internal resistance further reduced to 106.1 Ω by 

increasing the cathode number to 2. However, it is very noticeable that the internal resistances of 

3Cyl and 4Cyl increased to 287.5 and 692.0 Ω, respectively. This increase is probably due to the 

brush space occupation and mass oxygen crossover, both of which have an adverse influence on 

exoelectrogens activity.   

Yang et al. (2014a) found that the coulombic efficiency (CE) with a flat cathode MFC was 13% 

while much higher CE (22.7%) was obtained by placing separated material in this study (Figure 

6.3). It is also noticeable that CE was improved by 28% when the flat cathode was changed to a 

cylindrical one and interlocked with GFB. This is likely due to the better consumption of organic 

matter and inhibition of cathode biofilm growth. By contrast, the organic matter distribution at 

1Cyl was much more even than that at 1Flat (RSD% was 8% and 26% for 1Cyl and 1Flat, 

respectively (data not shown). The uneven distribution of MFC with the flat cathode was also 

obtained by another study (Ahn et al. 2014). Different from the flat cathode, interlocked 

cylindrical cathode could benefit the usage of organic matter. As a result, 1Cyl could generate a 

higher power even with a lower COD concentration by contrast with 1Flat. In terms of cathode 

biofilm, there was no significant biofilm grown at the contact part of separated material after a 

long-time operation (30 cycles), which means that the interlocked design can take carbon brush 

as a barrier to stop cathode bacteria to obtain organic matter. As a result, this configuration can 

improve CE and anti-bacteria fouling capacity, which is very important for the operational life 

span of MFC (Yang et al. 2016). 



89 

 

 

Figure 6.3 Internal resistance, CE and maximum power for different MFCs.  

 

6.3 COD removal and power output 

COD removal rates had good agreement (all R2 ≥ 0.9) with an assumed first-order degradation 

kinetic, regardless of the difference of configurations and cathode areas (Figure 6.4). The rate 

constant of -0.0807 h-1 in 1Cy1 was much higher than the value of  -0.0690 h-1 in 1Flat, indicating 

that the interlocked electrodes configuration is more efficient for wastewater treatment. The rate 

constant is affected by the CSSA. It increased from -0.0813 h-1 to -0.3152 h-1 when the CSSA 

increased from 104 m2/m3 (2Cyl) to 509 m2/m3 (4Cyl). Although the power generation of 4Cyl 

was lower than others, it demonstrated the significant advantage for rapid organic matter removal.   
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Figure 6.4 COD removal rate fitting with first-order reaction for different MFCs. 

 

COD and power generation profiles in a cycle of 1Cyl can be divided into 3 phases: (1) high 

power generation with high organic matter removal rate, (2) high power generation with medium 

organic matter removal rate and (3) very low power generation with the low organic matter 

removal rate (Figure 6.5 A). The COD removal rate in phase 1 was much higher than phase 2 

while power generations were almost equal. A similar tendency was also found in the 2Cyl and 

3Cyl (Figure 6.5). This could be due to the consumption of more organic matter by the non-power 

generation activities of bacteria in phase 1. In phase 3 less than 10% of total organic matter was 

removed and power production was too unstable and low to reuse. It is noticeable that this 

phenomenon was also obtained in another study (Zhang et al. 2015). Obviously, the main purpose 

of phase 3 should be organic matter removal. 

In contrast to 1Cyl, 3Cyl required a much higher COD concentration to sustain stable power 

generation. This indicates that MFC with high CSSA has a high power output and high 

requirement of organic matter concentration, and vice versa. Therefore, it should be a feasible 

method to treat wastewater by sequential MFCs employed with different CSSA. The MFC with 

the largest CSSA should be placed at step 1 while the MFC with the lowest CSSA should be 

placed at the final step. After energy recovery, the aerobic process with high removal rate should 

be combined to remove organic matter. This operation could well balance the energy recovery 

and organic matter removal. 
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Figure 6.5 Power and COD change with time for 1Flat, 1Cyl, 2Cyl (A) and 3Cyl, 4Cyl. 

 

6.4 Long-term operation and power restoration 

Due to biofouling and salt precipitation at the cathode, the power output of flat cathode MFCs 

started to decrease after 35 cycles (Yang et al. 2014a, Zhang et al. 2010c, Zhang et al. 2009c). 

However, the performance of 1Cyl was very stable over long-term operation (Figure 6.6). After 

65 cycles, the power generation of 1Cyl even slightly increased from 0.24 mW to 0.26 mW. It 

seems that the interlocked configuration employed in this study could decrease the biofilm growth 

at the cathode and therefore enhance the cathode performance at long-term operation. 

Unlike 1Cyl, the power generation of 2Cyl-4Cyl sharply declined after 40 cycles. The power 

generation decreased dramatically with the increase of CSSA. As the cathode-organic matter 

loadings in 2Cyl-4Cyl were much lower than the 1Cyl, power decreases in 2Cyl-4Cyl are unlikely 

due to biofouling or salt precipitation at cathodes. In this study, all brush anodes were 

accumulated at low CSSA of 35.0 m2/m3 but operated at much higher CSSAs (104-509 m2/m3). 

This difference could lead to a much higher oxygen crossover rate, which should be the main 

reason for power decline. To verify this hypothesis, power restoration experiment for 2Cyl, 3Cyl 

and 4Cyl were conducted. In order to restore power generation in 2Cyl-4Cyl after a long-term 
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operation, only 1 cylindrical cathode of each MFC was connected to operate, whilst the rest of 

the cathodes were disconnected and fully blocked by silicon. After 7-cycle restoration, all MFCs’ 

operations were recovered as previous. After restoration, power generation for 4Cyl, 3Cyl and 

2Cyl were restored to 50%, 101% and 104% of the initial 5 cycles, respectively. MFCs with lower 

CSSAs demonstrate much higher power restoration capacity.  

Unlike the power decrease caused by biofouling and salt precipitation, this is a reversible change. 

This change is not unique, because the changes of some other conditions such as temperature and 

initial COD concentration could also lead to similar reversible current change. Some studies 

focused on taking advantage of this change. For example, Zhang et al suggested that inoculating 

MFCs at higher temperatures is a good strategy to enhance anode performance (Zhang et al. 

2013c). However, other studies found that the high activity obtained at high temperatures could 

only be sustained for a very short period (less than 5 hours) (del Campo et al. 2013, Michie et al. 

2011). Similarly, initial COD also demonstrated a short-term effect to power generation (around 

4 days) (del Campo et al. 2013). By contrast, the change caused by CSSA or oxygen crossover 

was distinct. For reactor 2Cyl-4Cyl, there was long-term high power output (around 40 cycles) 

and short-period sharp declined power (around 5 cycles). However, this decrease could be fully 

restored at a short time (around 7 cycles). Therefore, for practical operation, MFCs should be 

accumulated at low CSSA, and the energy was recovered at a high CSSA for a long term. After 

that, the power generation capacity should be restored when it reduces dramatically. This should 

be a feasible strategy to take advantage of this reversible change.  
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Figure 6.6 Power change under long-term operation for different MFCs (Power restoration was 

conducted at cycle 53-60, between two arrows). 

 

6.5 Conclusions for Chapter 6 

In this chapter, a novel 3D cathode which could significantly increase MFC’s CSSA was 

developed and tested. The maximum power density was improved from 23 ± 2 W/m3 to 46 ± 1 

W/m3 when a typical flat cathode was changed to a 3D cathode. Significant improvement 

(increased by 248%) was also obtained when the CSSA was further increased to 219 m2/m3. The 

3D cathode also increased coulombic efficiency by 28% due to the advantage of full organic 

matter consumption and cathode biofilm inhibition. The COD removal rate showed good 

agreement with first-order degradation kinetic, regardless of differences in CSSA. For long-term 

operation, the MFC with a low CSSA (41 m2/m3) demonstrated very high stability while the 

power of MFCs with a high CSSA (104-509 m2/m3) showed a reversible change, which was 

attributed mass oxygen crossover. Although this structure has been validated as a feasible method 

to increase CSSA, the performance with real WW is still unknown. In addition, the surface 

modification results also need validation at practical WW. Hence, such a practical application is 

conducted in Chapter 7.  
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Practical application of modified MFCs 
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7 Practical application of modified MFCs 

Based on the obtained results of Chapters 4-6, different types of modified MFCs were developed 

in this chapter for practical application. In Section 7.1, the enlarged novel MFCs were employed 

to treat real WW with the aims of fast pollutant removal, high power generation and low NH3 

emission. In Section 7.2, the miniaturized MFCs with cylindrical cathode was developed for the 

continuous monitoring of urine glucose.  

7.1 MFCs operation with dairy WW 

Enlarged MFCs had two types of electrode configurations - 3D cylindrical cathode surrounding 

the anode (CSA) and 3D cylindrical cathode interlocked with the anode (CIA) - were developed 

and tested with dairy wastewater. In CSA, there were 1-4 hollowed cylindrical cathodes (28.3 

cm2/each-working area) placed around a small GFB (30 mm in both diameter and length). In CIA, 

4 large GFBs (50 mm in diameter and 60 mm in length, heat treated at 450 ºC) were placed 

together to fully occupy chamber space. 1-4 cylindrical cathodes (identical cathodes as CSA) was 

inserted and fully buried by GFBs (Fig. S1). Both designs had around 0.25 L of net liquid volume 

(Table 7.1 and Figure 7.1). Diluted dairy wastewater (relevant concentration showed in Table 

7.2) was treated by both CSA and CIA.  

 

Table 7.1 - Details of enlarged MFCs 

Abbreviation Configuration description 
Cathode 

area(cm2 ) 

Net volume 

(mL) 

Cathode specific 

Surface area(m2/m3 ) 

CSA1C 
1 cylindrical cathode  

surrounded small anode  
28.3 230 12.3 

CSA2C 
2 cylindrical cathodes  

surrounded small anode 
56.5 230 24.6 

CSA4C 
4 cylindrical cathodes  

surrounded small anode 
113 250 45.2 

CIA1C 
1 cylindrical cathode  

interlocked large anode 
28.3 230 12.3 

CIA2C 
2 cylindrical cathodes  

interlocked large anode 
56.5 230 24.6 

CIA4C 
4 cylindrical cathodes  

interlocked large anode 
113 250 45.2 
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Figure 7.1 Details of enlarged MFCs. Both CSA and CIA reactors have a cubic chamber of 

60mm×80mm×80mm, the net volumes were 250 mL. The surface of all cylindrical cathodes were 

covered by separated material of denim fabric. 

 

 

7.1.1 Enlarged MFCs performance with CSA and CIA 

With the increase of CSSA, the power density increased significantly for both types of MFCs 

(Figure 7.2A). With CSSA of 45 m2/m3, the maximum power density of CSA and CIA was 3.7 ± 

0.2 and 2.6 ± 0.4 W/m3, respectively. It is noticeable that CE obtained by CSA and CIA was 55% 

and 116% higher than the previous records, respectively (Table 7.2).  
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Table 7.2 -  Summary of power performance obtained from different MFCs fed with dairy 

wastewater 

NO. 
Electrode 

configuration 

Net 

volume 

Initial 

COD 

Power 

density 
CE reference 

  (mL) (mg/L) (W/m3) (%)  

1 CSA4C 250 600 ± 161 3.7 ± 0.2 26.4 ± 2.2 This study 

2 CIA4C 250 600 ± 161 2.6 ± 0.4 36.7 ± 2.5 This study 

4 
Sandwiched flat 

electrodes 
700 1487 1.157 NA 

(Mathuriya and 

Sharma 2010) 

5 
Sandwiched flat 

electrodes 
480 4440 1.1 14.2 (Mohan et al. 2010) 

6 Separated electrodes 45 2800 0.442 3 
(Velasquez-Orta et al. 

2011) 

7 Separated electrodes 300 1600 2.7 17 
(Elakkiya and 

Matheswaran 2013) 

CE obtained with external resistance of 100 ohm. 
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Figure 7.2 The performance of CSA and CIA with different cathode number: (A) power density curves; 

(B) COD removal and (C) TN removal.  

In terms of pollutants removal, both COD and TN removal rates had a good agreement (most R2 

≥ 0.9) with an assumed first-order degradation kinetic, regardless of the difference of 

configurations and CSSA (Figure 7.3). Similar to power density, increasing CSSA could also 

accelerate pollutants removal. TN removal rate constants of CSA and CIA were improved from 

-0.0172 h-1 and -0.0167 h-1 to -0.0364 and -0.0384 h-1, respectively, when the CSSA increased 
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from 12.3 to 45 m2/m3. With CSSA of 12.3 m2/m3, the COD removal rate constants of both types 

of MFCs were around -0.04 h-1. This value increased to around -0.075 h-1 when the CSSA was 

increased to 24.6 m2/m3. However, further increase the CSSA did not increase the COD removal 

rate constant any further, indicating that compared with TN, lower CSSA is required to obtain 

the maximum COD removal rate. 

 

 

Figure 7.3 First order reaction fitting of COD and TN in CSA (left) CIA (right) 

Figure 7.2B&C show the COD and TN removal performance of CSA and CIA. Both CSA-4C and 

CIA-4C, with the CSSA of 45.2 m2/m3, could reduce the COD concentrations to meet the EU 

wastewater discharge limits (125 mg-COD /L) within 7-15h. The TN concentrations reached the 

EU discharge limiting value of 15 mg TN/L within 24-34 h. Due to the higher power density, the 

lower anode cost and the simpler structure, CSA rather than CIA has a greater potential for 

wastewater treatment. 

It should be noted that the dairy wastewater  using here was filtered through 0.6 mm stainless 

steel mesh to remove the coarse particles. This pre-treatment could avoid the possible block in 

the MFC. Through  (Kim et al. 2015) found MFCs also had good performance to remove the 

coarse particles, more studies are still needed to investigate the capacity of new type of MFCs to 

treat the raw wastewater without filter. 
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7.1.2 Ammonia emission 

In the study, the ammonia emission through MFCs was collected directly (detail is shown in 3.3 

and 3.4, the typical flat-cathode small MFC- 1Flat described in chapter 6 and CSA1C, CSA2C 

were investigated). The cathode biofilm played a key role in both NH4
+-N removal and NH3 

emission (Figure 7.4). In the 1Flat-MFCs, with and without the biofilm on the cathode, the 

removal rate constants of NH4
+-N were -0.0534 h-1 and -0.1369 h-1, respectively. The cathode 

biofilm also benefits the reduction of NH3 emission. With the cathode biofilm, the total NH3 

emission of MFC was 0.82 mg-N/L, which accounted for 1.4% of NH4
+-N removal in MFC. 

Without the cathode biofilm, the NH3 emission increased by 15.5 times and reached up to 13.5 

mg/L, which contributed to 25% of NH4
+-N removal. The cathode biofilm could act as 

ammonium sinks as it consumed and oxidized ammonium. It probably also acts as a physical 

barrier to prevent the movement of NH3, as previous studies found that the cathode biofilm was 

an effective barrier for ion and gas, such as OH- and O2(Yuan et al. 2013, Zhang et al. 2009c).  
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Figure 7.4  N-pollutants removal and emission with and without biofilm: (A) NH3 emission and NH4
+ 

removal; (B) TN, NO2
- and NO3

- removal inside of MFCs (1Flat-MFCs).  

It was reported that the current could accelerate the removal of ammonium(Kim et al. 2008).  This 

study showed that the current had a significant influence on NH3 emission in 1Flat (Figure 7.5A). 

The NH3 emission decreased from 3.60 mg-N/L to 0.82 mg-N/L when the current reduced from 

around 0.6 mA to 0.25 mA by reducing the external resistances. The initial NH4
+-N concentration 

in the influent also had a significant influence on NH3 emission. Increasing the feeding NH4
+-N 

concentrations from around 80 mg/L to 130 mg/L led to the increase of NH3 emission by 10 times.  
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Figure 7.5 (A) Current and influent concentration influence on NH3 emission (1Flat; 50N&1000Ω:NH3-N 

in influent 50 mg/L and external resistance 1000 Ω; other legends similar); (B) NH3 emission of CSA with 

different cathode numbers (1C – 1 cathode; 2C – 2 cathodes).  

 

 Similar to ammonia evaporation in wastewater or animal slurry (Fangueiro et al. 2015, Zimmo 

et al. 2003), the emission of NH3 of MFC depends on the free ammonia (FA) concentration on 

the surface of the cathode (Figure 7.6). The FA concentration is determined by the total ammonia, 

pH and temperature (Zimmo et al. 2003). The previous study (Yuan et al. 2013) found that high 

current could generate much higher pH and decreasing external resistance from 1000 to 100 Ω 

could increase pH from around 8 to 11. With this change in pH, the FA percentage in the total 

ammonia could increase from 5.6% to 98.3 % (assuming temperature is 25 °C).  
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Figure 7.6 Potential emission process of NH3/NH4
+ in the surface of air cathode.  

 

 Employing with the 3D cathode, the NH3 emission was significantly reduced (Figure 7.5B). The 

NH3 emission in 1Flat was 3.60 mg/L. It reduced to 2.90 mg/L in CSA1C, though the current of 

CSA1C (around 1.1 mA) was much higher than that of 1Flat (around 0.6 mA). The NH3 emission 

in CSA2C was further reduced to 2.13 mg/. However, these values were 8.9-15 times of the value 

of 0.24 mg-N/L NH3 for typical WWTP using activated sludge (AS) method (treating wastewater 

with a similar concentration of NH4
+-N) (Zhang et al. 2017). Giving the high NH3 emission, 

control and mitigate NH3 emission is critical when MFC is employed at practical application.                                     

7.1.3 Pathway of ammonium removal 

In this study, MFCs with the 3D cathodes and cathode biofilm removed more than 90% of the 

ammonium nitrogen and the NH3 emission only accounted for less than 2% of this removal. The 

majority of the removed ammonium nitrogen could be converted to nitrogen gas through 3 typical 

pathways (Kampschreur et al. 2009): (1) Complete nitrification/denitrification process; (2) Partial 

nitrification/denitrification process; and (3) Anaerobic ammonia oxidation process. The 

anaerobic ammonia oxidation is unlikely in MFCs as the microbial community analysis showed 

that while both nitrification and denitrification bacteria were found in the anode and cathode 

biofilms, anaerobic ammonia oxidizing bacteria (ANAMMOX) were not detected in MFC (Kim 

et al. 2008, Myung et al. 2018, Park et al. 2017). To determine how the ammonium nitrogen was 

removed, in this study a selective inhibitor for nitrite-oxidizing bacteria (NOB) was added to 

MFC. It was found that the ammonium nitrogen removal was not affected by the inhibitor (Figure 

7.7), indicating that the complete nitrification/denitrification process did not contribute to the 
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ammonium removal. Therefore, the partial nitrification/denitrification process could be the main 

ammonium nitrogen removal pathway in MFCs. Previous studies showed that strict conditions, 

such as proper levels of DO, C/N ratio and pH, were needed to achieve simultaneously partial 

nitrification/denitrification (SND) in traditional wastewater treatment processes (Kampschreur et 

al. 2009, Ruiz et al. 2003). However, due to the special structure of the cathode (such as oxygen 

diffusion, cathode biofilm and the aerobic/anaerobic interface), the SND would automatically 

occur. Hence, it is concluded that MFCs could be ideal reactors for SND process.          
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Figure 7.7 (A) N-pollutants removal and NH3 emission process with and without NOB selective inhibitor 

(1Flat-MFCs, feeding with sodium acetate); (B) The biological nitrogen conversions (Kampschreur et al. 

2009). 

7.1.4 Control of ammonia emission 

Previous study found that copper (Cu) could increase the amount of denitrification bacteria while 

inhibit the growth of NOB (Myung et al. 2018), which could benefit the SND process and 

minimize the NH3 emission. In this study, to investigate the control of ammonia emission, copper 

particles were blended to the 3D cathodes. In addition to the improvement of the power generation 

and pollutants removal (4.7 ± 0.2 W/m3, 86.3%-COD and 85.3%-TN removal in 24 h, reaching 

discharge limiting value of EU, Figure 7.8A), the Cu-blended 3D cathodes also reduce the NH3 

emission significantly. By increasing the CSSA with different number of the Cu-blended 3D 

cathodes from 12.3 m2/m3 (1C) to 24.6 m2/m3 (2C) and 45.2 m2/m3 (4C), the NH3 emission 

A 

B 
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reduced from 0.55 mg/L to 0.32 mg/L and 0.037 mg/L, respectively (Figure 7.8). The NH3 

emission of 0.037 mg/L in 4C was only accounted for 0.068% of the total NH4
+-N removal, and 

was 1/7 of that of typical WWTP. In a typical activated sludge WWTP, NH3 emission 

contributed to 1.08% of the total NH4
+-N removal(Zhang et al. 2017). These results indicated that 

the MFCs with the Cu-blended 3D cathodes have great potential to prevent NH3 emission from 

wastewater treatment processes.  

 

Figure 7.8 Performance of Cu-blended CSA: (A)power density curves and COD/TN removal process; (B) 

NH3 emission with different cathode numbers (1C-1 cathode: CSSA of 12.3 m2/m3; 2C-2 cathodes: CSSA 

of 24.6 m2/m3; 4C-4 cathodes: CSSA of 45.2 m2/m3). 

The NH3 emission of 2C at first 6 h (0.07 mg/L) was much lower than that of 1C (0.14 mg/L), 

although the current of 2C was higher than that of 1C (around 2 mA, 54 mg/L-2C VS 1.3 mA, 50 

mg/L-1C, pink line in Figure 7.8B). According to previous theoretical study (Popat et al. 2012), 

the cathode surface pH was determined by current density rather than the total current. The 

cathode surface pH, which affects the FA significantly, was very sensitive to the current density 
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at the range 0-1A/m2 (Popat et al. 2012).  It could linearly increase from 7.5 to 11 when the current 

density increased from 0 A/m2 to 1 A/m2. In this study, though the current in 1C is higher than 

2C, its current density is lower. Therefore, its NH3 emission was less although both its cathode 

area and current increased.  

Table 7.3 - Summary of NH3 emission studies 

 
Wastewat

er 

Configurati

on 

Initial 

NH4
+-N 

Curre

nt 

Current 

density 

Cathode 

biofilm? 

Diffused NH3 

/removal NH4
+-N 

Ref 

   mg/L mA A/m2  %   

A 
Dairy 

WW 

Cu modified 

CSA 
54.2 2 0.50 Yes 0.07% This study 

B 
Dairy 

WW 
Flat 126.9 0.3 0.43 No 36.1%  This study 

C 
Swine 

manure 
Flat 188 0.18 0.26 NA 

Dominated by NH3 

emission 

(Kim et al. 

2008) 

D 
Domestic 

WW 
Flat <30 9 0.30 Yes 

Dominated by 

biological removal 

(Park et al. 

2017) 

E 
Human 

urine 
Flat 

around 

4000 
1.1-5 0.11-0.5 No NA 

(Kuntke et al. 

2012) 

WW: wastewater; NA: not available 

 

Table 7.3 summarized studies of NH3 emission in MFCs. According to this study, the feeding 

wastewater with higher NH4
+-N concentration could increase the NH3 emission contribution. It 

is evident that ammonium removal in MFCs could be either physical-chemical process (NH3 

emission), or biological process (SND process), or both, which depends on the operation 

condition of MFC (Table 7.3). With condition (such as influent concentration, current density, 

cathode structure, blended Cu particles and cathode biofilm) changes, NH3 emission in MFCs 

could be effectively enhanced (to recover NH3 from high ammonium wastewater, such as 

animal’s manure and human urine) or mitigated.  

 

7.2 Diabetes’ detection sensor development based on air-cathode MFCs  

Many studies showed that the current produced by MFC was determined by the total amount of 

biodegradable organic matter and MFC-based biochemical oxygen demand (BOD) sensor has 

been developed. MFCs could generate current by using many types of organic matter, but no 

studies have been carried out to use it as a sensor to detect a specific organic matter in the mixed 

and complicated real liquid, such as human urine. As a simple sugar, glucose can be easily 

degraded by MFCs’ biofilm which will quickly produce a high current value.  It is hypothesized 



108 

 

that the glucose concentration difference in the urine from diabetes negative and positive 

individuals should lead to a different current response of MFCs. Therefore MFC could be 

developed as a microbial glucose sensor for detection of glucose levels in urine. 

In this study, a novel self-cleaning microbial sensor (SCS, Figure 7.9) was developed to investigate 

how the current response to glucose level changes and long-term performance. SCSs (2 identical 

sensors) were developed to obtain long-term stable operation. A piece of stainless steel mesh (22 

mm × 25 mm) was wrapped to form a cylinder with 25 mm in length and 7 mm in diameter. Then 

it was projected by the catalyst mixture described at previous report (Yang et al. 2014a). One 

layer of denim fabric was also wrapped on the cylinder surface as a separator. Finally, 80 mg 

graphite fibres was wrapped around cathode by Ti wire and assembled into the reactor chamber 

made by centrifuge tubes (net volume=3 mL). With this design, the detached biofilm could 

automatically fall into the bottom lid due to the force of gravity. Such design could avoid the 

volume change caused by detached biofilm. Hence it was named as self-cleaning microbial sensor 

(SCS). The purpose of self-cleaning design is to avoid the adverse effects of dead biofilm 

accumulation inside of small MFC sensor and improve the stability of long-term operation. 

Typical flat-cathode MFCs were also assembled as controlled sensors to determine the 

performance of SCS (MFC1 and MFC2 with different volumes, Figure 7.10). Both MFC1 and 

MFC2 were cubic single-chamber reactors with the cylindrical chamber of 30 mm in diameter. 

The length of MFC1 was 60 mm with a net volume of 30 mL. The length of MFC2 was 7 mm 

with a net volume of 4 mL. The anodes were graphite fibre brushes (GFBs) with 30 mm in 

diameter, and 40 and 5 mm in length for MFC1 and MFC2, respectively.  
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Figure 7.9 A) The diagram of SCS fabrication process; B) The components of SCS; C) SCS on palm; D) 

Bottom lid before (left) and after 1-month operation (right).  

 

 

Figure 7.10 Pictures of MFC1 and MFC2 used in this study 

7.2.1 Configuration influence on sensor performance 

All types of MFCs showed a good response to the change of glucose concentrations (Figure 7.11).  

In MFC1, a very good linear relationship between peak current and glucose concentration was 

obtained over the range of 0.3-1.5 mM (R2= 0.98, Figure 7.11A and B). When the glucose 

concentration was higher than 1.5 mM, the peak current was saturated and kept stable. When the 

A 

B C 

D 



110 

 

concentration was less than 0.3 mM, no detectable current was obtained. Decreasing MFC 

volume from 30 to 4 mL (MFC2), the detection range expanded to 0.6-2.5 mM (Figure 7.11C 

and D，R2= 0.99). In addition to the detection range, MFC2 with small volume responded much 

quicker than MFC1. The peak current of MFC2 appeared in 10.1 ± 3.7 minutes while MFC1 

needed around 30 minutes to arrive at the peak value. In terms of SCS with the smallest volume 

(3 mL), it had the shortest response time (6.7 ± 0.4 minutes) while detection range (0.3-2 mM, 

R2= 0.98, Figure 7.11E and F) was similar to MFC2. 

 

Figure 7.11  A) MFC1 current curves as a response of glucose with different concentration; B) the linear 

correlation between glucose concentration and the peak current of MFC1; C) MFC2 current curves as a 

response of glucose with different concentration; D) the linear correlation between glucose concentration 

and the peak current of MFC2; E) SCS current curves as a response of glucose with different concentration; 

F) the linear correlation between glucose concentration and the peak current of SCS; 

 

To investigate the reproducibility of the MFC-based sensor, five MFC-1s were assembled and 

operated in identical conditions. In response to different glucose concentration, the relative 

standard deviations (RSD) were 3.6% (2 mM), 4.9% (0.6 mM) and 11.7% (0.3 mM), respectively 

(Figure 7.12). The low RSD values show the high reproducibility of the MFC regardless of 

glucose concentration.  
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Figure 7.12 Reproducibility on the peak current response of glucose with different concentration (MFC1) 

 

Due to the quick response and large detection range, small MFCs with higher sensor development 

potential (MFC2 and SCS) were monitored at long-term operation. After a 2-months of stable 

operation, the current generation and fitting curve’s slope started to decrease in the third month 

(Figure 7.13A). in the fourth month, the slope of the fitting curve decreased to 10.82 uA/mM, only 

19% of the value at the first 2 months. It is very noticeable that the current generation and fitting 

curve of SCS was very stable in 5-months of operation (Figure 7.13B). This is probably due to the 

special structure of SCS. With the force of gravity, the detached biofilm accumulated at the 

bottom lid of SCS (9 ± 1.8 mg/month, Figure 7.9D) and could be washed out after long-term 

operation. By contrast, a very tiny needle or fine tube must be used to take out of effluent at 

MFC2 with traditional design. This method had low efficient to remove detached biofilm inside 

of the chamber and lead to the significant net volume reduce (from 4 to 3.1 mL after a 3-months 

of operation while no volume change to SCS). In addition to volume change, the detached biofilm 

could also cover some parts of the electrodes. As a result, the lower current occurred after a 2-

months of operation.  The biofilm accumulation and current decrease was also report at previous 

study when very close electrodes space (5 mm) was designed at MFC operation (Park et al. 2017). 

Hence, it is concluded that SCS could not only simplify the maintenance but also reduce the 

material cost at long-term operation. 
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Figure 7.13 A) Long-term linear correlation between glucose concentration and the peak current of MFC1; 

B) Long-term linear correlation between glucose concentration and the peak current of SCS. 

7.2.2 Selectivity of SCS 

The selectivity of SCS is critical for its practical application. However, many types of organic 

matter in the human urine (such as citric acid, glutamic acid, albumin, urea and uric acid) could 

interfere with the selectivity of SCS to glucose. To characterize the selectivity of SCS, the 

electrochemical performance differences between glucose and representative interfered organic 

matter (citric acid) were investigated (Figure 7.14). Culturing SCS biofilm with glucose, the 

current obtained from 2 mM glucose could go up to 100 uA in 5 minutes. In contrast, the value 

generated from 2 mM citric acid was only 0.4 uA, which is negligible to glucose. However, 

culturing SCS with citric acide after 10 consecutive cycles, the current performance showed 

significant differences. The current of 2 mM citric acid in 5 minutes increased to around 14 uA 

while the value of glucose decreased to only 19 uA. In contrast, the degradation ability of SCS to 

different organics was significantly influenced by the culture solution. Changing culture solution 

from glucose to citric acid, the removal rate constant ( -0.012 min-1) of citric acid increased around 

100%, to -0.023 min-1 (Figure 7.14B). The glucose removal rate constant also increased when 

recovering culture solution from citric acid to glucose. The probable explanation is that the 

microorganisms increase the relevant enzymetic production to degrade the feeding organic matter 

at longtime culture process. Hence, on one hand, the electrochemical performance could be 
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enhanced when culture organic matter is the same to targeting one. On the other hand, the current 

could be decreased to even undetectable level when culture organic matter is different from 

targeting one.  For example, when mixed glucose and citric acid, the peak current and current 

tendency generated by glucose cultured SCS was totally determined by glucose regardless of 

citric acid concentration (Figure 7.14C).    

 

Figure 7.14 A) Glucose and citric acid current generation and concentration decrease with biofilm growing 

in different culture solution (Glu-glucose; CA-citric acid; cul-cultured; culture solution of glucose and citric 

acid were 5 and 3 mM, respectively); B) First-order reaction fitting results; C) Current generation of glucose 

mixing with different concentration of citric acid (biofilm cultured by glucose); D) Current of SCS in the 

presence of 2.0 mM representative urine organic matter (albumin concentration = 360 mg/L; obtained in 

15 mins). All results obtained from SCS. 

 

In terms of other types of representative organic matter in human urine, the current response of 

SCS was also assessed (Figure 7.14D). Compared with the peak current of glucose, there was no 

detectable current generated by urea, uric acid while negligible current (less than 5% of glucose 

in 15 mins) was obtained by  glutamic acid, citric acid and albumin. These results demonstrate 
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that the high selectivity of SCS for glucose detection could be achieved, especially culturing 

biofilm with glucose.  

7.2.3 Improvement of SCS performance 

To improve the performance of SCS, the influence of the culture solution concentration on current 

response was investigated. When the glucose concentration in the culture medium decreased from 

5 to 1 mM, the current value faded to the undetectable range (less than 7 uA) within 10 cycles. 

However, when the glucose concentration increased from 5 to 10 mM, the generated current 

increased significantly while very good linear relationships were obtained (R2 higher than 0.95 

for all) (Figure 7.15A). It is also noticeable that the detection range increased from 0.3-2.0 mM 

to 0.3-4mM. However, a further increase of glucose concentration in the culture solution from 10 

mM to 20 mM didn’t improve the performance of SCS significantly. It was reported that over a 

certain range, both biofilm depth and organics degradation ability increased with the increase of 

culture organic matter (del Campo et al. 2013, Ou et al. 2016b).  Therefore, using a culture 

solution with 10 Mm glucose could allow SCS to obtain the highest biofilm activity and best 

detection performance.  

Although SCS has many advantages such as reusability and stability, the time-consuming capture 

of peak current is a significant drawback. In this study, the current increase rate was analysed as 

the alternative parameter to obtain a fast result. The current increase rates were obtained by linear 

fitting the currents in the first 100 seconds. Feeding with the solutions with glucose concentrations 

between 0.3-5 mM, strongly positive correlations between the current increase rates (obtained in 

the first 100 seconds) and glucose concentrations in SCS (Figure 7.15B) were obtained. This 

indicates that using the current increase rates, rather than the peak currents, could be a much 

quicker method (1.67 minute vs 6.7 minutes) for glucose concentration detection.    
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Figure 7.15 (A) The linear correlations (glucose concentration VS peak current) of SCS with different 

culture concentration; (B) The current increase rate (at 100 seconds) change with different glucose 

concentration in SCS (cultured with 5 mM-glucose solution). 

 

In the current MFC-based BOD/COD sensors, total charge was selected as an alternative to a 

peak current for the improvement of test range but the reaction time could be longer than 15 

hours(Di Lorenzo et al. 2009a, Modin and Wilén 2012). Using the current increase rate (slope) 

as an indicated parameter could also supply a fast method for BOD/COD test using MFCs in 

water and wastewater quality monitoring. 

7.2.4 Practical application and cost analysis 

In diabetes’ monitoring, the patients’ urine glucose could vary from 5.5 to 110 mM (Williams et 

al. 2010) which is higher than the detection limit of  SCS developed in this study. In addition, the 

organic matter except for glucose in raw urine maybe generate the high current, which interferes 

the test of SCS to glucose. Therefore, the dilution is needed for a urine sample test using this 

method. Figure 7.16 shows the current response of SCS to the urine from diabetes negative 

individuals (glucose lower than 0.2 mM) with different dilution factors. Relatively high currents 

(27.2 ± 3.3 uA in 15 mins) were produced by SCS when the urine samples were diluted by 10-20 

times. When the dilution factor increased to 25, the current obtained from the diabetes negative 
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urine samples was negligible (only accounting to 13.6% of detection limit of SCS). Although the 

COD concentration of urine was much higher than 1mM glucose, there was no stable current 

generated by SCS when diluting the urine to 30-fold. Hence, the background interference of other 

organics in urine could be avoided when the dilution is over than 25 times.  

 

Figure 7.16 Current of SCS in the presence of normal urine with different dilution factors and 1mM glucose. 

(The urine was collected from 4 different healthy individuals and mixed for the test. The glucose 

concentration of this mixed urine was less than 0.2 mM, tested by commercial analyser) 
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Table 7.4 Determination of glucose and ethanol in real samples. 

Target 

organics 

Samples 

Concentration by 

analyser  

Result from SCS  Recovery (%) %RSD 

  

(glucose-mM) 

(Ethanol-%) 

(glucose-mM) 

(Ethanol-%) 

  

Glucose 

in urine 

urine 1 8.4 9.2±0.9 109.4% 16.8% 

urine 2 11.5 10.8±2.8 93.6% 25.7% 

urine 3 18.7 24.0±4.5 127.9% 18.6% 

urine 4 21.5 21.5±4.0 99.9% 18.5% 

urine 5 7.5 8.9±3.9 119.0% 43.4% 

urine 6 22.3 22.2±4.5 99.4% 20.2% 

urine 7 15.3 14.6±3.2 95.7% 21.7% 

urine 8 31.9 34.7±1.9 108.8% 5.5% 

Ethanol 

in spirit 

Whiskey-Jameson 40 42.8±1.5 107.1% 8.4% 

Whiskey-Teeling 46 45.4±5.5 98.6% 20.8% 

Vodka-Smirnoff 37.5 38.2±0.1 101.9% 0.5% 

 Vodka-Absolut 40 42.8±3.2 124.3% 17.9% 

 

The reliability and accuracy of SCS to real urine samples with unhealthy glucose level was also 

assessed. Those samples which have glucose concentrations of higher than the SCS testing limit 

were diluted. Meanwhile, these samples were also tested by a commercial glucose analyser 

(Konelab 20XT). All the obtained results were summarized in Table 7.4. Compared with glucose 

analyser, the percentage recovery of SCS ranged from 93.6 % to 127.9 % with average RSD% of 

21 %. These results showed a good agreement of the SCS compared to a glucose meter. A paired 

t-test showed that there was no significant difference found at the 95% confidence level. Hence, 

this study has demonstrated the good response of SCS as a practical urine glucose monitoring 

method. In future practical test, to increase the accuracy of urine sensor, it is suggested to develop 

urine sensors as an array. The urine samples could be diluted with different factors in the array 

and tested by different sensor units. Considering the low cost of CSC sensor ($0.003 per test, 

Table 7.5) and low sample volume requirement (around 2-5 mL in total), the CSC sensor has 

great market potential.  
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Table 7.5 Material and cost analysis 

SCS Component Price 
Material for 

1SCS  

Cost 

for 

1 SCS 

Total cost of 1 

SCS 

Cost of each test 
b 

Anode 
$ 

0.27/each 
1 $ 0.27 

$ 0.47 $ 0.00312 

Cathode a $ 15/m2 5.5 cm2 $ 0.008 

Separator- 

demine fabric 
$ 13.8/m2 5.5 cm2 $ 0.008 

Chamber- 

centrifuge tube 

$ 

0.08/each 
2 $ 0.172 

Ti wire $ 0.1/m 10cm $ 0.01 

a: Obtained from (Yang et al. 2014a), other material price obtained from Alibaba.com b: 

Assuming 5 months of stable operation, test frequency is 1 time/day.   

The overall material cost of SCS was only 0.5 dollar (Table 7.5). Due to the long-term stability 

(5 months), the test cost of SCS was less than 0.01 dollar per time (assuming 150 times test for 

each SCS). This cost is much cheaper than urine test strips (about 0.4 euro per time), which is the 

cheapest method in the current market. It is also noticeable that the major cost contributors of 

SCS were the anode and centrifuge tubes (over 94%). Both of them have long life expectancy 

and could be reused to further decrease the material cost. 

7.2.5 Commercial potential of the sensor 

Due to the multiple advantages of SCS (such as quick response, long-term stability and low cost), 

it has great potential to integrate with toilet for continuous urine glucose monitoring. However, 

the key issue of the sensor commercialize is to target the consumers. One of the potential 

consumers may be the hidden diabetes patients in developing countries, such as India and China. 

In addition, marketing is a very a professional process which the author is lack of relevant 

knowledge. Hence, the enquiry and assistance from experienced markets experts/organizations 

such as Enterprise Ireland, will be conducted for future sensor commercialised.   

 Long-term data could be easily uploaded to personal electronics and analysed by mobile 

applications.  Nowadays, with the improvement of living condition, diabetes is spreading at many 

developing countries, such as India and China (Shetty 2012, Wang et al. 2017a). Early screening 

is crucial but difficult since many patients require diabetes test only after the symptoms are 

significant. Modifying toilet with low-cost SCS would be an effective method to benefit diabetes 

control, especially in developing countries and regions. 
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7.3 Conclusions for Chapter 7 

This chapter focused on the feasibility of employing MFC as a selective glucose sensor for 

monitoring of glucose level in human urine. The novel structure of self-cleaning MFC-based 

sensor (SCS), obtained quick response (6.7 ± 0.4 minutes), large detection range (0.3-2 mM) and 

excellent linear relationship (R2 higher than 0.98) between glucose concentrations and peak 

currents. More importantly, SCS obtained up to 5 months stable operation, around 100% longer 

than traditional flat MFC. In addition to peak current, the current increase rate was an alternative 

parameter to indicate the glucose concentration with quicker response (100 s) and larger detection 

range (0.3-5 mM). The selectivity of SCS was validated by using both synthetic and real diabetes-

negative urine samples. It was also found this selectivity could be significantly enhanced 

(changing culture organic matter’s type and concentration) to avoid the interference of other 

organics.  In terms of accuracy, SCS showed a good agreement compared to a glucose meter 

(recovery ranged from 93.6 % to 127.9 %) when the diabetes-positive urine samples were tested. 

This is the first study that has demonstrated the high sensitivity and selectivity of SCS for glucose 

in urine samples. Due to the multiple advantages (high stability, low cost and high sensitivity and 

selectivity) over urine test strip, SCS provides a novel and reliable approach for continuous 

monitoring of urine glucose, which will greatly benefit diabetes assessment and control. 

Also, in this chapter, 2 types of enlarged MFCs (CSA and CIA) were also developed to treat dairy 

WW. The CSA showed higher power performance than CIA. Blending the cathode with Cu, the 

performance of CSA obtained high power generation (4.7 ± 0.2 W/m3) and 88.0%- COD and 

93.9%-TN removal. In addition, the CSA could reduce the NH3 emission significantly, and the 

current density rather than the total current played a key role in NH3 emission. The 3D cathode 

blended with Cu particles could further reduce the NH3 emission and enhance the total nitrogen 

(TN) removal.  In practical cases, the CSA showed great advantages at wastewater treatment. 

Moreover, the area of the cathode can be easily increased by placing more cylindrical cathodes 

around the anode. However, it is not clear whether there is any adverse influence of the CSSA 

increase. To understand the influence, the cost-effective method-numerical study will be 

conducted in next chapter. 
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Chapter 8 

 

Numerical study of air-cathode MFCs 
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8 Numerical study of air-cathode MFCs 

Chapter 7 demonstrates that CSA design is a feasible method to increase the CSSA. The cathode 

area of a CSA configuration can be easily increased by placing more cylindrical cathodes around 

the anode. However, oxygen crossover would increase higher than threshold DO concentration 

(0.125 mol/m3) and inhibit the power generation ability of anode biofilm (Quan et al. 2012). 

Hence, it is very important to develop a deeper understanding about the oxygen diffusion process 

when determining the optimum CSSA and MFC configuration. Furthermore, are there any other 

feasible configurations with which to increase CSSA and power performance?  To answer these 

questions, a low-cost and visualized numerical study was conducted to investigate the DO 

distribution, determine the CSSA threshold and explore the optimum configuration of MFCs. 

8.1 3D model development  

The interfaces of secondary current distribution (SCD) and transport of diluted species (TDS) at 

COMOSOL Multiphysics (version 5.0) were coupled to study the current distribution and oxygen 

crossover at MFCs. In this 3 dimensional steady-state model, the organic matter was assumed to 

be sufficient while oxygen diffusion was determined by the cathode material, electrode kinetics 

and biomass consumption.  

 

 

Figure 8.1 Geometry of MFCs in COMOSOL.  

 

Cylindrical cathode 

Anode 
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Ohm’s law, the charge balance and initial current/potential conditions are applied to solve 

potential distribution at both electrodes and electrolyte.  

For the electrodes: 

i𝑠 = −σ𝑠∇∅𝑠 (8. 1) 

∇i𝑠 = 0(8. 2) 

For the electrolyte 

i𝑙 = −σ𝑙∇∅𝑙(8. 3) 

∇i𝑙 = 0(8. 4) 

Where is and il is the current density vector of electrodes and electrolyte, respectively; σ𝑠 and σ𝑙 

is the conductivity of electrodes and electrolyte, respectively; ∅𝑠 and ∅𝑙 is the electric potential 

of electrodes and electrolyte, respectively. 

The overpotentials of electrodes were given by 

η = ∅𝑠 − ∅𝑙 − 𝐸𝑒𝑞(8. 5) 

Where 𝐸𝑒𝑞 denotes the equilibrium potential of electrodes.  

Combining with the overpotential results, the electrode kinetics and surface current density 

distribution were solved by the Butler-Volmer equation.  

𝑖𝑙𝑜𝑐 = 𝑖0[exp (
𝜕𝑎𝐹η

𝑅𝑇
) − 𝑒𝑥𝑝 (

−𝜕𝑐𝐹η

𝑅𝑇
)] (8. 6) 

Where 𝑖𝑙𝑜𝑐 denotes the electrode surface current density, 𝑖0 is the exchange current density; 𝜕𝑎 

and 𝜕𝑎 is anodic and cathodic transfer coefficient; T is the temperature; R is the universal gas 

constant. All the above results were coupled to investigate oxygen crossover.  Here, an oxygen 

concentration depended equation was not employed due to the insignificant oxygen change at 

cathode domain. 

The TDS interface was used to study oxygen distribution at the anode surface. From the air 

interface to the anode surface, there were 3 major different domains influencing oxygen diffusion: 

cathode, cathode-electrolyte interface and electrolyte. The diffusion-reaction equation was 

employed to describe oxygen diffusion at both cathode and electrolyte while Henry’s law was 

used to solve the stiff DO change at cathode-electrolyte interface. 

For the cathode, oxygen diffusion process was governed by  

∇ ∙ (−𝐷𝑐𝑎𝑡∇𝑐𝑜2) = 𝑅𝑐𝑎𝑡(8. 7) 
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𝑅𝑐𝑎𝑡 =  
𝑣 𝑖𝑙𝑜𝑐

𝑛𝐹
(8. 8) 

Where Dcat is diffusion coefficient of the cathode; Co2 is oxygen concentration, Rcat denotes 

oxygen consumption rate by current generation; V is the stoichiometric coefficient of redox 

reaction; n is the number of participating electrons. 

For the electrolyte, the oxygen diffusion process was governed by  

∇ ∙ (−𝐷𝑙∇𝑐𝑜2) = 𝑅𝑙(8. 9) 

𝑅𝑙 =  
𝑉𝑚𝑎𝑥   𝑐𝑂2

𝐾𝑀 + 𝑐𝑜2

(8. 10) 

Where Dl is the diffusion coefficient of the electrolyte; Co2 is oxygen concentration, Rl denotes 

oxygen consumption rate by biomass at electrolyte, it is solved by the Michaelis-Menten 

equation; Vmax maximum oxygen consumption rate at electrolyte. The overall diffusion is assumed 

to be proportional to biomass concentration. KM is the oxygen concentration at which the reaction 

rate is half of Vmax.  

At the cathode-electrolyte interface: 

H =  
𝐶02,𝑙

𝐶02,𝑐𝑎

(8. 11) 

Where H is Henry’s law constant; Co2,ca is oxygen concentration at the cathode; Co2,l is the oxygen 

concentration at electrolyte. It is noticeable that there is no interface of COMSOL including 

Henry’s law. Hence, the double-flux boundary was employed to describe this stiff change at the 

cathode-electrolyte interface.  

For the numerical validation, the relative prediction error (RPE) was used to assess the accuracy 

of the established model. 

𝑅𝑃𝐸 = [
∑ (𝑅𝑖,𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑

n
𝑖=1 − 𝑅𝑖,𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑)2 

∑ (𝑅𝑖,𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑
8
𝑖=1 )2

]0.5  × 100%(8. 12) 

Where Ri,observed is experimental results of cell voltage and DO, respectively; Ri,predicted is the 

numerical results of the cell voltage and DO, respectively. All the values of relevant parameters 

used are shown in Table 8.1. 
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Table 8.1 Parameters used at simulation. 

Variable Symbol Value Unit Reference 

Conductivity of electrode σ𝑠 1.0× 104 S/m 
(Ou et al. 

2016b) 

Electrolyte conductivity σ𝑙 0.755 S/m 
(Ou et al. 

2016b) 

O2 diffusion coefficient at 

cathode 
D𝑐 2.0× 10-8 m2/s experiment 

O2 diffusion coefficient at 

anode 
D𝑎 4.0× 10-10 m2/s assumed 

O2 diffusion coefficient at 

electrolyte 
D𝑙 2.1× 10-9 m2/s 

(Stewart 

2003) 

Cathode thickness L 1.4 mm experiment 

Anode DO threshold DO 4 mg/L 
(Quan et al. 

2012) 

Henry’s law constant H 0.032 dimensionless 
(Sander 

2015) 

Half-max-rate oxygen 

concentration in cathode 
K𝑀 1.28 mg/L 

(Ou et al. 

2016b) 

Faraday constant F 96485 C/mol 
(Mejía et al. 

2013) 

Charge number  4   

Exchange current density of 

cathode 
𝑖0,𝑐 60 mA/m2 

(Nourbakhsh 

et al. 2017) 

Exchange current density of 

anode 
𝑖0,𝑎 290 mA/m2 

(Peng et al. 

2017) 

Cathode porosity  15 % 
(Dong et al. 

2012a) 

Brush porosity  23 % experiment 

Anode equilibrium potential 𝐸𝑒𝑞,𝑎 -0.23  calculated 

Cathode equilibrium potential 𝐸𝑒𝑞,𝑐 0.47  calculated 

Maximum specific rate of 

oxygen utilization 
V𝑚𝑎𝑥 6.03×10-6 

mg-O2/[mg 

(HAB) s] 

 

(Beun et al. 

2002) 

Biomass (HAB) 

concentration 
 ≥12×10-3 g/L 

(Ou et al. 

2016b) 

 

8.2 3D model validation 

For the developed model, the experimental data of MFCs with typical flat cathode (section 4.1.2, 

the reactors with 1.5 months operation) were used to validate the model’s reliability. A 

comparison of the experimental and simulation polarization results and the electrode’s surface 

DO concentration were shown in Figure 8.2. Compared with the acceptable range of ±45% in 

many studies (Egodawatta et al. 2013, Horwitz 1982, Liu et al. 2016), the RPE values obtained 

here were low (7%) and so the model developed here could be considered robust for MFC 

investigation. 
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Figure 8.2 Experimental and simulation results of: (A) Polarization curve; (B) DO change with current. 

 

8.3 Modelling results of CSA structure  

The validated numerical model were employed to simulate MFC performance and DO 

distribution at the anode surface (shown in Figure 8.3). The current density of most cathodes was 

in the range of 1.5-3 A/m2 (Figure 8.3A), which indicates that most area, rather than just the 

projected area of the cathodes, are active. Figure 8.3B shows the DO distribution at the surface 

of the anode. The DO across the whole anode surface was much lower than the threshold DO 

though the surface close to the cathode had much higher DO than the rest of the area. With an 

increase in CSSA, the anode DO increased rapidly. When the CSSA increased to 90 m2/m3, the 

anode DO was higher than the threshold value with a current less than 12 mA (Figure 8.3C). 

When the current was higher than 12 mA, the anode DO was lower than the limit value. By 

surrounding more cylindrical cathodes, the average DO of the anode was higher than the 

threshold, regardless of current change. Hence, it is concluded that 90 m2/m3-CSSA should be the 

optimum configuration to maximize current generation, organic matter removal rate with 

innocuous oxygen crossover. Increasing the biomass concentration is an effective method to 

control oxygen diffusion. Figure 8.3D shows that when the biomass concentration was higher 
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than 19 mg/L, all the MFCs’ anode DO concentrations were lower than the threshold value 

regardless of current or CSSA. At practical operation, growing cathode biofilm is a fast and zero-

cost method to curb DO. Previous study has demonstrated the significant influence of cathode 

biofilm on chamber DO.            

 

Figure 8.3 Anode surface DO distribution with the increase cathode surface (A, CSSA= 70 m2/m3; B, 

CSSA= 90 m2/m3 ; C, CSSA= 110 m2/m3 ; D, CSSA= 140 m2/m3 ; total current was 20 mA). 

 

8.4 Modelling results for the optimal structure  

A previous study found that tubulating a flat cathode around a brush was not a feasible way to 

increase CSSA (Logan et al. 2015). However, tubulating a cylindrical cathode could increase 

CSSA significantly. The design of helical cylindrical cathode could increase the CSSA by over 

230 m2/m3 (Figure 8.4A). Simulation result indicates that a good and stable performance would 

be achieved when the cathode biomass concentration is higher than 40 mg/L. The maximum 

power density could reach 34 W/m3 when the feeding was dairy wastewater (Figure 8.4B and 

A B 

C 

Anode 

Cathode 

D 
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Figure 8.5). Although this structure is difficult to construct, novel technologies such 3D printing 

could make it possible.       

 

Figure 8.4 Reproducibility Performance of helical cathode design feeding with dairy wastewater (A) 

average DO concentration at anode surface with the change of biomass concentration(total current =10 

mA) (B) curves of power density and voltage.   

 

Figure 8.5 The prediction detail of Helical cathode design.  
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8.5 Conclusions for Chapter 8 and the outlook of MFC based WWTP 

In this chapter, a robust 3D model was developed. The numerical results showed that most of the 

areas of cylindrical cathodes are active during the reaction, which reveals the reason for the high 

efficiency of the CSA configuration. In terms of cathode area, the study showed that 90 m2/m3-

CSSA was the optimum value to maximize current generation, organic matter removal while 

keeping oxygen crossover down to an innocuous level. As for the control of oxygen crossover, 

growing a biofilm on the cathode was demonstrated to be a fast and zero-cost method to curb DO 

crossover. Finally, it was found that the ideal design is to fabricate the Cu-blended 3D cathode as 

a helical hollowed shape surrounding the anode. 

As aforementioned results (chapter 4-8), MFC technology has showed multi-advantages, such as 

low operational cost, simple configuration and high-power generation. It is becoming more 

competitive than traditional activated sludge. However, there are still lots of debates and doubts 

in terms of large-scale MFCs application at WWTP. To date, the MFC based WWTP has not 

been realized. There are 3 major reasons limiting their application: the high cost of construction, 

the lack study of system stability and how practically recover and use energy (Li et al. 2014b).  

However, in the past few years, the cost of MFCs decreased significantly. In 2014, the lowest 

overall construct and operational cost of MFCs was around 3 $/kg COD (Li et al. 2014b). With 

the 2-layer cylindrical cathode, this cost was decreased to around 0.2-0.5 $/kg COD in this study. 

In terms of the power generation, the CSA structure could recover 0.19 kW h/m3. Assuming 150 

L daily wastewater generation per capita, the daily electricity recovering from each person would 

be around 0.03 kW h based on this study (Table 8.2). In typical WWTP with activated sludge 

method, the average power consumption was around 0.6 kW h/ m3 (McCarty et al. 2011).Taking 

this consumption into consideration, the total power contribution of MFC technology could be 

much higher.  In terms of the use of recovered electricity, it would be more practical and high-

efficient to directly consume it at the wastewater treatment process, such as powering UV-LED 

to disinfect the final effluent. Because this direct consumption could avoid the electricity storage 

and long-distance transfer while enhance the effluent quality. At our preliminary test, the 

generated electricity was proved to be sufficient to disinfect up to 95% E.coli in effluent.  Feeding 

with domestic wastewater, the organic matter content (around 300-800 mg/L- COD) is sufficient 

to support the power generation. At this process, most percentage of COD and TN (86.3%-COD 

and 85.3%-TN removal) could be removed. However, the MFC technology has relatively poor 

performance to remove phosphorus (around 50% removal in this study). Hence, a combined flow-

through system including MFC and other enhanced technology (such as algae treatment) could 

be more feasible for wastewater treatment to meet the stringent discharge standard. Alternatively, 
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the recovered electricity could  be used to power electrolytic unit to remove & recover phosphorus 

and further improve effluent quality. 

 

Table 8.2 Energy potential of MFC technology recovering from domestic WW. 

Volume 
COD-

wastewater 

Maximum power 

density 

Energy 

recovery 

Energy 

 recovery 

Energy  

recovery 

mL mg/L W/m3 kW h/m3 
kW h/kg-

COD 

kW h/each 

person 

250 400 4.7 0.188 0.47 0.0282 

 

In the large-scale MFC application, the most key issue would be how to ensure the stability of 

MFCs based WWTP. For example, a previous study has pointed out that the high voltage would 

be harmful for anode biofilm. However, the low voltage (around 0.5 V) is lack of practical value 

and even not sufficient to UV-LED (voltage requirement 3.0V). To overcome this gap, voltage 

pumpers must be connected to light LED bulbs. At our preliminary test, the system worked well 

with voltage pumpers at 2-day operation, however the long-term stability study is still needed. 

Considering the potential system risk, it would be necessary to first employ MFCs at small-scale 

practical application, such as on-site decentralised household wastewater treatment. Different 

from the high investment (usually over 1 million dollars) of WWTP, the cost of household module 

is quite low (around 8000 euro). It has sufficient opportunity to correct, modify and upgrade the 

MFC based wastewater treatment module. 
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9 Conclusion and Recommendation 

9.1 Conclusion 

This thesis is focused on modifying the air cathode surface and structure to improve power 

generation performance, exploring its practical application to treat real wastewater and 

developing an air-cathode MFCs based glucose sensor as well as establishing a suitable numerical 

model to benefit low-cost MFC design. A comprehensive literature review was conducted in 

chapter 2 while the relevant study parameters and methods were introduced in chapter 3. The 

current startup and plummeting process were investigated in chapter 4. Then, the surface 

modification and structure promotion for air cathode were conducted in chapters 5-6. Based on 

the obtained results of chapter 4-6, different types of modified MFCs were developed in chapter 

7 to treat real WW and monitor urine glucose. Finally, to obtain the optimum configuration of 

MFCs and visualize the inside reaction, a robust 3D model was developed in chapter 8. A 

summary of relevant conclusions was listed as follows:   

(1) To promote the understanding of current startup process and current plummeting 

phenomenon of MFCs. 

The inoculum sources influence on MFCs’ startup was investigated. Compared with simulated 

activated sludge and primary WW, activated sludge from a WWTP obtained the quickest startup 

and the highest startup power density. After 1.5-months of operation, no significant difference 

was found for power generation regardless of inoculating strategy. In terms of current 

plummeting, this was affected by circuit current (changed by external resistance), chamber 

structure and anode brush loading. In MFCs with 100% GFB loading and chambers less than 8cm 

in length, the relationship between the organic matter concentration at the current plummeting 

point and the volume and current can be represented by the equation 𝑠𝐶𝑂𝐷𝐶𝑃𝑃 =

6.7444 × (
I𝐶𝑃𝑃 

V
)0.5490    .  In fed-batch MFC, when the COD concentration decreased to 

sCODCPP, non-core biofilm started to detach, which led to mutual starvation influence and 

triggered the current plummeting.  

(2) To demonstrate the feasibility of a surface modifications method for air cathode.  

The cathode surface modification was investigated from 3 aspects: catalyst loading, blended 

material and separator. It was found that sufficient catalyst (38 mg/cm2) was critical to generate 

high power density/CE and maintain good performance over long-term operation. By contrast, 

100% (38 mg/cm2) catalyst loading was the optimum value for cathode operation. As to blended 

material, Ti-blended reactors obtained slightly higher performance than CB-blended MFCs in 
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terms of power density, CE and long-term stability. For short term operation (1 month), Cu-

blended reactors showed the worst performance due to the inhibition of copper ion. However, 

Cu-blended reactors achieved the best performance over long-term operation (4.5 months). The 

use of high pressure and temperature (by using an autoclave) was a convenient and efficient 

method to modify the cathode. With this method, the power density increased regardless of the 

blended material. The HPT modification could also remove the short-term inhibition of Cu and 

generate the highest maximum power density over CB and Ti. In terms of the separator, DF had 

the similar short-term performance to that of GF. After a 5-months of operation, DF achieved 

much higher CE than GF due to its stability and anti-microbial growth. Hence, DF has the greater 

potential than GF for long-term practical operation of MFCs.  

(3) To develop a novel 3D cathode for the increase of CSSA. 

In this chapter, a novel 3D cathode was developed, which could significantly increase MFC’s 

CSSA . The maximum power density was improved from 23 ± 2 W/m3 to 46 ± 1 W/m3 when a 

typical flat cathode was changed to a 3D cathode. Significant improvement (increased by 248%) 

was also obtained when further increased CSSA to 219 m2/m3. 3D cathode also increased 

coulombic efficiency by 28% due to the advantages of full organic matter consumption and 

cathode biofilm inhibition. The COD removal rate showed good agreement with first-order 

degradation kinetic regardless of CSSA differences. Over long-term operation, the MFC with low 

CSSA (41 m2/m3) demonstrated very high stability while the power of MFCs with high CSSA 

(104-509 m2/m3) showed a reversible change, which was due to mass oxygen crossover.  

(4) To employ the obtained modifications to enlarged MFCs and treat real WW. 

In this chapter, two types of enlarged MFCs (CSA and CIA) were also developed to treat dairy 

WW. The CSA showed higher power performance than the CIA. Blending the cathode with Cu, 

the performance of CSA obtained high power generation (4.7 ± 0.2 W/m3) and 88.0%- COD and 

93.9%-TN removal. In addition, CSA could reduce the NH3 emission significantly, and the 

current density rather than the total current played a key role in NH3 emission. The 3D cathode 

blended with Cu particles could further reduce the NH3 emission and enhance the total nitrogen 

(TN) removal. Though NH3 emission of the flat cathode was 15 times as that of the traditional 

wastewater treatment plant (WWTP), Cu-blended 3D cathode successfully decreased it to 1/7 of 

the WWTP. 

 (5) To develop an MFC-based sensor to monitor urine glucose for diabetes’ patient. 
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This chapter focused on exploring MFC as a selective sensor for urine glucose detection. The 

novel structure of SCS, obtained quick response (6.7 ± 0.4 minutes), large detection range (0.3-2 

mM) and excellent linear relationship (R2 higher than 0.98) between glucose concentration and 

peak currents. More importantly, SCS obtained up to 5-months of stable operation, around 100% 

longer than traditional flat MFC. In addition to peak current, the current increase rate was an 

alternative parameter to indicate the glucose concentration with quicker response (100 s) and 

larger detection range (0.3-5 mM). The selectivity of SCS was validated by using both synthetic 

and real diabetes-negative urine samples. It was also found this selectivity could be significantly 

enhanced (changing culture organic matter’s type and concentration) to avoid the interference of 

other organics.  In terms of accuracy, SCS showed a good agreement compared to a glucose meter 

(recovery ranged from 93.6 % to 127.9 %) when the diabetes-positive urine samples were tested. 

Due to the multiple advantages (high stability, low cost and high sensitivity and selectivity) over 

urine test strip, SCS provides a novel and reliable approach for continuous monitoring of urine 

glucose, which will greatly benefit diabetes assessment and control. 

 (6) To establish a robust 3D model of MFCs to obtain the optimum configuration of MFCs. 

In this chapter, a robust 3D model was developed. The numerical simulation results showed that 

most of the areas of the cylindrical cathodes are active, which reveals the reason for the high 

efficiency with the CSA configuration. In terms of cathode area, the study showed that 90 m2/m3-

CSSA was the optimum value to maximize current generation and organic matter removal while 

keeping oxygen crossover down to an innocuous level. As to the control of oxygen crossover, 

growing a biofilm on the cathode was demonstrated to be a fast and zero-cost method to curb DO 

crossover. Finally, it was found that the ideal design is to fabricate the 3D cathode as a helical 

hollowed shape surrounding the anode. 

9.2 Contributions to knowledge.  

This research aims to deepen the understanding of and improve the performance of MFCs. There 

were 3 major and innovative findings obtained at this thesis, which could promote the practical 

application of MFC technology.  

(1) The highly efficient method of increasing CSSA, as demonstrated here by both the 

experimental and numerical studies. 

(2) The reason for the current plummeting phenomenon was found and a robust equation 

developed which can benefit future MFCs design. 
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(3) The selectivity of MFCs to glucose was first proved and the feasibility of a MFC-base 

sensor for urine glucose monitoring was then demonstrated.  

(4) The real reason, emission process and effective control method of NH3 emission through 

the cathode, which is crucial to air pollution control, was first studied.  

 

 

9.3 Future research 

The research has fulfilled the objectives outlined in Chapter 1 but has also revealed the need for 

some other future research as follows.  

(1) To validate the ideal MFCs’ configuration obtained by numerical study. 

The numerical simulation study found that the most ideal design is to fabricate the 3D cathode as 

a helical hollowed shape surrounding the anode. To investigate its practical performance, it is 

necessary to make a real reactor in this configuration and conduct a long-term operation. It is 

noticeable that this structure is difficult to make, however novel technologies such as 3D printing, 

could be used to makes this in the future, which should be investigated.  

(2) To practically use the recovered energy of MFCs. 

A practical study has been conducted here to recover energy successfully. However, the current 

(around 5-10 mA) and voltage (around 0.1-0.6 V) derived from a single reactor was too low for 

practical applications. Hence, it is critical to understand how to use the recovered electricity at a 

high efficiency. In our preliminary study, 2 different circuits were designed to obtain relatively 

high voltage (around 3-4 V). With this result, we plan to light UV-LEDs and operate self-

disinfection MFCs in future.   
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